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TRAVERSABILITY ESTIMATION TECHNIQUES FOR IMPROVED
NAVIGATION OF TRACKED MOBILE ROBOTS

Bijo Sebastian

ABSTRACT

The focus of thisdissertationis to improve autonomous navigation in unstructured
terrain conditions, with specific application to unmangadualtyextractionin disaster
scenarios. Robotic systems are being widely employed for search and rescue applications
especially in disaster scenariosutBa majority of these are focused solely on the search
aspect of the problemThis dissertation y@poses a conceptual dgs of a mi
AutonomousVictim ExtractionRobot (SAVER)capable okafe and effectivenmanned
casualty extractignthereby reducing the risk to the lives of first responders. In addition,
the proposed desigaddresss the limitatiors of existing stateof-the-art rescue robots
specifically in the aspect of head and neck stabilization as wefhsisand safe
evacuation.

One of the primary capabilities needed &ffective casualty extraction iseliable
navigation in unstructured tain conditions Autonomous navigation in unstructured
terrain particularly for systems withtracked locomotion modenvolves unique
challenges in path planning and trajectory trackifpe dynamics of robcterrain
interaction, along witladditional factos such aslip experienced by the vehicle, slope of
the terrain and actuator limitationf the robotic systemneed to be taken into
consideration. Toealizethese capabilitieghis dissertation proposes a hybrid navigation
architecturethat employs aphysics engine to perforfiast and accuratstate expansion

insidea graphbasedlanner.



Tracked skidsteer systems experience significant,sigpecially while turning. This
greatly affects the trajectory trackimgcuracyof the robot. In order to able efficient
trajectory tracking in varying terrain conditions, this dissertation propibgesse ofan
active disturbance rejection contesl The proposed controlles capable of estimating
and counter acting theffects of slip in reattime to improve trajectory trackingAs an
extension of the above application, this dissertation also proplsesse ofsupport
vector machine architecture to perform terrain identification, solely basethen
estimated slip parameters.

Combining all of the aboveechniques, an overall architecture is proposed to assist
and inform teleoperation of tracked robotic systems in unstructured terrain conditions.
All of the above proposed techniques have been validated through simulations and

experiments in indoor argimple outdoor terrain conditions.
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GENERAL AUDIENCE ABSTRACT

This dissertation explores ways to improve autonomous navigation in unstructured
terrainconditions, with specific applicatigio unmannedaasualtyextractionin disaster
scenariosSearch and rescue applicatioofien put the lives of first responders at risk.
Using robotic systems for human rescue in disaster scenarios can keep firstieespon
out of danger. To enable safe robotic casualty extraction, this dissertation proposes a
novel rescue robot design concept named SAVER. The proposed design concept consists
of several subsystems including a declining stretcher bed, head and neck systeaon,
and robotic arms that conceptually enable safe casualty manipulation and extraction
based on higthevel commands issued by a remote operator.

In order to enable autonomous navigation of the proposed conceptual system in
challenging outdoor termai conditions, this dissertation proposes improvements in
planning, trajectory tracking control and terrain estimation. The proposed techniques are
able to take into account thereamic effectsof robotterrain interactiorincluding slip
experienced by theehicle, slope of theetrain and actuator limitations

The proposed techniques have been validated through simulations and experiments in
indoor andsimpleoutdoor terrain conditiong.he applicability of the above techniques in
improving teleoperation of rescue robotic systems in unstructured terrain is also

discussedht the end of this dissertation.
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CHAPTER 1

INTRODUCTION

1.1.Background

The focus of this dissertation is to improgatonomous navigation in unstructured
terrain conditions, with specific applicat®to unmanned casualty extractiondisaster
scenarios Over the past few decadesbotic systems have been usextensively for
search and rescue applicatiobst the magrity of the deploynents were aimed for the
search aspect of the problemery few systems have been proposeadddresdhiuman
rescugfrom disaster scenarioand noe of them have beerdted in real fikl conditions.

To this extentthis dissertation @@pose a novel rescue robot desigonceptthat aims to
addresssome of theissuespertaining toexisting stateof-the-art military and civilian
rescuesystems.

One of the primary capabilities needed @&ffective casualty extraction iseliable
navigaton in unstructured terrainAutonomous navigation in unstructured terrain
conditions, particularly systems withacked skigsteer locomotion modeffers unique
challenges in path planning and trajectory trackifg. this extent, thisdissertation
propose novel techniques to improve navigation of tracked robotic systems in
challenging terrain conditions; specifically through the use of physics engines to account
for the dynamics of robderrain interactions, use of active disturbance rejection
techniquesto counter the effects of slip, and use of trained support vector machine

architectursto perform reatime terrain identification.



Even though autonomous operation of robotic systems in unstructured conditions has
been an active field of research foe thast few decadei,is rarely employedn disaster
scenarios when human life is at risk. Based on the deployment history of search and
rescue robotic systemg tan be inferred that human guided or samtonomous
operationbased on higtevel commandsssued by a human tetgeratorwould be the
preferredoperation moddor the near futureThe proposed use of physics engines for
traversability estimation can also be applied tébe-operating robotic vehicles in
challenging terrain conditions while redng the cognitive load on the iman operator.

In addition, an overall architecture to employ the proposed slip rejection and terrain

estimation techniques to aid tedperation is also described at the end of the dissertation.

1.2. Summary of Contributions

The major contributions of this dissertation can be broadly summaiziadlows

1. A detailed review of existing search and rescue robotic systepresented
and he major limitationsand remaining challenges are identifiéa order to
address the shaamingsof existing statef-the-art robotic systems, aovel
rescue robot desigroncept the SenvAutonomous Victim Extraction Robot
(SAVER) is presented. An outline of the proposednceptual victim
extraction procedure is also described.

2. A detailed disussion on tb popularity of tracked robotic systems for
applications in challenging environments especially for search and rescue in
disaster scenarios. The various challenges associated with tracked locomotion
and the need for accurate traversabilityinestion and its improvemerdre

described in detail.



3. The following tchniques to improve autonomous navigatiorchallenging
terrain conditions are proposed, specifically in path planning, trajectory
tracking and terrain estimation.

a. The use ofa physicsengine for accurate traversability estimations taking
into account the dynamimbot terrain interactions is explored.

b. Design of arActive Disturbance Rejection Controller (ADRC) to estimate
and counteract the effects of varying slip to improve trajedi@gking
accuracy

c. The use of trained Support Vector Machine to preform terrain estimation
solely based on the state evolution of the robot under known control
inputs

d. The use ofthe above developed techniques to inform and assist in tele
operation of traked robotic systems.

The contributions to improving autonomous navigation in challenging terrain

conditions are discussed in detail in Section 3.2.3.

1.3.Dissertation Structure

The rest of the dissertation is organized as follows:

Chapter 2 presents a detailed review of existing stat¢he-art search and rescuabotic
systems Existing stateof-the-art rescue robotic systems are discussed in detail, focusing
on their capabilities and shortcomingsheTneed for a novel casualty extractiobatis
presented at the end of the chapter

Chapter 3 presents a awvel conceptual design of the SeAutonomous Victim

Extraction Robot $AVER) along with aconceptuablescription ofthe proposed casualty

3



extraction method using SAVER. iBhchapter detés the advantages of tracked
locomotion techniques forobotic systems such as SAVER along with the various
challenges that need to be addressed. The major contributions made by this dissertation
towards improvingautonomoustracked locomotionin unstructued terrainare also
summarized.

Chapter 4 describes the need to account for the dynamic vehicle terrain interactions
during path planning. The use of physics engines to model vehicle terrain interactions
order to enable reliable motion planniisgdescibed in detail. The proposed technique is
validatedthroughsimulatiors and experiments and the results are presented. The use of
physics engine simulations to create training data for neural network based traversability
estimation is also presented.

Chapter 5 discusseshe adverse effects of slip during trajectory tracking for tracked
robotic systems. The need for estimating and compensating for the effects of slip to
improve trajectory tracking is presente@in active disturbance rejection controller is
presented to address the effect of slip by modifying the output of -tei@b controller.

The proposed technique is presented in detail along with the results of experimental
validation from fourcommonterrain conditions.

Chapter 6 presents the needrfoealtime terrain estimation to improve tedperated and
autonomous navigation of tracked robotic systems in challenging terrain conditions.
Trainedsupport vector machine architecture to perform terrain identification solely based
on the state evolutioof the robot for known control inputs is presented. The proposed

technique is experimentally validated on taimpleterrain transition cases. The results



are discussed and tpetentialof using the above technique to improve planning, control
and faultdetection in autonomous tracked robots are also discussed.

Chapter 7 explares the applicability of above mentionethniques to assist and inform
tele-operation of tracked robotic vehicles. Specifically the applicability of physics based
simulations tanform the teleoperator about possible failure of the robotic system in the
near future is presented.

Chapter 8 concludes the dissertation by providing a summary of the presented work and

a discussion about potential directions for future research.
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CHAPTER 2

LITERATURE REVIEW

2.1.Background on Robotic Systems for Search & Rescue

One of the most impactful and exciting applications of robotic technology, is in the
field of search and rescue. Many fatalities in the aftermath of disasters and combat are
due to treatable traumatic injuries that can be avoided by timely medical tredtipen
[2]. This notion of tmesensi ti ve treat ment i's represent
T r a u [BJa[6], the theory that if medical assistance is provided within a short time
following traumatic injuries, the survival rate of the injured person rises appreciably.
While the debate on the exact definition and duration of this critical period is unresolved
in the medical literature, a mandate from the Secretary of Defense int@@o@ritize
transporting military causalities in an hour or less resulted in a significant decline in
mortality due to traumatic injuries, especially those requiring blood transfusipnas
hemorrhage due to major trauma has been found to be the cause of death 0% of
potentially survivable wounds in the U.S. military, timely evacuation and transportation
must be emphasized when improving medical ¢&fe This emphasis led to the U.S.

Army Medical Research and Material Command reopening investigation in thigdfjield

While rapid medical assistance dominates the focus in the reduction of traumatic field
injuries, the risks associated with first responders involved in victim handling procedures
must not be ign@d[10]. In disaster or combat scenarios, deployment of a medic or other
rescue personnel into a dangerous area risks the lives of both the rescuer and the injured.

Furtrer mor e, during terror attacks or military



explosives or enemy troops targeting first respondér®y. Moreover, manmade
catastrophic events often occur in remote locations, making it difficult to send qualified
personnel. In the above cases, robots can make significant contributions to saving the

lives of both the injured personnel and regjers.

2000

A Timeline of Search, Extraction, Evacuation Robots
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Figure 2.1: Search and rescue robaiimeline

Robots present an opportunity to go where rescuers cannot, keep responders out of
danger, work indefatigably, and augment the capabilities of the rsumvho put their
lives at risk while helping others. Over the last few decades a lot of research is being
done towards search and rescue applications of robotic systems. Despite the general
categorization of existingr retsatue 09gf ntolhe addt
are equipped to conduct human rescue operations independently. Instead a majority of it
is aimed specifically at the search aspect of the problem, where robotic systems attempt

to find and report the location of any injured persgln Very few systems have been
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designed with the capability of extraction and evacuation of human casualty. A timeline
of the implementation and/or testing of these robots as described in the literature are
shown in Fig. 2.1. The following section provila summary of statef-the-art systems

in each of the individual categories along with the aspects that need further improvement

before safe and efficient human casualty rescue can be realized.

2.1.1.Search roboticsystems
Search robotics is a mature field,darobots have been actively incorporated into
search procedures in numerous disasters as far back as the September 11 attacks in 2001
[12]. In this section, | provide a brief review of some of the most notable, existing search
robots to provide a frame of reference for the readerthesake of brevity, only few
successfully implemented and fidielsted ground robotic systems shown in Fig. 2.2 are
reviewed here. For a detailed review of search robots, the reader can [&f& {b4].
Even though most of the systems discussed
systems in literure, here they only occupy the search category, as they alone cannot
facilitate the extraction and evacuation of an injured personal from a disaster scenario.
Historically, a large amount of attention has been to the robotic systems that belong to
the sarch class. Spurred by the close succession of the catastrophic 1995 Oklahoma City
bombing and Kobe earthquaké5], unmanned aerial vehicles (UAVs), unmanned
ground vehicles (UGVs), and autonomous underwater vehicles (AUVs) with search
capabilities have all been deployed with some capacity in response t&nowih
disasters. Robdtuman teams were deployed tmlpe the rubble of the World Trade
Center following the attacks on September 11th in 2001, UAVs were used to assist in the

search for those trapped by the flooding resulting from Hurricane Katrina in 2005, and an
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AUV surveyed the damage to the Rollover $°Bsidge caused by Hurricane Ike in 2008.
While in Japan, mobile robots such as Quince were utilized to measure the radiation in

the aftermath of the Fukushima nuclear disaster in PDAJ1[16]i [18].

Figure 2.2: Search robotqA) Remotec WolveringB) iRobot PackBot(C) Quince,
(D) Soryu lll, (E) NIFTi UGV, (F) FosterMiller Solem,(G) Inkutun VGTV-Xtreme,
(H) Inkutun micreVGTV and microetracks

Robots have the ability to plagn integral part in surveying affected regions and
locating people in distress during the aftermath of disasters or combat. Search robots are
generally designed to act as mobile sensory platforms that perform small crucial tasks
which enable the use of @aisticated detection equipment in spaces that may be unsafe
or unreachable for humand49]. Furthermore, with proper design, robots can run
continuously, with just a momentary stop for refueling, facilitating nonstop search efforts

and allowing human team memb#ogdivide shifts more effectively. This would mitigate
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the risks of sleep depreciation related errors in the operation of complex technology, a
major issue in search and rescue efffi€y.

Based on the deployment history, operation modes of the search robotic systems can
be divided into three major categories: surveying the scenario to estimate the extent of
damage and the stability of structures, coilegtdata for post processing (such as 3D
maps of the interiors of buildings), and looking for potentially injured persons. In order to
perform the above functions effectively, the robots are designed to be small (man
packable), agile, and requiring only small degree of supervision from the human
operator. Most of the commonly used UGV systems were initially developed for military
purposes such as EOD. However, these robots have been modified for search and rescue
to become much smaller than their corregpong military systems, so that they can fit
into openings that people and dogs cannot enter.

Robots can now provide a remote presence for rescuers in areas that are physically
i naccessible or unsafe, while aldostahoed ng
[13]. In comparison to existing active or seattive articulated cameras used for similar
tasks,robots travel further into the rubble while also interacting with the environment
such as by taking samples or closing valves via a manipulator. Additional capabilities,
such as the ability to work indefinitely without tiring and the use of a wide afray o
sensors to detecting toxic or explosive gasses in the environment, make robots better
equipped for search activities than humans or animals. Above all, robots should be used
in scenarios where there is a risk to the life of the rescuers. Thus, keys factie
advantage of robots over other search systems are their terrain adaptability and ability to

interact with the environment. With the advancement of research, we can have robot
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human teams that allow for faster coverage of the disaster environaflemtng for

better allocation of resources and a collaborative system that performs better than the sum
of its parts. With regards to search, an effective mobile search robot is one that possesses
the ability to adapt to the necessary terrain. This abdipyalends the robots the
flexibility required for successful field deployment. Ongoing research in this area focuses
on the use of these robots in autonomous and-setanomous mukrobot teams, in

order to effectively search over a large area. eunvork is required on methodologies

and machine intelligence required for the robots to not only operate in tandem with other
robots, but alongside search and rescue personnel with minimal training. 4duimoéan
cooperation could vastly increase the uiglband benefit imparted by search robots, and

would help to further their implementation by search and rescue teams.

2.1.2.Extraction robotic systems

Extraction systems are robots capable of physically maneuvering or carrying the
injured person out of thegiast er zone. These Orescued robot
at times, more complex, than their seaf@tused brethren.

Extraction of a wounded person using a robot is a complex task due to the necessary
interaction between a robot and an injured ossluly incapacitated person. Recent
advancements in sophisticated actuation and control systems over the-1&stydérs
have led to expanded efforts into robotic extraction. This area is less mature than search
robotics and is not widely discussed irett@ture. Some of the stadéthe-art casualty
extraction robotic systems are shown in Fig. 2.3.

Systems such as the Battlefield ExtractAssist Robot (BEAR) and the Robotic

Extraction Vehicle (REX) are indicative of these types of rolafd, [22]. iRobot
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Valkyrie: One of the earliest solutions to the robotic Casualty Evacuation (CASEVAC)
guestion was created by iRobot2004, called the Valkyrig23]. Funded by the Army
Telemedicine and Advanced Technology Research Center (TATRC), it had evolved from
i Robot s earlier medic robot, Bl oodhound. E
manpackable UGV Packbot, it consisted of a flexible stretcher, called a Sked, which was
tethered to the robot. The intent was that when rescuing a casualty in a combat zone, a
medic could remotely operate the Packbot to drive out to the casualty, waengutked
soldier could roll onto the stretcher and be pulled to safety. The Robotic Extraction and
Evacuation platform is a fAmarsupial o roboti
Evacuation Vehicle (REV) transported a smaller Robotic Extraction (RB¥gr that
would then be deployed near the extraction EX2]. The system was designed by
Applied Perceptions Inc. in collaboration with TATRC.

One of the most promising CASEVAC robots to date is the Battlefield Extraction
Assist Robot, built by Vecna Roboti¢81], [24]. It is a semianthropomorphicracked
robot designed with an emphasis on agility and maneuverability. The extraction
procedure is simple: the BEAR approaches the wounded soldier, slides its arms under the
wounded soldier, and then carries them to safety. In a similar vein as BEAR, cR@GNA
humanoid robot that uses two arms to lift up an injured person and carry them to safety
while utilizing tracks for locomotiof25].

In addition to the designs considered above, there have been several other notable
attempts at creatgna casualty extraction robot. One such design was a modification of
FostetrMi | | er 6s wi dely wused mil[R6] The copceptwasmt i ¢ p | e

use an attachment to the robot consisting of an arm terminating in a conveyor belt meant
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to slide under a wounded person, then lift and transport fg@mHowever, no further
work was performed beyond the initial report. Another notable design wasdalan
patient transport system designed to help those effected in case of nuclear emergency

[28].

Stretcher Robot

Figure 2.3: Casualty extraction robatéA) iRobot Valkyrie,(B) REX, (C) BEAR,
(D) cRONA, (E) Modular rescue robot (Traction Robdfy) Modular rescue robot

In the area of casualty extraction robots, one of the critical challenges is keeping the
injured person safe and secure during transport. One of the more difficult tasks in this
operation occurs when attempting to transfer the injured or incapacitated frers the
ground to the transport platform. By necessity, patient transfer requires some
combination of lifting, dragging, or sliding, and current designs fail to place sufficient
emphasis on maintaining a stable transfer mode. Further attention pyahism could
reduce the danger of exacerbating any existing injuries or causing new ones. In addition,
the existing systems all rely on direct, continuous operator control, which may face

challenges when operating in remote locations with poor networlsinficture. A
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robotic platform with seraautonomous communications and-tagnpensating control

could help ensure the safety of the injured person when communications are intermittent.

2.1.3.Evacuationrobotic systems

Once an injured person has been safelyaetd from the poirdf-injury the next
step is often to transport them to a more secure medical station for first aid and/or triage
or more indepth medical attention. To provide an improvement on the existing manual
approaches, such a robotic system banused with some degree of autonomy while
providing feedback on the injured personos
this area has largely been focused on the creation of a larger;pompitise, mobile
ground vehicle that has configurable mtas to facilitate the evacuation of injured
personnel and the peripheral systems intended to provide onboard patient monitoring in
such operationf29]. The robots that are designed to perform this task include the Life
Support for Trauma andransport (LSTAT), a stretcher with a full set of sensory
equipment and a robotic snakiee manipulator,[27], and the Robotic Evacuation
Vehicle, a mobile patient transport rob@2], as shwn in Fig. 2.4.

Even though not a mobile robot, |l Nt egr at ec
care platform[27] is major effort in this direction. While appearing to be simply a
stretcher, it possessenough capabilities toe a mobile Intensive Care Unih addition
to the stretcher itself the LSTAT consists of a ventilator, a defibrillator, a suction pump, a
fluid and drug infusion pump, and a blood chemistry analp@@r It also carries sensors
that monitor blood presseyr pulse oximetry, entidal CO,, temperature, oxygen flow,

and electrocardiography. The patient data is shown on a display mounted on the stretcher,
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and broadcast to a haheld monitor or available wireless networks. As previously

described, the REV, the larger transport half ¢tfie marsupial pair REX and REV.
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Figure 2.4: Casualty evacuation roboi{®\) REV, (B) LSTAT on REV,(C)
LSTAT with Snakebot manipulatof)) Lockheed SMSSE) Qinetig Titan,(F) HDT
global protector

Upon reaching a combat zone, REV would deploy a ramp and send REX into the
field to extract a wounded solider. Once retrieved, REV would act as an autonomous,
reconfigurable transport vehicle equipped with two LSTAT stretcherdalfisgtic armor,
in order to safely evacuate the wounded soldi@2]. The Squad Multipurpose
Equipment Transport (BIET) program is a U.S. Army initiative intended to drive
development of an autonomous or semionomous mobile robot that trgasts the
supplies required by an infantry squad to operate for 72 hours and provides a mobile
power source to recharge the electronics carried by the sdigiigrg heg mobile robots
would have manual operation, folletve-leader, and autonomous navigation capabilities.

In addition to the increased load carrying capabilities afforded by-M&H they must
also be reconfigurable into casualty evacuation platformserettirough attachment

points for a standard stretcher or through inherent medical transport capdBii}ies
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In disaster situations, the medical personnel generally respond after the primary
danger has subsided, and thus rexjginorter operating ranges for their equipment as
medical treatment centers can be located near the disaster zone. A purpose built
evacuation platform would not be used often enough to justify the inclusion of such a
large piece of equipment in a squaddoat. Therefore, the overly specific REV has been
supplanted by the more versatile pack rHike SSMETs. This provides operational
flexibility while still providing evacuation capabilities if necessary. However, this
removes some of the patietdre spedic benefits that REV incurred through the
incorporation of the LSTAT into its design. The desire for a more compact and modular

solution led to the creation of the 1S

2.1.4.Robotic rescuecompetitions

Many maj or robotics competsiitsit@ams eh awna fexadtr
as the central theme, a part of their overall challenge, or as an event for demonstration
purposes. Some of these competitions include The European Land Robot Trial
(ELROB), euRathlon, RoboCup Rescue, and the Darpa Robotic royallevith the
ELROB being the closest towards replicating the real life search, extraction, evacuation
and treatment challenges.

The ELROB is a robotics competition that has been conducted every alternate year
since 2006, focusing on military and civiliapplications of advanced robotic systems.
[33]. In the recent competitions (starting in 2014), search and rescue scenarios such as
locating injured personnel inside collapsed structures and performing medical
evacuations (MedEvac) have been included in ELROB. For the MedEvac challenge, two

dummies epresenting wounded soldiers are hidden in -uman terrain. Their
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approximate location was supplied to the team. The participant then had to locate the
wounded O6soldierd and extract them to a
During the 20142016 and 2018 ELROB, many major institutions proposed innovative
solutions to the above challenges.

The RoboCup Rescue competitions were initiated as a part of the worldwide
RoboCup competition in 200J34]. These includ both the Rescue Robot Leaguw the
Rescue Simulation Leag(i85], [36]. The Rescue Robot League invedvexploring and
searching for simulated casualties within an arena, including subtasks such as mapping,
remote manipulation, and autonomous operations. The tasks, including the test
environment, are based on the standard test methods for emergency easjbats
developed by the U.S. National Institute of Standards and TechnB@gyDARPA
started robotics competitions in 2004 with the Grand Chall¢B8F Inspired by the
Fukushima Daiichi nuclear disaster, the DARPA Robotics Challenge (DRC) had Urban
Search and Rescue as the core theme fosteringeksaa robots capable of assisting
humans in response to natural and manmade disasters. A major focus of the DRC was to
develop ways to combine the complementary strengths and weaknesses of the robot
system and human operator(s). Even though the compestiteguired humanoid robots
to perform complex tasks like driving a utility vehicle, opening a door, handling valves
[39]i[42] etc., it did not involve any direct casualty extraction or evacuation challenges

The EUFP7 euRathlon project was a thrgear initiative funded by the European
Commission, started in 2013. As an international competition, it welcomes universities,

industries, and independent teams from any EU country. The Grand Challenge,
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conducted on Septemb@015 [43], [44], was inspired by the Fukushima accident of

2011,providing real world challenges focused on outdoor robotics.
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CHAPTER 3

PROBLEM STATEMENT AND PROPOSED SOLUTION

3.1.Novel Robotic Solution for Casualty Extraction

Although no single system or group of systems existdate that can do robotic
search, extraction, and evacuatias depicted by the progressiontioé systems above,
the global research community is moving towards integratingplootic teams with the
aim of achieving this ultimate goal, in tandem willuman searchers as well as

multimodal robots.

3.1.1.Need for arescuerobotic system

In addition to the above improvements in each of the individual facets of search,
extraction and evacuation performed by robotic systems, several additional optimization
pointspresent themselves when considering the design of a rescue robot as a whole. An
important one is to emphasize the stabilization of the head and neck in transport to
minimize further injury to the cervical spine. In the robots reviewed above, this is not
addressed purposefully in any design. At best, the placement of a cervical collar by the
robot is mentioned in passing in the patents. A second area in which focus can be directed
towards is the issue of creating a wdllanced all terrain mobility platfors. BEAR was
one of the most complete of the designs discussed, but the tracked system coupled with
the height of the robot adds complexity. Finally, simplified operational complexity
should be a key goal without leaving out functionality, such as theliBedgfunction

offered with Valkyrie. These robots would be deployed in some of the most dangerous
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areas on the planet, whether in a war zone or a disaster area, and as such should be easy
and intuitive to operate. Scaling back on the degrees of freeddmaking the operator
control unit straightforward to control could save precious time when attempting a

rescue.
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Figure 3.1: Subsystems of SAVER

3.1.2.SAVER

Based on the review of the stattthe-art systems for robotic rescue and the analysis
of their shortcominggd45], a novel resaa robot designwas conceivedthe Semi
Autonomous Victim Extraction Robot (SAVER]. The poposed conceptual design
was developed at the Robotics and Mechatronics Lab at Virginia Tech, in collaboration
with RE® Inc. funded by the U.S. Army Telemedicine and Advanced Technology
Research Center. The proposed sysias designed for an average seldin full battle

gear weighing around 135 kg (300 Ibs), with a height of approximately 6 feet. The system
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is designed for an overall size of 2.21m x 1.2m x 1.25m (L x W x H), with a total curb
weight of less than 180 kg. The proposed conceptual desi§AVER along with its

subsystemss shown in Fig. 3.1.

S

(G) Extract (H) Evacate

Figure 3.2: Casualty extraction procedure using SAVER

The casualty extraction procedure using SAVER can be summarized as folews
rescue robot will be brought in to the scene using external means like the SMSS or air
dropped into the disaster scenarios using a helicopter, similar to the marsupial concept
used by REX/REV systems. Launched within range of the disaster scenai@AMER
system will locate the injured, drive up to the person, estimate the posture and then align

the person so that he/she can be easily transferred on to the stretcher. The head support
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system slides down the stretcher and stabilizes the head andfrtbekperson and then
engages the shoulder support hooks. The injured person is then slowly pulled on to the

declined stretcher. The overall procedure is depicted below in Fig. 3.2.

3.1.3.Capabilities of SAVER

In order to successfully execute the abowenticmed procedures, the robot is
designed to be a serautonomous system. Navigating towards the already located
injured personnel and then evacuating the extracted casualties to the triage zone will be
done autonomously. This require the robot to be ablatgate autonomously in rugged
terrain, taking into account the challenges introduced by dynamic -terdpain
interactions, initial efforts in this direction show promising resj4@. In addition the
project wil explore ways to enable the robot follow a field medic so as to enable co
operative behaviors with the system. Handling injured personnel fully autonomously in
unstructured terrain is still beyond the statghe-art in robotics. As such, the SAVER
sysem is designed to do this with the help of a remote operator using the HDMS
developed by RE With an extensive sensor suite providing real time visual and force
feedback, the operator will be able to successfully manipulate the injured person into the
right posture using the dual arm manipulation system. In addition a robotic head
stabilization system that autonomously stabilizes the head and neck of a patient has been
fully designed, built and tested to guarantee desired degree of perforfd@hceA
simulated casualty extraction scenario using SAVER is shown in Fig. 3.3.

Conducting the human rescue process in a fully autonomounsemnavill require
further development in the fields of machine intelligence and human robot interactions.

Instead, advancement humaibot cooperative teams that employ human in the loop
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control, where the human operator makes #ayel decisions and thebotic system
interprets the higtevel commands to perform the dangerous rescue operation is a more

effective and feasible solution.

Figure 3.3: SAVER carrying casualty

3.1.4.Need for improving tracked locomotionin rough terrain

In addition to developing the detailed conceptual design of SAVER, ongoing research
focuses on developing and testing each of the subsystems and their capabilities. To this
extent a prototype model of the proposed head suppstdrs was built and tested on a
human mannequif¥5], [48], [49]. In addition, sensing techniques have been developed
and tested for enabling obstacle avoidance to aid in autonomous navigjcand
human pose estimation to aid in casualty re§slip

As mentioned in the previous section, one of the major milestones on the road to safe

and efficient robotic casualty extraction is reliable auton@m@avigation in challenging
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terrain conditions. The ensuing conditions following natural or manmade disasters often
involve poor communication channels between the affected region and the outside world,
with limited bandwidth and increased latency. The afseethered rescue systems in the
past, allowing for a robust communication channel, has had varying degrees of success
[12], [15], [19], [52] Unfortunately, the use of a tether limited the mobility of the robots
and introduced the risk of the tetHercoming stuck in the rubble. Owing to the critical
nature of rescue missions, remote operation of a rescue robotic system in an unstructured
volatile environment is a challenging task, even with a communication tether. This drives
the need for highelevd autonomy in rescue robots, such as the ability to navigate on
their own over challenging terrain conditions in a reliable manner. The recent call by the
US Army [9], [53] for unmanned casualty evacuation platforms and the introduction of
CasEvac/MedEvac scenarios in roboticdienarking competitions like Hob [13]
reinforce the growing need for such autonomous systems.

Assuming tle location of the injured casualty is available, the robotic platform must
be able to navigate to the desired location relying only on high level commands issued by
the remote operator or field medic. The major focus of my dissertation has been to
estimateand improve traversability of tracked robotic systems including SAVER in

challenging terrain conditions.

3.2.Tracked locomotion

Autonomous navigation is a ubiquitous task for mobile robots. Great advances have
been made in this domain in the past few decadssdemonstrated by the recent
developments in setriving vehicles, warehouse automation, and even smart vacuum

systems that are now a common part of the households. Despite these advances,
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autonomous navigation in its true sense is still an open rés@aoblem for many

challenging conditions such as tracked locomotion in unstructured terrain.

3.2.1.Background on tracked locomotion

Tracked vehicles were first created to facilitate navigation over a variety of ground
conditions such as snow, loose sand, nsielep slopes, terrain cluttered with rubble or
any combination of these (from here on referred to as rough terrain) that is otherwise not
feasible for conventional wheeled vehicles. Such vehicles are often the best choice for
applications such as haulinggedvy military equipment or agricultural operations that
require a significant amount of traction. The superiority of tracked locomotion over
wheeled systems in such scenarios is due to its increased traction and comparatively
lower ground pressure. Based dhe above factors, tracked locomotion is often
considered best suited for search and rescue applicfgnshere terrain conditions are
often treacherous and the environment very unstable. This is deatedstr practice as
well, as the majority of the search and rescue robots that have been deployed in the field
over the past few decades use tracks as their primary method of locofd@8iiofi4],

[16], [17].

3.2.2.Capabilities and challenges of trackedocomotion

Tracked locomotion systems come with unique challengebedf dbwn. Owing to
their inherent mechanical advantage, tracked systems can go over many obstacles. On the
other hand there are cases where the robot can tip over or get stuck. Several factors such
as the characteristics of the terrain in terms of slippel and soil properties,

characteristics of the robot in terms of weight and moment of inertia, actuator limitations,
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and the nature of the track profile all play major role in traversability. As such trivial
techniques on estimating traversability basadoresence or absence of obstacles will be
overly conservative for tracked robots. In other words, Vehal@in dynamic
interaction needs to be taken into consideration in order to accurately estimate and

improve tracked locomotion.

Figure 3.4: Failure ofteleo per at ed tracked robot.i
Mi ssion Equi pment Transport (SMET): Lesso

The most widely used navigation modes for search and resceensgspecially for
military application are teleperation, serrautonomous leaddollower navigation and
fully autonomous waypoint navigation. Among these modes the most widely used is the
fully autonomous waypoint navigation. Even with the recent advaects in
autonomous capabilities of robotic systems, stétne-art robotic systems cannot match
the decision making capabilities of a human operator especially for applications in
disaster scenarios. But even telgerated systems can fail under rougiain conditions

as shown in Fig. 3.4. This dissertation aims to improve traversability of tracked robots on
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