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ABSTRACT

Navigation in various terrains is considered one of the biggest challenges in the
robotics field. Hyper-redundant robots are designed to imitate the feature of biological
snakes. Their flexible and multi-degree of freedom body give them an advantage over
other traditional mobile robots. Most of the studies that have been done considered
wheel snake robots that navigate using horizontal motion in environments with the
obstacle. However, irregularity of the surface is challenging for these types of robots.
Most of the past works on snake robot locomotion have almost exclusively considered
motion across smooth surfaces. However, many real-life environments are not smooth
but cluttered with obstacles and irregularities. When the operational scenario is
characterized by a surface that is no longer assumed to be flat and obstacles are present,
snake robots can move by sensing the surrounding environment. This thesis makes
progress towards addressing these issues by developing a perception-driven model for
navigation of the hyper robotic system in an unstructured environment. The proposed
model should be able to detect the surrounding operational space, identifying the walls,
obstacles, and other external objects to create local motion planning. In this thesis, the
modeling and design of hyper-redundant mobile robot are presented. The presented
model is analyzed using both Newton-Euler and Euler-Lagrange equations. The
mathematical model of traveling wave locomotion is verified through simulation and
experiment. The simulation shows the relationship between the joint's torque and the
position of each joint from the center of gravity. The simulation also describes the
effects of the environment, such as the coefficient of friction and initial winding angle
on the joint's torque. One of the most challenging of this gait is to stabilize the robot
during propulsion. In this research, stability is achieved by controlling the body shape
of the robot by controlling the lateral joints of the robot. The main contribution of the
thesis is that the development of hyper-redundant mobile robots can navigate in
unstructured terrain. A laser range finder sensor (LRF) is used to estimate the distance
between the robot and the obstacle. To optimize the sensory signals, undesired detected
obstacles points in the scanning zone was eliminated by the established obstacles'
filtering. A guidance system is developed to control the navigation of the robot in an
unstructured environment. In the system, the robot mode switches between traveling
waves, obstacle avoidance, and climbing obstacle locomotion according to the type of
the environmental model. The robot system was verified by analyzed the performances
in different environments such as narrow path, environment with varying types of
obstacles (box, crumple papers, and walls), and steps. Step ascending and descending
is achieved by a group of customized designed steps. The perception system could
detect and recognize the obstacles’ type and achieve successful obstacle avoidance
both in narrow and cluttered terrain. The results also showed that the robot could
observe and climb the step of 0.1 m height successfully with an average time of 0.9
min.
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ABSTRAK

Pemanduan arah di pelbagai rupa bumi dianggap sebagai salah satu cabaran
terbesar dalam bidang robotik. Robot lelebih-hiper direka untuk meniru cirt biologi
ular. Badan robot ular yang fleksibel dan pelbagai darjah kebebasan memberikan ia
kelebihan berbanding robot mudah alih tradisional yang lain. Kebanyakan kajian yang
telah dijalankan adalah menggunakan robot ular beroda yang dipandu arah dengan
gerakan mendatar di persekitaran berhalangan. Walau bagaimanapun, permukaan
tidak sekata amat mencabar bagi robot jenis ini. Sebilangan besar kajian masa lalu
yang dijalankan ke atas pergerakan robot ular hampir secara eksklusif menggunakan
pergerakan melintasi permukaan licin. Namun, kebanyakan persekitaran sebenar
adalah tidak licin tetapi berselerak dengan rintangan dan ketidaksekataan. Apabila
senario operasi dicirikan oleh permukaan yang tidak lagi dianggap rata dan terdapat
halangan, robot ular akan bergerak dengan menggunakan penderiaan persekitaran.
Tesis ini maju kehadapan dalam mengambilkira isu-isu ini dengan membangunkan
model dipacu-persepsi untuk sistem navigasi robotik hiper dalam persekitaran yang
tidak terstruktur. Model yang dicadangkan harus berupaya mengesan ruang operasi di
sekitarnya, mengenal pasti dinding, rintangan, dan objek luaran lainnya untuk
membuat perancangan gerakan setempat. Dalam tesis ini, pemodelan dan reka bentuk
robot mudah alih lelebih-hiper dibentangkan. Model yang dipersembahkan dianalisa
menggunakan kedua-dua persamaan Newton-Euler dan Euler-Lagrange. Model
matematik gelombang pergerakan disahkan melalui simulasi dan eksperimen.
Simulasi menunjukkan hubungan antara daya kilas sendi dan kedudukan setiap sendi
dari pusat graviti. Simulasi juga menunjukkan kesan persekitaran, seperti pekali
geseran dan sudut belitan awal pada daya kilas sendi. Salah satu cabaran terbesar
dalam menghasilkan pergerakan robot adalah untuk menstabilkan robot semasa
pergerakan dorongan. Dalam penyelidikan ini, kestabilan dicapai dengan mengawal
bentuk badan robot melalui kawalan sendi lateral robot. Sumbangan utama tesis ini
adalah pembangunan robot mudah alih lelebih-hiper yang mampu memandu arah di
kawasan tidak berstruktur. Sensor laser pencari jarak (LRF) digunakan untuk
menganggarkan jarak antara robot dan halangan. Bagi mengoptimumkan isyarat
sensor, titik halangan yang tidak dingini dalam zon imbasan ditapis melalui penapis
halangan yang dihasilkan. Sistem panduan dibangunkan untuk mengawal pandu arah
robot di persekitaran yang tidak berstruktur. Dalam sistem ini, mod robot bertukar
antara pergerakan gelombang perjalanan, penghindaran halangan, dan pergerakan
memanjat halangan mengikut jenis model persekitaran. Sistem robot disah melalui
analisis prestasi keatas persekitaran yang berbeza seperti jalan sempit, persekitaran
dengan pelbagai jenis rintangan (kotak, kertas renyuk serta dinding) dan tangga.
Pergerakan menaik dan menurun tangga dicapai menerusi sekumpulan pergerakan
yang dirancang khas. Sistem persepsi mampu mengesan dan membeza jenis rintangan
serta berjaya mengelak rintangan dalam kedua laluan sempit dan berselerak.
Keputusan juga menunjukkan bahawa robot dapat mengenali dan menaiki tangga
berkentinggian 0.1 m dengan jayanya dalam purata masa 0.9 min.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

A collapsed building caused by an accident or disaster, such as an earthquake
or flood, is considered a hazardous or challenging to access area, where rescuing
survivors is considered difficult and dangerous (Tanaka, Kon and Tanaka, 2015;
Whitman ef al., 2018). Time is crucial in the inspection and searching of the damage
zone, especially if there are people buried alive and there is a need to locate them
(Labenda, 2013). The mobile robot seems to be a suitable alternative to humans for
rescue and search operation (Tanaka, Kon and Tanaka, 2015). However, rough and
unregulated terrain is always challenging to the robot's maneuverability (Transeth,
Pettersen and Liljeback, 2009). Such terrain may contain a wide range of obstacles,
such as gaps, stones, walls, narrow passes, as well as stairs or high steps. Small-size
hyper-redundant mobile robots that can adapt to a wide range of terrain are essential
for what it can offer compared to traditional mobile robots (Hitaka and Yokomichi,
2013; Hopkins, Spranklin and Gupta, 2009; Manzoor, Khan and Ullah, 2019). This is
because their slender, flexible, and slim cross sections enable them to navigate and
travel through narrow spaces and tunnels (Liljeback ef al., 2010; Nakajima et al., 2018;
Qi et al., 2020; Tanaka, Suzuki and Tanaka, 2018; Tanaka and Tanaka, 2016b;
Transeth, Pettersen and Liljeback, 2009). The hyper-redundant structure repeated
many times reduces joints failure because of its high modularity and redundancy
(Hopkins, Spranklin and Gupta, 2009; Transeth, Pettersen and Liljeback, 2009).
Hence, the robot continues to move even if one of its joints fails. The discrete and
modular design makes the robot more stable due to its constant ground contact at
various points, mostly when some parts are lifted during locomotion while the rest of
the body is still on the ground (Fu and L1, 2020; Hongyan and Yuanbin, 2017; Hopkins,
Spranklin and Gupta, 2009). They also have a low center of gravity. Conventional

robots with legs or wheels may slip and ease to tip over (Yu S., 2008). The hyper-



redundant mobile robot's large contact surface area helps achieve various postures,
outstanding terrain adaption locomotion, and negotiate different types of obstacles

(Ariizumi and Matsuno, 2017; Tanaka and Tanaka, 2016a; Tesch ef al., 2009).

The hyper-redundant discrete mobile robot is an articulated mobile robot that
intends to mimic a biological snake's locomotion, where it moves by bending its body.
On the other hand, it is smaller than other mobile robots used in a search detect mission
because the joints are the only driving part of the mobile robot requiring the generation
of propulsion force (Nakajima ef al., 2018). During the task, the robot's crawling
motion may be disturbed by obstacles, which may prevent it from moving forward.
The robot should have a high degree of perceptions and awareness of their
environment to detect the obstacles and react to them by changing motion, either by
avoiding or going over them. From this perspective, the environment perception,
mapping, and representation are fundamental for the model (Sanfilippo, Stavdahl and
Liljeback, 2017). The snake robot should have a higher level of perception and
autonomy with high adaptation to environmental changes. The perception-driven
model system is not only capable of comprehending and understanding the current
situation, but it can also make an extrapolation or projection of the actual information
forward in time to determine how it will affect future states of the operational
environment (Sanfilippo e al., 2017). In order to increase the perception and
awareness of the robot in the surrounding environment, geometric information should
be collected. Starting from sensor data, the robot can represent the environmental
model used for motion planning (Sanfilippo ez al., 2016b). The environmental model
is then simulated and sent to the operator or to the gaudiness system to select the

desired path between the ruins structure.

1.2 Possible Application of the Hyper-Redundant Mobile Robot

One of the hyper-redundant discrete mobile robot's significant applications is
the urban search and rescue (USAR) (Nakajima ez al., 2018; Whitman ez al., 2018).
During an accident or disaster in an urban area, where there are many debris and

rubbles, the rescue and searching mission is challenging. In addition, the search



environment may become hazardous for human rescuers because of the further
collapse possibility of the rest of the building or the presence of toxic gas, radiation,
dust, and ash (Tanaka, Suzuki and Tanaka, 2018). In such a situation where survivors
may lie under the rubble, each minute is crucial, and the SAR time plays a significant
role in saving lives. The rescuers need to collect information about survivors'

localization, the disaster area's structure, and flammable gas or fire in the site.

Using a small and flexible mobile robot can offer a lot of help to the rescue
crews in many ways. It can be equipped with a camera and other sensors to allow
vision and sense of the surroundings and feedback to the rescuer with updated
information about the site (Sanfilippo ef al., 2017). The hyper-redundant robot can
travel in a small tunnel or between remote areas challenging for humans to get in. One
example of a rescue mission application is the two snakes made by roboticist Howie
Choset's research group at Carnegie Mellon University. They were sent to help in the
Mexico earthquake, which struck the city on 19th September 2017, to search for
survivors (Whitman ef al., 2018). Other robotic usage applications are for firefighting
(Liljeback, Stavdahl and Beitnes, 2006), inspection and detecting pipes (Qi ef al.,
2020), medical application of surgery operation (Zhang et al., 2009), or for marine
application underwater inspection (Kelasidi er al., 2017). Figure 1.1 shows the possible

application of a hyper-redundant mobile robot.



a) Rescue and detection at Mexico
earthquake (Whitman et al., 2018)

c) Unified snake robot for pipe inspection
which is developed by Howie Choset group
at CMU’s Biorobotics Lab (Rollinson,
Buchan and Choset, 2012)

b) Anna Konda developed at NTNU for
firefighting (Liljeback, Stavdahl and
Beitnes, 2006)

d) An amphibious snake-like ACM-R5
robot developed by Prof. Hirose
(Hirose and Yamada, 2009)

e) Medrobotics developed by Dr. Howie Choset at Carnegie Mellon University

(Mitchell, 2018)

Figure 1.1 Possible applications of the hyper-redundant mobile robot (a) Search
and detect (b) Firefighting (c) Pipe inspection (d) Marine application (e) Medical

application.



1.3 Problem Statement

Navigation in an unstructured terrain (the ground is uneven and contains
obstacles of different size and shapes) is always considered a challenge in mobile
robotic design and applications because of the size and complexity of this terrain
(Labenda, 2013; Nishiwaki, Chestnutt and Kagami, 2012; Schwarz and Behnke, 2014;
Zhang et al., 2018). A hyper-redundant discrete mobile robot that resembles a
biological snake with a flexible body and multi-degree of freedom seems to be the
solution for this problem. However, there are issues in controlling the multi-degrees

of freedom and enabling the robot to smoothly navigate different obstacles.

Based on the articles reviewed from the last 10 years (Fu and Li, 2020; Kon,
Tanaka and Tanaka, 2015; Liljebéck ef al., 2010; Nakajima et al., 2018; Pfotzer ef al.,
2017; Sanfilippo et al., 2016a, 2017; Tanaka, Kon and Tanaka, 2015; Tanaka, Suzuki
and Tanaka, 2018; Tanaka and Tanaka, 2015; Wu and Ma, 2013; Yagnik, Ren and
Liscano, 2010), the previous researches divided the problem of locomotion according
to the type of obstacle into three sub-problems and tried to solve them separately by
several techniques. This is performed either by avoiding (Pfotzer ef al., 2017; Tanaka,
Kon and Tanaka, 2015; Wu and Ma, 2013; Yagnik, Ren and Liscano, 2010),
overcoming (Fu and Li, 2020; Kon, Tanaka and Tanaka, 2015; Nakajima et al., 2018;
Tanaka, Suzuki and Tanaka, 2018; Tanaka and Tanaka, 2015), or by using push points
by means of propulsion (Liljebéck et al., 2010; Sanfilippo et al., 2016a, 2017). Based
on the Autonomy Level for Unmanned System (ALFUS) and Autonomy and
Technology Readiness Assessment (ATRA) (Sanfilippo ef al., 2017), the current
cutting edge technology cannot achieve smart navigation of the hypermobile robot in
an unstructured environment without the operator's guidance. All the studies
mentioned above used a low to medium level of autonomy with each type of obstacle's
locomotion. The robot needs the operator to interfere in order to switch from one type

of obstacle locomotion to another.

In real applications, the hyper-redundant discrete mobile robot should be able
to negotiate different types of obstacles in the same operational space (Hopkins,

Spranklin and Gupta, 2009). For robots to be able to operate autonomously and interact



with the environment in any of the ways mentioned (obstacle avoidance, obstacle
climbing, or obstacle-aided locomotion), they need to acquire information about the
environment that can be used to plan their actions accordingly (Sanfilippo et al., 2017).
This task can be divided into three different challenges that need to be solved: sensing,

mapping, and localization.

Therefore, the proposed research intends to increase the level of autonomy of
the hyper-redundant mobile robot by presenting a perception-driven model constructed
by generating local motion planning based on the sensory information. The
development of such a robot is motivated by the fact that it can be used in detecting
and search missions arising from some disaster in the rubble-strewn habitation
environment, e.g., a collapsed building (Whitman et a/., 2018). This designed system
should enable the robot to maneuver in an operational environment with obstacles by
detecting the surrounding environment and using the sensory feedback data to draw
the desired path and select the appropriate locomotion type necessary for robot
propulsion. The designed system should also enable the robot to switch smoothly from
one locomotion to another by using a transition algorithm. Additionally, modeling a
hyper-redundant mobile robot with numerous contact points with the environment is a
critical step towards enabling effective snake locomotion. Such a simulation model
can facilitate the mechanical design of the robot and allow designers to examine the
locomotion mechanism's effectiveness. Some works such as (Ariizumi and Matsuno,
2017) and (Chang and Vela, 2020) have proposed a model for snake-like locomotion
modeling. However, the dynamical modeling of the snake locomotion capable of
simulating the locomotion and studying the joint torque's performance is yet to be fully

addressed in more detail.

1.4  Research Objectives

The objectives of the research are:

a) To design and build a hyper-redundant mobile robot that can perform

locomotion in two planes: obstacle avoidance and obstacle climbing.



b)

d)

1.5

b)

d)

To establish a kinematic and dynamical model of traveling wave locomotion

of the hyper-redundant mobile robot.

To propose an autonomous perception-driven hyper-redundant mobile robot

model that enables the robot to navigate through an unstructured environment.

To develop a simulation model in verifying the dynamical model of the robot

locomotion and validate it experimentally.

Scope of the Study

The scopes and limitation of this research are:

An artificial platform is used to test the navigation system of the hyper-

redundant mobile robot.

The unstructured environment where the robot navigation system is tested is
represented by modeled obstacles made of carton boxes of different sizes,

crumpled papers, and imitation wall.

The robot has no wheels. Hence the friction force between the robot's body and
the supporting plane is very high. To overcome the robot's motion resistance,
traveling wave locomotion is chosen as the robot's desired motion pattern to

crawl forward.

Matlab R2017b is used to operate the coded and simulated the dynamical

model of traveling wave locomotion.

Low-level control of the servo motor is assumed to be accurate according to

the manufacturing specification.



1.6 Contribution of the Study

The experiment research relates to applying a search and detect mission in an
irregular and unstructured environment. The contribution of this research is to
formulate a perception-driven hyper robotic locomotion model through increasing the
mobile robot perception and awareness. This can be done by detecting the surrounding
environment, optimizing the sensor feedback data, and selecting the desired path and
desired locomotion. The locomotion is determined by the guidance system that can
switch smoothly between three locomotions (obstacle avoidance, obstacle climbing,
and traveling wave) in enhancing the robot navigation in unstructured terrain. The
integrated system is an autonomous system where collision avoidance and climbing

are generated automatically by the controller.

1.7 Thesis OQutline

This thesis contains six chapters, including this chapter. In Chapter 2, there
are two parts of the literature review. The first part presents different types of
developed snake robots and their locomotion in an environment with and without
obstacles. The second part presents the sensing technology and the scale of the snake
robot's level of autonomy. It also identifies what has not yet been done and where the

current snake robots' autonomy levels are set on.

Chapter 3 explains the methodology used to conduct the research. In this
chapter, the research flowchart is illustrated at the beginning of the chapter, followed
by describing the snake robot prototype structure used in the experiment. Modeling
and simulation of the traveling wave locomotion along with the control system of the

perception-driven model is described.

Chapter 4 presents the design and development of a hyper-redundant mobile
robot for locomotion in an unstructured environment. The component used, along

with the construction process of the robot modules, is described. This chapter also



details the programs used to control the robot's actuation system and design the

robot's head.

Chapter 5 presents the kinematic and dynamic model of traveling wave
locomotion. The developing mathematical model is validated by simulation using
Matlab software. The dynamic effects and detailed model of the friction between the

robot and supporting plane are established, and the simulation results are discussed.

Chapter 6 proposes the developed control model of navigation snake robots in
an environment with obstacles. In this chapter, the control approach outline,
limitation, and procedure are presented in detail. To verify the validity of the control

method, experiments were carried out.

Last but not least, Chapter 7 concludes the research findings.
Recommendations and suggestions to advance the research work are stated in this

chapter.
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