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Abstract

The research on capsule robots (capsubots) has receivactiatt in recent years because
of their compactness, simple structure and their poteasal in medical diagnosis (e.g.
capsule endoscopy), treatment and surgical assistance.mekdical diagnostic capabil-
ity of a capsule endoscope - which moves with the aid of vageeristalsis - in the Gl
(gastro-intestinal) tract can be improved by adding prsipulto it e.g. legged, magnetic or
capsubot-type propulsion.

Driven by the above needs this thesis presents the desiglysa) trajectory tracking
control and implementation of underactuated mobile caprsabots. These capsule robots
can be modified and used in in-vivo medical applications. eBehes on the capsubot-
type underactuated system focus on the stabilization ofdhet and tracking the actuated
configuration. However trajectory tracking control of araatuated configuration (i.e. the
robot motion) was not considered in the literature thoughthie primary requirement of any
mobile robot and also crucial for many applications suchmagvo inspection. Trajectory
tracking control for this class of underactuated mechamsigstems is still an open issue.
This thesis presents a strategy to solve this issue.

This thesis presents three robots namely a one-dimengibDalcapsule robot, a 2D
capsule robot and a 2D hybrid capsule robot with incremexaiability. Two new acceler-
ation profiles (utroque and contrarium) for the inner malsy {(linternal moving part of the
capsule robot - are proposed, analysed and implementeddanbtion generation of the
capsule robots. This thesis proposes a two-stage contadégy for the motion control of
an underactuated capsule robot. A segment-wise trajetriling algorithm is developed
for the 1D capsule robot. Theoretical analysis of the atboriis presented and simulation
is performed in the Matlab/Simulink environment based am ttieoretical analysis. The
algorithm is implemented in the developed capsule robetekperimentation is performed
and the results are critically analyzed. A trajectory tragkcontrol algorithm combining
segment-wise and behaviour-based control is proposethéa?d capsule robot. Detailed
theoretical analysis is presented and the simulation fepeed to investigate the robustness
of the trajectory tracking algorithm to friction uncerta@s. A 2D capsule robot prototype



is developed and the experimentation is performed. A nofxehgbrid robot with four
modes of operation - legless motion mode, legged motion mwogaid motion mode and
anchoring mode - is also designed which uses one set of acduatall operating modes.
The theoretical analysis, modelling and simulation is qenied.

This thesis demonstrates effective ways of propulsion fievivo applications. The
outer-shape of the 1D and 2D capsule robots can be custoatzedding to the requirement
of the applications, as the propulsion mechanisms are csiplinternal. These robots are
also hermetically sealable (enclosed) which is a safettyfedor the in-vivo robots. This
thesis addresses the trajectory tracking control of thewdagqi-type robot for the first time.
During the experimentation the 1D robot prototype traclkes diesired position trajectory
with some error (relative mean absolute error: 16%). Thedtary tracking performance
for the 2D capsubot improves as the segment time decreasrsagiracking performance
declines as the friction uncertainty increases. The tlieateanalysis, simulation and ex-
perimental results validate the proposed acceleratiofiigg@nd trajectory tracking control
algorithms. The designed hybrid robot combines the besicispf the legless and legged
motions. The hybrid robot is capable of stopping in a sugzketgion and remain station-
ary for a prolonged observation for the in-vivo applicatavhile withstanding the visceral
peristalsis.
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Chapter 1

Introduction

1.1 Background and Research Motivation

Minimally invasive diagnosis and interventions featureesand reliable techniques and re-
sult shorter hospital stays, less pain, more rapid returdiaity work, and improved im-
munological response compared to the conventional waylsofRassisted laparoscopic and
thoracoscopic surgeries became popular because of itsggdovasiveness and improved
reliability [1]. Researches to develop minimally invasive devices fogisat and diagnos-
tic applications are also gaining popularity among the timlsaesearch community-49].
Furthermore miniature in-vivo mobile robots are being digwed to be utilized in in-vivo
diagnosis and surgical proceduré§416.

In-vivo laparoscopic robots may improve patient expergetharing and after the surgical
procedure by providing the surgeon with vision and surgiask assistance. Researches
show promising results in various in-vivo experiments tgjoeurrently they lack precise
control [L7, 18]. The ultimate goal of this approach is to develop a multigdeperative
modular robot which together can perform a complete surgégy are small and easily
transportable 19]. They could be life-saving for remote areas e.g. battiéfasid even
for space mission where large medical equipment are nolaé@i 90% of the battlefield
deaths happen within 30 minutes of initial injury, long brefthe patients can be transported
to operation theatre. 50% of deaths happen because of iharatabdominal haemorrhage
[20]. The wireless in-vivo robots can potentially be used fati@h monitoring, treatments
and basic surgery before the patient can be transporteck thaspital and thus be able to
reduce mortality rate. The robots can be deployed by nongakaerson and then a surgeon
can operate it remotely to provide the medical c&4.[

The researchers have developed camera rold&is2P—-24], mobile wheeled robots
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[18, 19, 25|, magnetic drive robotsli4, 26-30] and suction based robotg, [31] for biopsy
and, vision and task assistance during laparoscopic sur¢rewivo (porcine) tests of the
in-vivo laparoscopic robots show impressive results. H@wén-vivo robots having exter-
nal moving parts (e.g. wheeled robot) raises the concerheogafety of the internal soft
tissue while moving over the abdominal organs (e.g. liveleen, intestine, and stomach).
The wheeled robots reported i moves over the abdominal organs without causing any
visible tissue damage. However microscopic or internal @aiggs have not been investi-
gated. Also amount of tissue losses depends on tissue cdrapds.g. fat, muscle), layer
thickness and geometry, and histological characteri$lice The robots with magnetic
drives move either along the abdominal wdl] 26, 27, 29, 30] or within the abdominal
cavity over the abdominal organag). The external magnet could be fixed on a b&& ¢r
could be operated by a human operatbt, 27] or attached to a robotic-arn2¢]. The re-
searchersd8] report that the precise robot positioning was not posshbkrequires further
investigation. Although most of the developed robots atteeteed for power and communi-
cation, the wheeled robot presented 17][relies on battery for power and communicates
wirelessly. An intra-abdominal zigbee wireless networkised to communicate between
the anchoring frame and the array of robots use@$j. [The in-vivo porcine experiments
using multiple cooperative robot(, 14, 17] demonstrate the feasibility of using miniature
laparoscopic robots to assist in surgical procedures. Mexyéhe robots are still in the in-
vivo animal evaluation stage. Further improvements aressary before a clinical trial is
possible 10, 14, 17].

In 2000, Given Imaging32] introduced wireless capsule endoscope (WCE) which has
LEDs and a camera in front for the inspection of the Gl (gasttestinal) track. It is a
non-invasive process and easy to perform and thus encautlag@atients to go for the in-
spection of a potential Gl diseast8]. However these capsules are moved by the aid of vis-
ceral peristalsis and do not have control over their movesemd orientations which result
low diagnostic accuracy compared to the traditional praisoscopy 34]. Mobile robots
have been being developed to be integrated with the wirelgssule endoscope (WCE) to
provide the capsule endoscope self-propulsion capabilityvill potentially improve the
diagnostic capability and accuracy of wireless capsul@scabe (WCE)35].

Mobile robots designed for capsule endoscopes i.e. fordgktcan be classified based
on the locomotion principles/mechanisms as external gsogurobot (magnetic propul-
sion robot) P8, 36, 37], internal propulsion robotl[7, 38-41] and hybrid propulsion robot
[11, 42). Internal propulsion robot has the propulsion embeddeth tie robot whereas
for external propulsion the propulsive force is generatgau external system. A hybrid
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propulsion robot uses more than one propulsion mechanisoely a combination of ex-
ternal and internal propulsions.

The main advantage of the external propulsion is that it caé¢sequire onboard actu-
ators and mechanisms and, thus requires less energy cahtpangernal propulsion. The
robot still needs a magnetic component onboard which iotenaith the external robot.
However this magnetic component takes smaller space ceahpaihe internal propulsion
mechanism43]. The robot can be made hermetically sealable as there agtamal mov-
ing parts i.e. no limbs or legs. However precise movementanttol is not always possible
for external magnetic propulsion because of nonlineafitpagnetic field 87]. Also tissue-
distending or removal of tissue from the camera is not péessiing this mechanism. There
is a risk of getting stuck in a collapsed region inside ther@k which inspired to develop
a hybrid robot in #2]. Furthermore MRI systemdf, 45 and robotic navigation system
(e.g. StereotaxidAp, 47], Yaskawa Motomanl2, 36]) used for many external propulsions
are expensive and bulky and, the control is complex. Thusreat propulsion robot actu-
ated by MRI or robotic navigation system may not be deployg@dide the hospital or by a
nonclinical person]2, 36.

The internal propulsion robot can achieve precise postorol compared to the exter-
nal propulsion robot because of having the actuator on b&uwthe of the internal propul-
sion robots have the capability to distend lumen to faddithie movement and to distend
away the tissue from the camera led€][ However internal propulsion means there is
a need of on-board power to drive the actuators. It is a angdléo accommodate the
propulsion mechanism, power source (e.g. battery packptret relevant componentsin a
capsule body while keeping the robot size within the limiaatandard capsule endoscope.
Most of the internal propulsion robots have limbs or legsclimay injure the internal soft
tissue. A wider leg may reduce the risk of tissue damd@ [Moreover it is challenging
to make a hermetically sealable robot which has legs or lifvtasst of the legged locomo-
tion work was performed before 2011 and the research on tb& @ecreased because of
the on-board power requirement and design complexity. Vatons in energy storage or
wireless energy transfer may revive the research aga An inchworm principle based
robot is developed ing0] which uses wireless power transmission to energise thetrob
On the contrary the capsule robot (capsubot)- an intermglysion robot based on internal
reaction force - is simple in construction and have no exdags or wheelsj1, 52]. Thus
unlike legged robot, capsule robot does not pose threattmthrnal soft tissue and could
be suitable for in-vivo applications. Furthermore the cég@sobot can be made hermetically
sealable as there are no external moving parts.
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The hybrid robots developed, use external propulsion asgsyi propulsion and internal
mechanism to achieve additional functionality. To achithesfine positioning capability,
the hybrid robot of $3] uses two small internal magnets and one internal motorchcese
the tissue distending capability, the hybrid robot 42][uses an internal leg-mechanism.
However to achieve additional functionality they introduew mechanism on-board which
requires on-board power to run.

Though plenty of researches have been performed on miaiattuivo robots for min-
imally invasive diagnosis and interventions, the devetbymdots are still in the preclinical
phase. The literature presented above suggests thatrfintiestigations and new designs
may solve issues that existing robots have and will evelyticelerate the process to
develop a clinical miniature in-vivo robot. Because of tliwvantages of capsule robot
propulsion principle over other propulsions, this reskavdl investigate the capsule robot
propulsion principle further and develop two capsule relatd one hybrid capsule robot
with incremental capabilities. The capsubot is an undeedetl system - a system which
has fewer independent control actuators than degreesexldne (DOF) to be controlled
[54]. Examples of underactuated systems are legged robot ad#iye joints, pendulum on
a cart p5] and helicopters.

Control of underactuated systems can be divided into tweselst stabilizatiorbg-58]
and trajectory tracking controbp-62]. Two controllers (wheel velocity controller and vehi-
cle position stabilization controller) were presentedb§ for a wheeled inverted pendulum
(wheel movement active and pendulum movement passive)ligng partial feedback lin-
earization. In §3] the propulsion principle of a capsubot was analyzed froenvilewpoint
of physics and a control law and the optimum parameters ofyetem were proposed. In
[64], the motion generation of a single mass capsubot was exalan the basis of a four
step velocity profile which is, fast motion for the first twegs and slow motion in the last
two steps. In41], motion of a single mass capsubot was explained on the baaisiovel
four step acceleration profile and a stand-alone prototyge developed. However trajec-
tory tracking control of the capsubot-type underactuatetesns - such as pendulum on a
cart [65] and a capsubo#fl] - was not considered in the literature according to the @tgh
knowledge. Though trajectory tracking is the primary regonent of a mobile robot, trajec-
tory tracking control for capsubot-type underactuated maecal systems is still an open
issue. This research will investigate the trajectory tiagkcontrol of the capsubot-type
robots.
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1.2 Aims and Objectives

1.2.1 Aims

This research aims to design and analyse underactuatedencapsule robots and then it
will develop and implement trajectory tracking control fbe capsule robots. These capsule
robots potentially can be used in in-vivo medical applmwasi such as capsule endoscope.

1.2.2 Objectives

The objectives of this research project are:

 To identify the challenges of the miniature in-vivo rob&s the medical diagnosis
and interventions.

» To review designs and working principles of miniature imevrobots for the medical
diagnosis and interventions.

» To propose a design of the miniature in-vivo mobile robattfee medical diagnosis
and interventions.

» To develop mathematical models of the underactuated mohpsule robots (capsub-
ots).

» To propose a control strategy for the trajectory trackihthe capsubot-type under-
actuated systems.

» To conduct the theoretical analysis of the working pritespof the capsule robots.
» To conduct the theoretical analysis of the proposed cbstrategy.

* To conduct the simulation of the trajectory tracking cohtnd to investigate the
robustness of the trajectory tracking control with undettes.

» To develop the capsubot prototypes and demonstrate themgéeneration of the
capsubot.

» To implement the trajectory tracking control in the deysd capsubot prototype.

» To perform the experiments to demonstrate the performaitte proposed trajectory
tracking control.
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1.3 Research Contributions

The main contributions of chapter 3 are to develop a new t&gescontrol strategy for

the trajectory tracking control of a one dimensional (1Dpsde robot (capsubot), to pro-
pose a segment-wise trajectory tracking algorithm, to enm@nt the control strategy in a
developed prototype and to validate the control strategyulih experimental study. Other
contributions include the proposal of two new accelerapoofiles (utroque and contrar-

ium) for the capsubot motion generation, the developmeatwéy to optimally select the

profile parameters for the proposed acceleration profilasidering the system constraints.
Another contribution is the proposal of a novel selectiggoathm to select the acceleration
profile (i.e utroque or contrarium) and to select the coremcieleration profile parameters
(acceleration values).

The main contributions of chapter 4 are proposal of a trajgdracking control algo-
rithm by combining segment-wise and behaviour-based cbfdr the trajectory tracking
control of an underactuated two dimensional (2D) capsutetr¢capsubot) and the valida-
tion of the algorithm through simulation and rigorous rabess analysis. Other contribu-
tions include defining various basis behaviours for the 2psaaot, developing a selection
algorithm for the selection of the behaviour set, develgpire rules for implementing each
behaviour and developing a 2D capsubot prototype, implémgihe closed-loop control
strategy for the inner masses (IMs) of the 2D capsubot.

The main contributions of chapter 5 are the design of a noveiature hybrid robot
for in-vivo medical use comprising four modes of operatitire analysis of the working
principles of various modes and the modelling of the robatanous modes.

1.4 Thesis Outline

Chapter 2 This chapter presents the needs and challenges of medimabrelassifies the
minimally invasive medical robots, provides detailedrhtire of each of the classes,
provides tables comparing among various classes and aserqs literature on the
control of the underactuated mechanical systems.

Firstly this chapter discusses the needs for medical rabatpresents the challenges
faced to develop medical robots such as large surgical sadnod miniature in-vivo
robots. Then this chapter classifies minimally invasive iwedd-obots based on the
size and targeted anatomy into external large robots, toi@an-vivo laparoscopic
robots and miniature in-vivo endoscopic robots. It pres@entomparison among the
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above mentioned medical robot classes. Next this chapésepts the background
and state-of-the-art of external large medical robotserithat the background of the
miniature in-vivo laparoscopic robots are provided. Theiwo laparoscopic robots
are further classified based on propulsion capability anguylsion methods. Details
of each of the classes are provided and a comparison is peeseased on the key
features. Afterwards miniature in-vivo endoscopic robans presented: firstly the
background, secondly the classification based on locom@timciples/mechanisms
and finally details of each of the classes and comparisons.

This chapter also reviews the control of underactuated argchl systems (UMSS). It
presents the generalized dynamic equation for UMSs andides¢he control prob-

lems for UMSs. Then it discusses the stabilization contndl the trajectory tracking

control of various UMSs. At the end, this chapter presergstimmary of the chapter
and describes the scope of contribution of this thesis.

Chapter 3 This chapter presents the modelling, theoretical anaglysagectory tracking,
simulation and experimentation of the 1D capsule robotgehpt). Firstly this chap-
ter introduces the capsule robot. Then this chapter preskatmodelling of an 1D
capsubot, explains the problem and proposes a contragjrédr the trajectory track-
ing of the capsubot-type underactuated systems. It prgpwaa new acceleration
profiles and explains the motion generation of the capsudrdidth the acceleration
profiles. The motivation to propose the acceleration p®fee also explained and
discussed by comparing with other profiles proposed in tieealiure. This chapter
optimally selects the profile parameters for the newly psagoacceleration profiles
considering the system constraints.

After that the proposed control approach is presented iildéitstly it explains the
creation of the database which is required for the contrdésign; then it discusses
the generation of the inner mass (IM) trajectory from tharéelscapsubot trajectory;
it proposes a novel selection algorithm for the proper $elecf the acceleration
profile (i.e. utroque or contrarium) and also to select theem acceleration profile
parameters (acceleration values); it describes the turfitige segment time and fi-
nally it presents the low-level control of the inner mass (lbing partial feedback
linearization.

The simulation is performed for the proposed control sgrate the Matlab/Simulink
environment and the proposed control is implemented in @ldped 1D capsubot.
The details of the developed prototype and physical conssrare presented. The



8 Introduction

simulation and experimental results are presented, cadpard critically analyzed.
It discusses about the repeatability and reproducibilityhe simulation, capsubot
prototype and the experiments. It explains the drift, dveos and noise which are
present in the experimental results. The chapter alsosissiabout an attached video
which shows the demonstration of the capsubot positiordtajy tracking. Finally
this chapter presents the scalability of the capsubot.

Chapter 4 This chapter presents a 2D capsule robot, its modellingiomgeneration, tra-
jectory tracking and experimentation. Firstly this chapteroduces the 2D capsule
robot. Then modelling and motion generation of the 2D capsaibot are discussed.
After that this chapter defines nine basis behaviours arcusises reference frame
allocation. A trajectory tracking algorithm combining segnt-wise and behaviour-
based control is proposed and detailed method for implenggtite proposed trajec-
tory tracking algorithm is presented. It presents the degalrreation and discusses
the segment generation. It presents an algorithm for thevbetr-based control and
rules for implementing the behaviours. It also presents#iection of the accelera-
tion profile parameters for each behaviour and the tuningp@segment time. Low
level control of the IMs is also discussed briefly.

This chapter presents the simulation setup and the siroalagéisults. It shows the
impact of the segment time change on the performance of #jectory tracking.
The simulation results also show the robustness of thectaje tracking for vari-
ous friction uncertainties. This chapter explains the gxgiing, programming of the
capsule robot prototype and presents the experimentdtipresents the experimen-
tal results, compares them with simulation results andyaealthem. This chapter
concludes with a summary of the chapter.

Chapter 5 This chapter presents the detailed design, working pri@cmpodelling and sim-
ulation of a novel hybrid robot. Firstly it presents the dethdesign of the hybrid
robot where it describes all the components of the robot; fhections and how the
rotary motion of the legs are created with the help of thermakmechanism. Then
this chapter presents the working principle of the robotia four operating modes
of the hybrid robot using the same set of actuators. It alesents the mathematical
modelling of the robot in various operating modes considgmternal and external
forces while the robot is within a tubular environment. Rertthis chapter presents
the simulation of the robot in various modes showing the tposiof the robot and
actuator forces. Finally this chapter concludes with a sanyrof the chapter.
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Chapter 2

Literature Review

2.1 Introduction

Minimally invasive diagnosis and interventions providenydenefits over conventional

way for many procedures. The benefits include safer teclksighigher efficiency, less

pain and quick recovery. The large medical robots such admta-have been being used

in this purpose, whereas the research of the miniaturevm+abots for the laparoscopic

and endoscopic use, is growing in the recent years. A corepsabe literature search was
performed using keywords’ ‘laparoscopic robot’, ‘capseieloscope’, ‘'capsule robot’ and
‘surgical medical robot’ primarily for the time period of @0-2015. The articles relevant to
the theme of this thesis are reviewed and included in thiptelnaThis chapter concentrates
medical robots for minimally invasive diagnosis and in&riton in general and propulsions
of miniature in-vivo robots in particular.

The robots are classified and compared using critical chenatics and summarized
in Tables2.1 - 2.5, For the miniature robots, each propulsion mechanism hiae sul-
vantages and some disadvantages. While external magmegalpions have potential to
provide propulsion without increasing the robot size, tlemk of precise position control
and many of them require expensive and bulky equipment. @mtier hand the internal
propulsions have the capability of precise position cdrita require mechanisms which
need substantial amount of power to drive. The capsule qotopulsion, a type of internal
propulsion has the advantage of having the propulsion nmesmaon-board and of being
limbless. The capsule robot would be the focus of this thdsis an underactuated me-
chanical system. Thus this chapter also reviews the coottble underactuated systems in
general and control of capsule robot in particular.
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2.2 Needs and Challenges of Medical Robots

2.2.1 Needs of Medical Robots

Robotics for healthcare is defined as the systems capabberaf chechatronic actions based
on the analysis of sensor information to provide healthcareh as to perform medical
diagnosis and interventions, to deliver treatments, tgettgehabilitation and to support
patients in prevention programs. The requirements andsnetdedical robots can be
seen from the viewpoints of various stakeholders namelpd#tients, the professional users
(e.g. doctors, nurses), cure and care institutions (e.gpitads), insurance companies and
researchers. The needs are provided beGwq8):

1. Safety: From the patient point of view safety is the mospontant requirement.
Healthcare professionals (e.g. doctors, nurses) are kepraintain safety because
of their obligation towards the patients and also to mamitiaeir reputation. Thus the
procedures performed by with the help of robots need to ke feafthe patient and
the healthcare professionals. Medical robots offer neltter and safer treatments
compared to the traditional approaches in many procediRebot-assisted surgery
offers increased safety by creating no-fly zones or virtudlifes during the surgery
to prevent accidental damage/injury to internal soft &ssor organsds.

2. Medical care in remote areas and disaster scenarios: tRohno enable access to
medical care in remote areas, space missions, underseagunahd environment and
disaster scenarios where medical facilities are not availaA light-weight, flexible
and modular co-operative semiautonomous robot-team caramed to the above
mentioned environment and can be tele-operated by surgeomtely B8].

3. Quality: Care institutions and medical professionasiaterested in improving the
quality of diagnosis and treatments. Medical robots cap imeimproving the quality
of treatments and surgical techniques. The quality of m&soular anastomosis -
procedure which connects ultrasmall vessels and neutaltstes - can be improved
by using robot-assisted surgery and thus the requirememvafion surgery can be
avoided B5, 69].

4. Accuracy and recovery time: Medical robot can signifibaimprove the accuracy in
surgical procedures such as tissue manipulation taskaglaricrosugery and bone
machining during hip or knee surger§q, 70]. They are consistent, untiring and sta-
ble while performing the surgery. Quick recovery is one efithportant requirements
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for both the patients and the healthcare professionals. dyguninimally invasive
robot systems in medical procedures quicker recovery isiples|65]

5. Enhanced documentation: Robot assisted procedurep(temntegrated surgery
systems) have enhanced capability to log more detailednrgton/data about each
surgical case than the conventional procedures. This enahky performance analy-
sis and contributes to the better plan for future surgefibss information/data further
contributes to the research and development of surgicallators, skill assessment
and certification tools for the surgeon69].

6. Minimally invasive procedure: Some traditional medipabcedures and treatments
are painful and burdensome to the patients. Thus medicalksobhich introduce
minimally invasive procedure are being adopted by the halspand doctors. Cap-
sule endoscope is a non-invasive alternative of traditipr@be endoscopy which is
painful and uncomfortableH]. Robot-assisted surgery is a minimally invasive option
for traditional manual surgery for many procedures sucheaeial surgery, urology,
cardiothoracic surgery, orthopedic surgery, neurosyrged gynaecologic surgery
[71].

7. Inaccessible environment: Medical robots enable théhezae professionals to per-
form medical procedures in inaccessible areas without magisions. Inaccessi-
ble areas include space-constrained areas such as insaeaifent §7]. Robot-
assisted laparoscopic surgery is performed within abdahan pelvic cavity using
laparoscopic instruments inserted through small trocrs{-12mm) 72]. Capsule
endoscope enables the inspection of lower small bowel wiverh impossible with
traditional probe endoscope.

8. Increased ageing population: Because of the post-waaldiMbaby boom the aged
population percentage will increase over the next two tedfttecades with an annual
growth rate of 2.8 %3|. The elderly people will increase approximately 100%, 50%
and 40% in Japan, Europe and USA respectively by 268D [The ageing problem
demands increased medical and social care. Medical reboty offer help to tackle
the increased healthcare demands by providing assistahealthcare professionals.

9. Economic factors: Historically healthcare spendingagréaster than the economy.
Innovation is required especially in robotics to impedes thpending growth in the
near future when healthcare professionals will be outnuatbley the number of aged
population. Robotics has the potential to reduce the labosir by replacing human
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carer with medical robots. It may ensure healthcare to targmber of patients with-
out increasing healthcare profession&6][ Though the initial cost for many robot
systems are quite high, the added benefits such as the dffipieration, quick recov-
ery time and less hospital stay may make the overall costalftieare cheaper.

This thesis presents three capsule robots. The capsulesrodro potentially be used in
in-vivo medical applications such as capsule endoscop@sla endoscope offers mini-
mally invasive alternative inspection opportunity in trestyo-intestinal track. It also offers
inspection in inaccessible environment such as small howel

2.2.2 Challenges

Minimally invasive diagnosis and interventions featuréesand reliable techniques and,
result in less pain and shorter hospital stays comparecdtodhventional ways. This moti-
vates the development of minimally invasive devices sucbxéarnal large robots (e.g. da
vinci robot), miniature in-vivo robots for surgical and dreostic applications, 4, 6, 9, 73—
76]. The challenges of external large robots and miniatureivo-robots are individually
discussed below:

Challenges of external large robots External large robots (e.g. da vinci robot) used in
robot-assisted surgery are expensive, bulky, heavy-waiyh needs a large operating room
and significant setup time. The challenge is to make it lighight and add more flexibility
to the system so that it can be used outside large operating, rdhe tools used in the robot-
assisted procedures are rigid and effective workspacatptiiat can be reached by end of
the tool) within the patient is limited. The challenge is tevdlop usable flexible access
tools which will increase the workspace of the surgery rahsitle the patient. Bio-inspired
materials such as artificial muscles can be useful in deirgddfexible access surgery tools
as they can work both as an actuator and sergat7].

Challenges of miniature in-vivo laparoscopic robots and edoscopic robots Miniature
in-vivo endoscopic robots work within the gastro-inteatifGl) track whereas miniature in-
vivo laparoscopic robots work within the abdominal or thertitic cavity. The following
challenges for developing miniature in-vivo robots haverbielentified 1.6, 17, 25, 35, 40:

1. Safety: Contact and movement of a robot should cause nagano the internal
soft-tissues. The overall technology used should be saftaéopatient.
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2. Size and weight: The size of laparoscopic robots shoulshte! enough so that it
can be inserted through a standard laparoscopic port (12mdiameter 78]) and
the weight of robots should be light enough so that the irtlesrgans can withstand
it. The endoscopic robot should be small enough so that iteaimtegrated with a
capsule endoscope (thinx 26mm[32)).

3. Hermetically sealable (Encapsulation of the robot): fidmt should be hermetically
sealable so that the patient lumen remains safe from the colboponents. This will
keep the internal electronics of the robot safe as well. Tdaitional design of mobile
robot with external moving parts such as legs, wheels ok$ratakes it challenging
to develop a miniature in-vivo mobile robot hermeticallyatsdble

4. Robot control: A control system is required to control amahipulate the robot. To
design the control system a model of the robot and the enviemn is required. The
irregularity and complexity of the structure inside humay make the modelling
of the environment very challenging.

5. Energy efficient robot: The robot should be energy efficserthat the power required
to propel the robot can be supplied with a very small sizeebattuch as a coin cell
battery for the total period of investigation (current timkinvestigation for small
bowel is approximately 8 hour84]). Most of the commercially available capsule
endoscope (Ihmx 26mm|[32]) uses silver-oxide coin battery that has a capacity of
55 mAh with a output voltage of 3\3{]. The legged robot developed i4Q] requires
a 200 mAh battery for the locomotion to run for an hour.

6. Stopping/anchoring capability: The endoscopic robmdggiired to have stopping/anchoring
capability by overcoming the visceral peristalsis for eetind longer inspection of
the suspected region. The capsule endoscope available matket moves with the
help of visceral peristalsis and can not stop at any suspeetgon intentionally if
required.

7. Speed: The traveling speed of the robot should be highgdnsaithat it can travel the
Gl track within a short period of time (less than 1 hr). E.gtandard colonoscopy is
performed within 20 min to 1 hr40] whereas the standard capsule endoscope takes
8-10 hrs 9] to complete its journey in the Gl track.
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2.3 Classification of Minimally Invasive Medical Robots

Robots for minimally invasive diagnosis and interventioas be classified based on various
perspectives such as based on manipulator design, basesemt autonomy and based
on targeted anatomy)]. In this thesis the robots are primarily classified basethersize
as external large robot2,[9] and miniature in-vivo robots. The miniature in-vivo robot
are further classified based on the targeted anatomy intcatare in-vivo laparoscopic
robots [L7, 19, 80] and miniature in-vivo endoscopic robo3y 81]. Table2.1shows the
comparison among the above-mentioned robots.

Table 2.1 Comparison of minimally invasive diagnosis artdrivention robots based on key
features

Robot / External Miniature in-vivo robot
Criteria large robot In-vivo endoscopic | In-vivo laparoscopic
[2,9, 82 robot [40, 81] robot [17, 19, 25|

Operating
anatomy

abdominal cavity,

any gastro-intestinal trach thoracic cavity

7N

surgery: general
Clinical cardiothoracic,
applications| orthopedic, neurg

surgery assistant:
diagnosis, biopsy vision, task.

and gynaecologi¢ biopsy
Robot outside inside inside
position patient’s body patient’s body patient’s body

miniature - typical miniature - typical

diameter <20mm and diameter <20mm and
large robot

. . . length <50mm) length <100mm,
Size having multiple . .
robotic hands e.g. in i0) e.g. in 9
diameter: 11mm, | diameter: 15mm and
length: 25mm length: 85 mm
internal propulsions | magnetic drive
Large : .
. . do not require, may require,
operating | requires . )
room external propulsions | other propulsions
may require do not require
Currently medical and research labs research labs

operating | research labs
Power mains cable battery, tethered tethered
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2.4 External Large Medical Robots

External large robots have been used in robot-assistedrsusgch as laparoscopic and tho-
racoscopic surgery since early 19988][which removes some of the limitations of manual
laparoscopy namely hand tremor, bulky instrument handimdypoor visibility B4]. Robot-
assisted surgery is performed by a multi-arm robot whicelesbperated by a surgeon. Each
arm of the robot can manipulate a tool or camera accordinggedmmand by the surgeon.
[9, 75].

The first robot used in surgical procedure is an industriabtpUnimation PUMA 200,
in 1985 in USA. It is used to precisely guide a probe for braopby using CT guidance
[85]. The robot is experimentally used for 22 patients and isifbto improve the precision
but is very crude6]. Robots has been used in orthopaedic surgery such as hiknaed
surgeries since early 199086-89]. Initially industrial robots were used which performed
the surgery autonomously with little surgeon involvemeheve the leg was clamped down
rigidly [90]. Later robots such as Caspar were successfully used &dritit and total knee
replacement surgerie91, 92]. The first robot surgical system approved by FDA (Food
and Drug Administration) is the Robodoc. Integrated Swalg8ystems developed Robodoc
in 1992 for orthopaedic surgeries. It demonstrated gresteuracy as compared to the
conventional ways. The robot was first used for hip replacegrsergery 93, 94]. However
it shows poor performance if the patient moves. This systemoi more in production
[66]. Mechatronics in Medicine Group at Imperial College deyeld Acrobot which was a
special-purpose orthopaedic surgery robot. It was usedée keplacement surgery where
it assists the surgeon by providing motion constraift; p6]. The Acrobot was further
developed into a trolley-mounted system called Acrobat@ouwhere a separate arm was
used to dynamically track the knee position. Thus it avoithedneed of clamping the leg
rigidly and made the surgical procedure less invasive 98].

The other robot systems approved by FDA are AESOP, da-VindiZeus. AESOP
(Automated Optical System for Optimal Positioning) depeld by Computer Motion, Inc.
Is a foot-switch or hand-controlled robot arm when it wag filoduced. The later versions
of AESOP are voice-controlled. The robot arm uses an adéaptesld laparoscope with a
video camera to assist the surgeon and replace human caoidea [i5]. It enables solo-
surgeon laparoscopic surgery in various surgical proederg. cholecystectomies, hernia
repairs and colectomy9p, 100. Though AESOP provides a stable camera platform, the
camera movements in voice control are slower as comparedrt@aih assistant control.
Moreover voice-control might distract other members ofgtiggical teamT5|.
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Intuitive Surgical, Inc. developed the da-Vinci Surgicgsg&m which got FDA approval
in 2000. It consists of a surgeons’ console, a visualizatystem, surgical cart with multiple
robot arms and proprietary surgical instruments. The sungleconsole comprises of 3D
imaging system, hand controlled manipulators and foofged he surgeon operates using
the hand-controlled manipulators and the foot-pedals thitaid of the 3D imaging system.
The robot arms are connected to the operating trocars thrangch the camera and the
operating instruments are passed to the operating areteitise patient. The hand, wrist
and finger movements of the surgeon are translated to thenaatf the instruments inside
the patient. The foot-pedals provide further control to eeanfocus and instrument clutches.
The Endowrist technology enables the instruments to haxensgegrees of freedom which
offers greater range of motion than human hand. The 3D viewiges the surgeon the
illusion of being in the operating site. The supporting fstékelp in preparing the trocars,
installing the instruments and tools, supervising the talms with the aid of a visualisation
system. In the later version of the da-Vinci system, a fouaiot arm is added which
enables the surgeon to toggle between three tools whilebpegi9, 71, 75, 101].

FDA has approved the da-Vinci surgical system for variougjisal procedures e.g.
general, urologic, gynecologic and cardiac surgerd€d][ The clinical data shows an im-
proved or equal surgical outcome with shorter hospitalssti@gs pain and more rapid return
to daily work for robot assisted surgery. Though the initiast of the robot system is high
(the price of da-Vinci System is approximately 1.5 millioargs), the total hospital cost for
a patient is comparable to conventional laparoscopy duestopost-surgery complications.
Thus increased usages of robots in surgery are seen in rgearst L01]. In USA 36 %
of hysterectomy for benign conditions and 83% of prostategt were performed by the
da-Vinci Surgical System in 2011 as compared to 0% and 23 peotisely in 2005 103.

2.5 Miniature in-vivo Robot: Laparoscopic Robot

2.5.1 Background

Laparoscopic surgery is a minimally invasive abdominal@wie surgery performed using
laparoscopic instruments inserted through small trodawgas introduced in the middle of
1980s 03 and expanded rapidly because of its advantages overitnaalitopen surgery

[74, 104. To further reduce the invasiveness, robot-assisteddapapic and thoracoscopic
surgeries were introduced in early 199@8][ An approach for improving patient expe-
rience during and after the surgical procedure is to sendnéatare laparoscopic robot/a
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team of miniature laparoscopic robots entirely inside tagemt body through the laparo-

scopic trocars to provide the surgeon with vision and safdask assistance. The ultimate
goal of this approach is to develop a multiple cooperativelufar robot which together can

perform a complete surgery. They are small and easily tatepe [L9].

2.5.2 In-vivo Laparoscopic Robots Under Research

University of Nebraska-Lincoln develops fixed-base cameats [L5, 24], mobile wheeled
robots [L8, 19, 25] and magnetic drive robotd ] for biopsy and, vision and task assistance
during laparoscopic surgery. BioRobotics Institute, Saguperiore Sant’/Anna, Italy de-
velops miniature modular in vivo robots including cameraa® retraction unit and manip-
ulator unit 29, 30]. University of South Florida develops MARVEL (Miniaturenghored
Robotic Videoscope for Expedited Laparoscopy) and Camesdulé R2, 23]. Other re-
search groups working in miniature laparoscopic robot&lbg/magnetic drive robot26-

28] and suction based robotg,[31] for surgical assistance. Thus the in-vivo laparoscopic
robots can be divided based on the propulsion capabilitypaopulsion methods as:

* Fixed base camera robotsg 22, 23, 105 106
» Wheeled robotsl[7, 25|

» Magnetic drive robotsl4, 26, 27, 29, 30] and
 Suction-based robot81, 107

Table2.2 compares the above mentioned in-vivo laparoscopic robots.

Fixed base camera robots

Fixed-base camera robots are further classified based omatimd used to mount the robot
within the abdominal cauvity.

Tripod mounted camera robot A fixed-base tethered camera robot (R2gL(a) is devel-
oped for augmenting the vision and depth perception of dipgrarea inside the patient’s
body. The robot consists of a camera, two LEDs, a robot botgg8 which works as the
tripod stand; the camera allows a 360 degree panning and @édgee tilting. The robot is
tested during a porcine cholecystectomy. The surgeon gptiementary vision feedback
throughout the process which helps him in planning and ptathie trocars and, provides
better knowledge about the surgical field].
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Table 2.2 Comparison among in-vivo laparoscopic robotethas key features

Fixed base Wheeled Magnetic Suction-based
robots [L5] robots R5| drive robots 4] | robots [7, 31]
Robot / ’ A T
Criteria ;; a
Power tethered tethered tethered tethered
abdominal
Operating abdominal | abdominal | abdominal cavity,
anatomy cavity cavity cavity intra-cardial
environment
. inch-worm
. , wheeled magnetic .
Locomotion | pan and tilt : . like
locomotion | locomotion .
locomotion
External es es no es
moving parts y y y
Larg_e does does , does
operating . . may require :
not require | not require not require
room
task
Clinical vision and vision vision .
L . . . navigation
applications | assistant assistant, assistant
biopsy
brushless permanent external vacuum
Actuator magnet .
DC motor solenoid pressure
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Needle mounted camerarobot A system named MARVEL (Miniature Anchored Robotic
Videoscope for Expedited Laparoscopy) is develope@ 23] which includes multiple
fixed-base pan/tilt camera modules, a master control maghdea human-machine inter-
face. The camera modul2.@(c) comprises of five subsystems namely illumination, vision,
wireless communication, embedded control and attachmestla power subsystems. The
camera module is attached to the abdominal wall with theclatt@nt needle power sub-
system which is also used to power the camera module. Tworeamedules are tested
simultaneously inside the abdominal cavity of a porcingettldemonstrating transmission
of images from the camera modul@&2]23)].
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Suturing mounted camera robot A fixed-base surgical imaging device (F&1(b) with
pan, tilt, zoom and lighting is developed itd5, 106. The length and diameter of the device
is 110 mm and 11 mm respectively. In vivo porcine animal eixpents are performed using
the device which includes cholecystectomy, appendectordynaphrectomy. The device is
inserted into the abdominal cavity through a standard 12 moat and mounted by suturing
to the abdominal wall.

(@) Fixed base pan and(b) Fixed base imaging device in abdominal
tit camera robot (tripod cavity (suturing mountedyog
mounted) 15, 10§

(c) Fixed base MARVEL camera module - Left: CAD de-
sign; right: prototype (needle mounte@p| 23]

Fig. 2.1 Fixed-base in vivo laparoscopic robots

Wheeled Robots

Wheeled robots (Fig2.2(a) are designed and developed for supporting laparoscopic pr
cedure in 25]. The robot consists of two independently controllable elegan appendage
and a central region for camera. They develop robots witktgriaelical, smooth, male and
female type wheels. The developed prototype is 15mm in diamasd 85 mm long. The
helical wheel performs best during the in-vivo porcinegesttraversing and climbing the
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abdominal organs without causing tissue dama&¥g [All the wheeled robots developed
for surgical assistance have the similar mobility prineiput various added functionalities.
A mobile in-vivo wheeled camera biopsy robot is developed &sted in a porcine model
in [18] shown in Fig. 2.2(d) Traditional biopsy requires two ports (one for camera, one
for biopsy tools) for biopsy whereas this robot requiresyame port as it integrates an
adjustable-focus camera and biopsy tool in one unit. Thetrisbable to grasp the porcine
tissue and free it from the organ during the tds§]| An abdominal cavity simulator is de-
veloped by Nebraska University and used in Aquarius undemwsabitat where the crew
members performed the surgical task (RRg2(d) with the aid of a fixed base camera robot
and a mobile wheeled camera robot. The crew performed amdpp®my while being
telementored via video conference. The results show thaheture in-vivo camera robot
can be a replacement of traditional laparoscopic camefr@witcompromising the task ac-
curacy [L9). In-vivo wheeled robots are developed for clamping, casétion and liquid
delivery in [L09. Two robots perform a cooperative work - clamping robotspsaand then
cautery robot cuts a portion of small bowel - where they uparascope for visualisation.
These researches suggest that in future several miniathogsrwhich are sent inside the
abdominal cavity through single incision can perform steiyprocedures cooperatively.

Robots with Magnetic Drives

Several robots namely peritoneum-mounted imaging robigt (2.3(a), lighting robot,
retraction robot (Fig.2.3(b) are developed in14] to cooperatively assist in surgical pro-
cedures in laparoscopic, robot-assisted surgery or NON&gu(al orifice translumenal en-
doscopic surgery). Magnets at each end of the robots andthekt@magnetic handles are
used to attach the robots to the abdominal wall and to mand¢iaem. Few magnetic drive
robots are developed i28] where a ferromagnetic material is used inside each rolmbaan
external magnet controlled the movement of each robot. ffpis of robots includes robot
with vision capability and, robot with vision and manipudet capabilities.

A camera system (Fi@.3(d) with a dimension of 3gmx 29mmx 129mmis developed
in [27] which is inserted through a 26 mm incision in the umbilicdsmagnet handle is
used to suspend and move the camera along the abdominalAmadliternative way is to
mount the camera using a hook and ring arrangement and these ilhe magnet handle to
move the camera around the incision poRif|[

An array of robots (Fig. 2.3(e) (electro-cutter robot, manipulator robot - diameter:
12mm, length: 95 mm, weight: 12 g, retraction robot - diamet2mm, length: 52 mm,
weight: 12 g, and camera robot) are developed® B0]. A triangle shaped anchoring
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(a) Mobile wheeled robot?b] (b) Mobile camera robotl[9]

, -3
(d) Crew members of Aquarius underwater habitat perfornsingyical tasks
with the assistance of a fixed base camera robot ( Big(a)) and a mobile
camera robot ( Fig2.2(b)) [19]

Fig. 2.2 Wheeled in vivo laparoscopic robots
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lighting robot

retraction robot

(a) Peritoneum-mounted imagingb) Lighting and retraction robots
robot system14] [14]

(c) In vivo magnetic drive robot: (d) In vivo magnetic drive camera modul2]
experimental model(g]

External handles

Retraction unit

Access port

Anchoring
frame

Robotic units
NOTES access Flexible endoscope

Anchoring frame

(e) In vivo magnetic drive array of robots (Left: schematiaabots within the abdominal
cavity; right: prototype29

Fig. 2.3 In vivo magnetic drive laparoscopic robots
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frame with three docking systems is used to support the afragbots inside the abdomi-
nal cavity. Two external magnetic handles are used to antieoanchoring frame and the
retraction robot. The magnetic handle can be used to moveetrection robot along the
abdominal wall which increases the robot’s workspace. Bihets can be docked and un-
docked during the surgical procedures if required. The detagplatform is inserted into
a phantom abdominal cavity through esophageal accesskather experiments such as
tissue cutting, pick and place are performed to demondtnateteraction capability of two
robots P9, 30].

A robotic system consisting of a camera robot and a robo#isggr is proposed i26).
The end effectors of two external robotic arms hold two exdemagnets which control the
positions of the robots inside the abdominal cavity.

Suction-based Robot

The suction based HeartLander crawler robot shown in Eig(a)is developed inT] for
navigation and fine positioning within intracardial enviment. This is a tethered robot
with two suction grippers - front and rear - and actuationewir The robot moves using
cycling inchworm like gait of extension and retraction. $&g suction pressure to grip the
pericardium with the rear suction gripper and extends thy iy actuating front body for-
ward using the drive wires. Then it grips the pericardiurmgghe front gripper, releases
the rear gripper and retracts the rear body towards the @irgppper. During the path tracking
the surgeon defines the final goal point, the robot then antonsly generates an interme-
diate goal point located 'lookahead distance’ ahead framdbot position. When the robot
achieves the intermediate goal, the robot repeats thequeyrocess until it is near to the
final goal point; it then switches to fine-positioning cohtmmde. This is the only in-vivo
robot which had semiautonomous path-tracking featidfe Another suction-based robot
developed for abdominal cavity it8]] shown in Fig. 2.4(b)uses the abdominal wall for
movement surface.

2.6 Miniature in-vivo Robot: Endoscopic robot

2.6.1 Background

Gastrocamera, introduced in 1950s, enabled the inspeati@astro-intestinal (Gl) track
[33]. Nowadays, traditional probe endoscopy (PE) is an effeatiay of diagnosis, treat-
ment and surgery of esophagus, stomach, colon and uppertzmadl. However rigidity



26 Literature Review

Rear Vacuum _ vacuum sucker guide-tube
Line Tracking

Drive - _-Sensor
Wires Injection
System [

hole for'forceps 3T supply duct

(a) HeartLander crawling robof] (b) Abdominal cavity robot31]

Fig. 2.4 Suction-based in vivo robots

and large diameter (11-13mm) of PE make it inaccessible forparts of small bowel and,
patients found the procedures painful and uncomfortaée [n 2000, Given Imaging32]
introduced wireless capsule endoscope (WCE) for the neasive inspection of Gl track
[33]. Several capsules are developed targeting various phitie &l track e.g. Pillcam SB
for small bowel and Pillcam Colon for colo®]]. However these capsules are moved by
the aid of visceral peristalsis and do not have control dveirimovements and orientations
which results low diagnostic accuracy4]. Researches are ongoing to add self-propulsion
capability, additional sensors and actuators with the WQEclwvhas the potential to im-
prove the diagnostic accuracy and extend interventiontyap35]. The robots designed
and developed in this purpose are reviewed below.

2.6.2 In-vivo Endoscopic Robots Under Research

A complete robot for capsule endoscopy consists of six nexdulbcomotion, power, vi-
sion, telemetry, localization and diagnosis/tissue malaion tools B4, 35. The robots
can be classified based on each of the modules. However ith#ss we focus on the loco-
motion of the robot. The robots built for capsule endoscaagsbe classified based on the
locomotion principles/mechanisms as: (1) internal prejaul robot, (2) external propulsion
robot and (3) hybrid propulsion robot. Internal propulsiobot has the propulsion embed-
ded with the robot whereas for external propulsion the pisipeiforce is generated by an
external system. A hybrid propulsion robot uses more thapsapulsion mechanisms.
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Internal Propulsion Robot

For an internal propulsion robot, the propulsion mecharn(aotuators and corresponding
mechanism) is totally onboard of the robot. Thus the robstdraater control on its mobil-
ity. The significant internal propulsion robots are revievbelow.

Legged Propulsion Robot BioRobotics Institute, Scuola Superiore Sant’Anna, liddy
velops legged endoscopic capsule robots that extend frer-tagged to 12-legged endo-
scopic capsule robots (Fi@.5). Table2.3 provides the comparison among various legged
endoscopic robots. Initially BioRobotics Institute desigith SMA wire actuators and de-
velop a 6-legged capsule robot prototydd@. But design complexity and lack of dura-
bility of SMA wire compel them to choose BLDC as an actuatartfeeir later versions of
the robot. They develop 4-legged (diameter: 12mm, lenddmm) [111], 8-legged (diam-
eter: 12mm, length: 40mm38, 112 and 12-legged endoscopic capsule robots (diameter:
11mm, length: 25mm}0]. The 12-legged endoscopic capsule robot has two leg sét (LS
one near the front and one near the rear for successful lagmmd&very leg set has 6 legs.
The rear LS has the primary function of producing thrustdéomhile the front LS is used
for the dual purposes of bracing the capsule against undé@ekward motion as rear legs
retract and also to help propel the capsule around curvesrdier to move two LS inde-
pendently two BLDC motors are used. The capsule can travistante equal to colon in a
shorter time compared to the WCE(]].
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(a) SMA based four-legged robdt11]

(c) Motor-driven twelve-legged robot (d) Legged anchoring robolfl3
(40

Fig. 2.5 Legged endoscopic robots



Table 2.3 Comparison among legged endoscopic robots badesl/deatures

Size Locomotion External Precise | Intended Large
Criteria/ | (Diameter, . Distend o 9 | practical
Power speed Actuator| moving | . position | area of operating .
Robot Length) ) tissue trial
mm (mm/min) parts control | work room
6-legged
[110 not not SMA . . small bowel,| not
tethered . exists capable| possible . no
reported reported wires colon required
4-legged
[117] -
B4 12,40 tethered 10 .30 BLDC exists capable| possible small bowel, nqt ex-vivo
i (ex-vivo) motor colon required
8-legged o
[48] in-vivo,
: 12,40 tethered| . 5(.) 2BLDC exists capable| possible small bowel, nqt LGI
» (in-vivo) motors colon required
h. N phantom
12-legged .
[40] 50 ex-vivo,
: 11,25 battery (LGI 2BLDC exists capable| possible small bowel, no_t LGI
motors colon required
phantom) phantom
anchoring
[113 114 not not SMA . not not small bowel, not .
0 wire exists . colon . in-vitro
reported | reported capable| possible required
motor esophagus
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Bio-mimetic/ Bio-inspired Propulsion Robot Several propulsion methods have been
designed by mimicking biological systems. The developemppision methods include
earthworm-like robot, cilia-based robot, flagellar swimgrobot and paddling-based robot.
Table2.4 provides the comparison among the bio-mimetic endoscopiats.

Earthworm-like / Inchworm-like propulsion robot: Sevembtotypes 115-11§ are
developed based on earthworm-like or inchworm-like prejom principle using piezo-
actuators or SMA (shape memory alloy) spring. FiBg.6(a) shows one of them. The
principle is cyclic expansion and compression of the actuadll of the prototypes con-
sist of one actuation mechanism (SMA or piezo), one or twadsdnd insect-claw like
directional passive clampers which clamps to prevent baottwnotion of the robot. The
implemented module can travel 2 mm/cycle where the cycle tg8s L16. This principle
is similar to suction-based propulsion described beforepikthat in earthworm principle
passive clampers are used instead of the active suction cup.

A modular robot system (Fig2.6(b) based on inchworm-like locomotion is developed
in [119. Here all the modules (in this case two modules) are swatband the mod-
ules are assembled inside the Gl track using permanent risagliaeed at the end of each
module. The assembled robot system moves by using opeolidigdj of the legs and the
pushing/pulling of the connectors between the modules. éMiog and gait generation of a
earth-worm like robot is presented ihJd. A motor-based capsule robot with inchworm
propulsion principle is developed iB(] which is powered by wireless power transmission.
A hollow-cylinder-like three-dimensional coil is propastor receiving the power. Ex-vivo
experiment is performed using the developed prototype.

Cilia-based Robot: The cilia-based robot developedll] 122 using SMA spring
based actuators is shown in FR)6(c) It uses two sets of cilia controlled by two groups of
SMA springs. By controlling the opening and closing of tHeaets the robot can produce
bidirectional movements.

Flagellar Swimming Robot: A swimming mechanistr2B 124 mimics the swimming
action of a flagellum. The micro-robot includes a main body &vo tails, each having three
segments of piezoelectric material. Traveling waves gerdrby exciting the segments of
the tails with electricity of different phase and amplituzteate the propulsive force of the
robot. An up-scaled tail for the proposed robot is developed



Table 2.4 Comparison among biomimetic endoscopic robatsdan key features

Size

Criteria/ (Diameter, Locomotion Exte_rnal Distend Pre_c_lse Intended Larg(_-:' Practical
Power speed | Actuator| moving | . position | area of | operating :
Robot Length) . tissue trial
mm (mm/min) parts control | work room
Earthworm
like [116] ) small
13, 33 tethered 3'5 .14'7 SMA exists not possible| bowel, nqt in-vitro
s (in-vitro) spring capable required
o colon
Cilia-based
[121 small
15, 35 tethered| . 2.4 SMA exists not possible| bowel, nqt in-vitro
* (in-vitro) spring capable required
colon
Paddling
based 125 ) - small L
13, 30 tethered 197.375 linear exists not possible| bowel, nqt n V|_tro
p_i.,. (in-vitro) actuator capable colon required | in-vivo
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S AaLkane'

(a) Earth-worm propulsion robotlg (b) Inchworm-like locomotion based
modular robot119

(c) Cilia-based propulsionrobot?1] (d) Paddling based propulsion robot
[129

Fig. 2.6 Biomimetic endoscopic robots

Paddling-based Propulsion Robot: This propulsion prieaipimics a canoeist paddling
a canoe 125 126 which is a directed propulsion. A linear actuator with twgicders:
inner cylinder and outer cylinder, represents the cano@isé robot (Fig.2.6(d) consists
of six legs placed radially to the robot and connected to tineri cylinder of the actuator
through grooves. At the beginning of the cycle the legs renf@lided and at the furthest
most front position. Then the actuator slowly pulls the legghat legs are protruded and
clamp the intestinal wall and thus the legs along with cydindre locked at one place. The
actuator continues to pull the cylinder. As the cylinderosked and cannot move, rest of
the robot body moves forward. Then the actuator pushes tiveley forward, the legs are
released from the wall and folded inside and move forwartouit resistance and at the end
the legs return to their initial position and ready to sthd hext cycle. By repeating this,
the robot could move forward. The developed prototype ish3mlength and 30mm in
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diameter and, 6.5 mm/s velocity is achieved in the in-vigst t

Electrical Stimuli Propulsion Robot This robot ( Fig. 2.7(a) is propelled by the con-
traction of intestinal smooth muscle produced by eledtgtienuli applied by two electrodes
placed on the robotlP7-13(. The contraction creates sort of 'artificial’ peristalsibich
creates propulsive force and the robot moves opposite todhtaction end along the Iu-
men. The propulsion is bidirectional depending on whiclttetele is activated. Average
velocity achieved in the experiment iS92 + 0.99 mm/s (forward) and.23+ 0.78 mm/s
(backward).

Flexible

wires \

Electrode

ol

MM 1
(a) Electric stimulation propulsion robot (b) Swimming robot131]]
[129

Fig. 2.7 Electric stimulation propulsion robot and swimmnobot

Vibratory Propulsion Robot  The Vibratory propulsion robot is investigated B[ 137.
The robot has an eccentric mass inside the robot which istla¢sootor of a motor. When
the eccentric mass (rotor) rotates, it generates a cetatijpece. The horizontal component
of the force propels the robot. The developed robot is 28 rmg Bind 16 mm in diameter.
The robot is tested on various surfaces (sand, liquid sadipl, f/®am and rubber hose) and
moves with an average speed of 3 cm/s (liquid soap) to 12 @ulisl foam).

Swimming Robot A swimming gastric capsule robot is shown in F&7(b) To use this
robot, the stomach has to be prepared with half litre of itegepolyethylene glycol (PEG)
solution which enlarges the gastric region. The capsul®pas 3D movement within the
enlarged stomach with the help of 4 propellers run by fouividdal DC motors. It uses all
four of its propeller while it advances in a rectilinear diien and for steering it uses only
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two of its four propellers. The weight/volume ratio of thepsale is made equal to PEG
density (1200kg/m3) to make the robot enable to float, maeurtkee position & orientation
and observe the suspected region when the propellers gmeestoThe robot is 15 mm in
diameter and 40 mm in length and can be operated remotely loyream operator using
joystick. The capsule is tested in a porcine stomach ex-amnmaximum speed obtained
is 21.3 cm/s 131, 133.

A swimming robot modified from131]] is wirelessly powered in]34]. The embedded
electronics and the motors of the robot are supplied up tord@hrough inductive wire-
less power transmission. However only two motors can beatpeérat a time due to power
limitation. Swimming robot of 131, 133 is improved in B8] and a complete functional
system is developed consisting of an on-board locomotistesy, a tele-operation console,
a vision system and a real-time video transmission. A usereaotely control the swim-
ming gastric robot through the user interface by only ohisgrthe video stream from the
camera.

Internal Reaction Propulsion Robot In this principle the robot moves by the reaction
force caused by the movement of internal mass. These rolwts o external legs or
wheels b1, 52]. The structure of the principle is derived froh3d5. A mass attached
to the main object through a piezoelectric element, is madadve away from the main
object rapidly and then to return to the initial positionvglp with a sudden stop. The main
object moves during the rapid motion and at the stopping rmbiwfethe mass and, remains
stationary for the rest of the time. The object can move aksaight line by repeating the
above process. Linearly moving mass and inverted pendulbiohware described below
can be used to generate the reaction force.

Using Linearly Moving Mass: In13§ linearly moving mass is used to generate robot
motion. Here a permanent magnet is placed in a peripherailyvound cylindrical body
(capsule) (Fig2.8(a). By controlling current flow through the coil the permanerdgnet
can be moved back and forth within the capsule. The capshtd completes each motion
cycle in four steps. In the first two steps the magnet movegfast and the reaction force
caused the capsule to move in the opposite to the magnetermd@tgain in the third and
fourth steps the magnet moves slowly while the friction dostes over the reaction and the
capsule remains stationary. By repeating the cycle theub@apan move in one dimension.

Using Inverted Pendulum: Here the driving force is createthb reaction of the motion
of an inverted pendulum. INB7 a pendulum-driven cart (Fig2.8(b) is developed and
tested. The cart consists of passive wheels and a motomdnverted pendulum on top
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(a) Using linearly moving mas484 (b) Using inverted pendulum 7]

Fig. 2.8 Internal reaction locomotion robot

of it which can move in the yz plane. The cart moves forward mthe pendulum moves
with the counter-clockwise high angular accelerated nmofgtep 1) and then low angular
accelerated motion (step 2). The cart stays stationary wieependulum moves with low
accelerated angular motion counterclockwise (step 3) had tlockwise (step 4) while
friction dominates over reaction force. At the end of stefnd pendulum reaches to its
initial position. By repeating the above steps the robot @sam a certain direction.

External Propulsion Robot

By using external propulsion the burden of having interrebators is eliminated. The
robot now have more space for other modules e.g. telemethydmgnosis modules. Ex-
ternal magnetic field that interacts with internal magnetimponents is the typical source
of propulsion in external propulsion robot. External prigman robot includes MRI guided
robot, permanent magnet actuated robot (using hand-hetdfined magnet or robotic nav-
igation system) and coils actuated robot. Téhlecompares among the external propulsion
endoscopic robots.

External MRI Guided Propulsion The static and RF magnetic field inherent in the MRI
are used in this driving principle. Three swimming tailsleaonsisting of three coils in a
row are responsible for the propulsion of the robot. RF m#griield provides power to
generate alternating current in the coils of the tails. Tter@ating current interacting with
the static magnetic field produces a waving movement and ghaguces the propulsive
force [44)].



Table 2.5 Comparison among external propulsion endoscopiats based on key features

Size . )
Criteria/ (Diameter, Locomotion External Distend Pl’e.C.ISE Intended Largg Practical
Robot Length) Power speed Actuator | moving tissue position | area of | operating trial
m?n (mm/min) parts control | work room
MRI lgl_”ded complete complete magnetic
Propt §|onﬁl4] prototype | wireless| prototype fields | exists not not Gl track | required | none
)4 was not | power | was not of MR capable| possible
7 developed developed
Robotic
magnetic | capsule: _ | does in-vivo
navigation 6] | 11,26; | 0 not magnetici not Ot | Gl track required plastic’
) shell: reported fields : capable| possible
p— 13 13 exist phantom
Motorized
magnet
actuated capsule:
external | does PVC
propulsion 11,26 battery 90-190 magnetic| not not not small not pipe
[139 shell: ex-Vvivo . : capable| possible| bowel required g
11.10 field exist ex-vivo
External coil
actug e electro | does not not small not
propulsion L3 | g g none | 180 magnetic| not : : ex-vivo
actuation| exist capable| possible| bowel required
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A magnetic guidance system similar to MRI is reported 48] [to control a capsule
(31mmx 11mn) to examine the stomach of 61 patients. An operator can @idhi move-
ment of the capsule inside the stomach using two joysticksh Bastroscopy and the cap-
sule are used for the examination. The diagnostic resultg gastroscopy and the capsule
are comparable.

External Permanent Magnet Actuated Propulsion The external permanent magnet could
be operated by a human operator or by a motor or by a robot anmay dre described below:

Using hand-held/motorized magnet: Given Imaging devetopsggnetic actuation sys-
tem under the project NEMO (Nanobased Capsule-EndoscdpyMdalecular Imaging and
Optical Biopsy) (Fig.2.9(a). They modify their capsule to add a magnetic material sid
They use external hand-held plate permanent magnet to mamnie capsulel[39.

A magnetically actuated soft capsule endoscopic roboir{éiar: 15 mm, length: maxi-
mum - 40 mm, minimum - 30 mm) is developed 14D, 141]. It is actuated by a motorized
external permanent magnet and it is able to navigate in @ireensions by rolling on the
stomach surface. External attractive magnetic force id tsanchor the robot on a desired
location and external magnetic torque is used to roll thetrabnavigate on the stomach sur-
face. The robot can be actively deformed in the axial diogctising external magnetic actu-
ation. Rolling locomotion and drug releasing experimepegormed in synthetic stomach.
The robot is further developed if42 and a magnetically actuated multimodal drug release
mechanism is integrated where magnetic pulse frequendyatsthe drug release rate. The
robot of [14]] is modified to add biopsy functionality ifb] and ex-vivo biopsy experiments
using pig stomach are performed. The robot carries andsesemicro-grippers (tip-to-tip
size 980um) inside the stomach and retrieves them after they grabetisamples. Other
researches on motorized magnet actuated propulsionsiafll@g and [143.

Using robotic navigation system: A magnetic shell coatqusaée robot is actuated by
a robotic magnetic navigation system developed by Stexeota [46, 47]. The robotic
system delivers a controlled magnetic field produced by awgd coaxial permanent mag-
nets arranged on both sides of the patient’s table. The niagtell coated capsule placed
within the magnetic field can experience a 360 degree oneutiiimal rotation according
to the orientation of the controlled magnetic field. The posiof the capsule robot is con-
tinuously monitored by the fluoroscopic scanner. The sizéhefcommercially available
capsule can further be decreased for this technique asifheoeneed of a battery here. But
the Stereotaxis system is very expensive compared to te8rexcapsule endoscope and it
could only be performed in the healthcare centres whereysters is available.
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A pilot study is performed to examine human stomach usingidagmee-magnet-robot
controlled capsule endoscope IMd. The capsule endoscope (B&1x 12mm) has a per-
manent magnet inside it. 34 healthy volunteers attendedttity. The volunteers swal-
lowed gas-producing powder to distend the stomach befoedl@ming the capsule. The
examination was well accepted by the volunteers and it t@&#4 10 min to complete the
examination. An actuator magnet is positioned using a Yaakdotoman robotic manipu-
lator in [36] to propel a spherical device and a capsule-shaped desaeia PVC lumen
during a proof-of-concept experiment. In their later wasknilar actuator setup is used to
control the position and orientation of a mockup capsulesodpe in fluid 12].

(a) Magnetic propulsion (NEMOYAH (b) Hybrid propulsion robot
combining magnetic and legged

propulsion 2]

Fig. 2.9 Magnetic and hybrid propulsion endoscopic robots

External Coils Actuated Propulsion The Norika project team develops a capsule robot
based on internal and external coils. It has three interoiégd @and is controlled by three
external coils placed in a jacket worn by the patieiz{.

An optimization algorithm is designed iti47] for the selection of most economical cur-
rents for the coils that generate external magnetic fieldfermagnetic propulsion. They
propose three orthogonal coil pairs which can be placednarthe abdomen. A small per-
manent magnet is enclosed into the capsule robot and theisopmpelled by the external
orthogonal coils. Olympus develops a capsule with a permtamagnet placed inside it
[146. The capsule is controlled by a rotating magnetic field gateel by three pairs of
electromagnets. It can be maneuvered using a spiral ridgeped around its body.

An electromagnetic 3D locomotion and steering system stingijof five pairs of solenoid
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components is developed ihJ] for a capsule endoscope with permanent magnet to move
within the digestive organs. The experiments are performadcubic chamber and tubular
phantom filled with silicone oil. The capsule endoscopeqrent the translational, rota-
tional and helical motions. An inflated bovine intestine $2d in the ex-vivo experiment
and the capsule endoscope performs translational andorzgbnotions.

Hybrid Propulsion Robot

To reduce the inherent disadvantages of both internal aredreat propulsion, internal and
external propulsions are combined in the hybrid propulsion

Magnetic and Motor Mechanism A hybrid robot is developed in5@] where normal
locomotion is achieved by external magnetic propulsionfareorientation is achieved by
utilising a internal mechanism. An internal motor is corteedo a toothed gear and the gear
is glued to two small internal magnets. The external permamagnet is moved manually
or by a simple hold and the capsule robot moves along thetimé&gath with the motion
of the external magnet. When fine orientation is necessargxkternal magnet is stopped
and the internal motor is activated. The interaction of tiiernal magnets with the external
magnet while the motor applies torque to the internal magak&ws the fine adjustment of
the capsule robot position from 1.8 degree to 360 degree pfiheiple is called magnetic
internal mechanism (MIM) and is tested in free space, in afgrma and in a Pig.

Magnetic and Legged Mechanism A hybrid locomotion (Fig. 2.9(b) is proposed in
[42] combining internal legged actuation mechanisms and eatenagnetic dragging. The
developed capsule robot is moved by magnetic dragging Wélthélp of internal permanent
magnets and external magnetic field. Whenever it gets stuek gollapsed area of Gl
track, internal legged mechanism is activated remotelye [€gs distend the tissue and get
the capsule robot out of the collapsed region. Then the éapsbot returns to magnetic
dragging mode and starts moving normally. The hybrid capsatbot achieved 8 cm/min
speed in an in-vivo experimemt?)].

Magnetic Torque Actuated Legged Mechanism A magnetic torque actuated legged robot
is developed in11]. Actuation of two external permanent magnets causes théoa of an
internal permanent magnet. This rotation actuates a segsfthrough an internal mecha-
nism. These legs propel the robot while distending the imalsvall. A scaled up prototype
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is developed and in-vitro experiments is conducted in a$e&dtion intestine model where
the robot moves with a speed of 5.7 mm/min.

2.7 Control of Underactuated Mechanical Systems

An underactuated mechanical system (UMS) has fewer nunflemdrol inputs than the
degrees of freedom to be controlled. Control of UMSs areeexély important due to
the broad range of applications of UMS such as robotics (@ajking robots), aerospace
vehicles (e.g. helicopters), surface vessels and underwahicles.

2.7.1 Dynamics of UMS

The Euler-Lagrange equation of a UMS aitd§:

doL oL __

dtoq g (a)T. (2.1)

whereq € R" is the configuration vectol, = T —V, T is the kinetic energyV is the
potential energyr € R™ is the control inputF (q) € Rnxm IS a non-square matrix and m<n.
For simple lagrangian systen®.{) can be expressed as:

M(a)4+C(g,9)9+G(q) = F(g)T. (2.2)

whereM(q) € R™" is the inertia matrixC(q,d)g € R" which contains centrifugal terms
and coriolis terms((q) is gravity term.

AssumingF (q) = [0, 1], the configuration vector g can be partitionedjas (d, qp) €
R"™Mx RMwhereq;. andgp are unactuated and actuated configuration vectors regplgcti
After partitioning .2 becomes:

m m 0 h . 0
11(d) mMuo(0) (.1.1 N 1(q,q> _ 19 2.3)
Mmpa(d) Me2(a)| |G| |h2(g.9) T
wheret € R™. hy(qg,q) € R"™™Mandhy(q,q) € R™ contain centripetal, coriolis and gravita-
tional terms.

2.7.2 Control Problems

The control problem of UMS can be divided into the followitgee classeslf#9.
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» Trajectory planning: The aim here is to compute/plan a dyinally feasible trajec-
tory from g to g¢ whereq® andqt are given initial and final configuration respec-
tively.

» Trajectory tracking: The aim here is to compute a feedbaxkrol for a given dy-
namically feasible trajectoryq(t) that asymptotically stabilizes the tracking error,
e(t) =qq(t) —q(t) to zero.

» Set-pointregulation: The aim here is to compute a feedbankrol for a given desired
configurationg® that asymptotically stabilizes the equilibrium statejte g%, q = 0.

2.7.3 Stabilization Control / Set-point Regulation

Stabilization of underactuated mechanical system canweatdi into two classes:

Class | : Stabilization to a unstable equilibrium point The control aim for this class is to
stabilize the system in one unstable equilibrium point fiamother stable or random
position. The examples of this class of system are two-liakipulators (acrobot and
pendubot), rotating pendulum, inverted wheel pendulumR)J\Ahd cart-pole system.

Class Il : Stabilization to a stable equilibrium point with d isturbance The control aim
for this class is to stabilize the system to a stable equuiibrpoint overcoming dis-
turbances from the external and internal sources and padiyldbhe examples of the
UMSs with this type stabilization are overhead crane and AQ{stem.

Class | : Stabilization to a unstable equilibrium point

The prevalent techniques used for stabilization of undaeded mechanical systems are
energy-based control, feedback linearization, slidinglencontrol .50, 151}, backstepping
control and Lyapunov’s direct metho#iq2, 153 or their modified version or their combined
version.

A vehicle position stabilization controller by utilizingaptial feedback linearization were
developed in$6] for wheeled inverted pendulum (wheel movement active agrdplum
movement passive). A energy based control was presentdd#h fpr balancing a pen-
dubot. Hybrid sliding mode based control algorithm was tgved in [L55 to regulate
both actuated and unactuated joints to their desired paositof a 2-DOF underactuated
horizontal pendulum.
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Three methods (feedback linearisation, Lyapunov desigrshaing mode control) were
combined in 5] to achieve stabilization for underactuated systems ssgheadulum on
a cart where the pendulum movement is active and the wheeément is passive. A
backstepping-like adaptive controller was designed.Bf] to stabilize underactuated sys-
tems such as inverted pendulum based on the function appativin technique.

Class Il : Stabilization to a stable equilibrium point with d isturbance

A variable structure controller was designed I57] and sliding mode controllers were
designed in158 159 to stabilize an overhead crane by suppressing the swintjedbad.

In [16Q the authors designed sliding mode controller for staaflan of overhead crane
where they considered suppression of load swing angleslasod@@ne position control. A
linear cascade controller and integrator back-steppindrolber were presented i161] for
feedback stabilization of TORA system. b2 a state-feedback controller was developed
with experiments for a TORA system.

2.7.4 Trajectory Tracking Control

Trajectory tracking of underactuated mechanical systamhb as surface vessels, VTOL
aircraft, differential drive robot, underwater vehiclesshattracted considerable attractions
because of their wide range of applications. The contrdirigpies includes feedback lin-
earization 163, sliding mode control§2, 164], backstepping65, 166, adaptive control
[167)], fuzzy logic control 168 and their combinationsl9.

A Lyapunov-based control approach to stabilize refereragedtories of velocity, posi-
tion or thrust direction was proposed ih7J for a class of underactuated systems which
includes VTOL vehicles, helicopters and submarines. $arfeessels has three degrees of
freedom (surge, yaw and sway) but only two control inputsgstiorce and yaw moment).
A state-feedback control law was developed 17]] based on cascaded approach for a
surface vessel which obtained global stability for theknag error.

Trajectory tracking of differential mobile robot was preted in [L72-178. A global
trajectory tracking controller was developed using bagiging-like feedback linearization
in [173 to follow various reference trajectories such as stralgi®, circle and sinusoidal
curve. A feedback 3-D trajectory tracking controller waeganted in179 for autonomous
vehicles (especially for underwater vehicles) in the pmeseof gravity, buoyancy and fluid
dynamic forces.
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Trajectory Tracking of Capsubot-type Robot Capsubot-type robot works by utilizing
internal reaction force. A control law based on clusterttremnt of characteristic roots
(CTCR) was developed for the position trajectory trackihgrounderactuated cart-pendulum
i.e. actuated configutation in8Q while stabilizing the pendulum in its upward position.

2.8 Summary

This chapter has presented the robots for minimally inadiagnosis and intervention. Ta-
ble 2.1 compares among the medical robots. Though the externatsdb@. da-Vinci
robot) have been performing robot-assisted surgical plues successfully since early
1990s, there are still needs of adding more flexibility togbegical robot system and mak-
ing it light weight. The miniature in-vivo laparoscopic aeddoscopic robots are still oper-
ating in the laboratories. The in-vivo laparoscopic rob@se been classified as fixed-base
camera robots, wheeled robot, magnetic drive robots antibsugased robots. Tab?2
compares among the in-vivo laparoscopic robots. The in-givdoscopic robots are classi-
fied as external propulsion robots, internal propulsiorotstand hybrid propulsion robots.
Tables2.3to 2.5compare among the endoscopic robots.

The fixed base laparoscopic camera robots mount themseithes the abdominal cav-
ity using tripod or needle or suturing and help the surgeah the video of the operating
region. The driving principle of in-vivo laparoscopic maggic drive robot and in-vivo en-
doscopic external drive robots are similar. For both of themexternal magnetic field
provides the propulsive force to move the robot inside thteepabody i.e. within the ab-
dominal cavity or gastro-intestinal (Gl) track. As the putgion force comes from external
source these robots do not require internal actuators arglrtb need of onboard power
for the robot motion. The external magnetic field could beegated by a permanent mag-
net (moved by hand or robotic arm) or an electromagnet or ah M&ne of these system
e.g. the MRI guided and robotic arm guided systems are bulkyexpensive whereas the
hand-held magnet guided system can not perform precisé noinement.

The robots with external moving parts such as in-vivo whedédg@aroscopic robot or
many in-vivo internal propulsion endoscopic robots suclegged endoscopic robot, pad-
dling based robot and earthworm-like robot have been provdak effective methods of
propulsions. They have more precise propulsions compardtiet external propulsion
robots. The legged robot is able to distend the tissue in thgaBk for better inspec-
tion. It can also navigate through narrow spaces by distgntiie tissue. However robots
with external moving parts pose the risk of hurting the inérsoft tissue. Furthermore
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the actuation mechanism take extra space within the rolibteguire additional power to
run it. Unlike other internal propulsion robot, the capstitype propulsion robots have
the propulsion mechanism completely inside the robot. Thissrobot does not pose any
risk of tissue damage and the robot can be made hermetieallglse i.e. the robot can be
completely enclosed.

This chapter also presents control of the underactuatedhanezal systems (UMSS).
The UMSs have mainly two types of control aims: the stahbiiacontrol and the trajectory
tracking control. Though extensive research has been dvotteistabilization control of
the underactuated systems, the trajectory tracking caistsaill challenging, specially the
trajectory tracking of unactuated configuration of the uadwiated systems requires further
investigation and research. This research investigagesdiectory tracking of the capsule
robots.

2.9 Scope of Contribution

The in-vivo laparoscopic and endoscopic robots have thenpal to make the diagnostic
processes such as the diagnosis of the gastro-intestseds#s painless and, the surgical
procedures such as the laparoscopic abdominal surgerynlessve. However the state of
the art literature review of this chapter suggests that mesearches are required to realize
the full potential of the in-vivo miniature robots.

The limitations of the miniature in-vivo robots presentadhis chapter justify the re-
quirement of the design and development of novel miniatets (propulsion systems) for
in-vivo laparoscopic and endoscopic applications. Thissttiesis investigates the capsule
robots and presents the 1D and 2D capsule robot because @tdbptional features of the
capsule robots such as having the propulsion mechanismletatypinside the robot body,
having no external moving parts, having customizable ostiercture, being hermitically
sealable (enclosable) and being simple in structure. Eurtore to utilize the advantage
of the legged propulsion robot such as the ability to distésglie and the ability to travel
through the narrow spaces, this thesis proposes a hybrglleapobot which combines
the legless capsubot propulsion and the legged propulSibe.hybrid robot has an added
capability of anchoring at a place for longer observatiom aguspected region within the
gastro-intestinal track for improved diagnosis of the dsss. It uses same actuators for all
the four modes of operation. This robot is more effectivattabots with a single mode of
operation as it can switch among the four modes based on treisding environment and
situation.



2.9 Scope of Contribution 45

The trajectory tracking control of the unactuated configaraof the capsubot-type
robot such as pendulum on a c&b] and a capsule robot (capsubotl] was not consid-
ered in the literature according to the author’'s knowleddewever the trajectory tracking
control is a primary requirement for any mobile robot. THus thesis addresses the one and
two dimensional trajectory tracking control of the capsuleot. The feedback linearization
is proven to be successfully used in many underactuatedragsn the literature. Thus in
this thesis the feedback linearization is used for the level control of the inner mass (IM)
of the capsule robot.






Chapter 3

1D Capsule Robot

3.1 Introduction

This chapter presents a 1D (one dimensional) capsule reaps(bot) which is limbless
(i.e. no external moving parts) and moves using internaltiea force. Fig.3.1shows the
schematic of the 1D capsubot. The 1D capsubot has an inner(hhsthat can be moved
back and forth. The reaction force generated because oMhedvement can be utilized
to control the capsubot movement. The 1D capsubot is an acdeated system as it has
two degrees of freedom (one degree of freedom for the IM amddegree of freedom for
the capsubot) but only one control input which is the forcelenlIM. Thus the movement
of the IM is active whereas the movement of the capsubot isiyas

The main contributions of this chapter are to propose a newstti&ge control strategy
for the trajectory tracking control of a 1D capsubot, to e two acceleration profiles
(utrogue and contrarium) for the capsubot motion genearatm propose a novel selection
algorithm for the appropriate selection of the accelerafimofile parameters and to imple-
ment the proposed control strategy in a developed capsubimtype.

3.2 Modelling, Problem Statement and Proposed Strategy

3.2.1 Dynamic Modelling

Fig. 3.1shows a schematic of the capsule robot (capsubot). The mass (IM) of the
capsule robot can move from one end to the other end of thelleapsbot. The source of
the propulsion force is not shown here. By controlling therddvement, the capsule robot
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Fig. 3.1 Schematic of capsubot with reference line

can be moved in a certain given direction.H§ force is applied on the IM, the dynamic
model of the capsule robot can be represented as:

Fm = MXm+ fm, (3-1)
FM = —m>'('m = M)'(M + fM, (3.2)

where

Xm andxy are the positions of the IM and the capsubot respectively reispect to an
external reference;

* mandM are the masses of the IM and the capsubot respectively;
* Fv is the force received by the capsubot;

o fm = sgnxv)umMg and fr, = sgnxm — Xm ) Ummg are the friction between the cap-
subot and the surface of motion, and between the IM and theubap respectively.

 u is the coulomb friction coefficient.

* the initial position of the mid-point of the capsubot is @akas the reference for the
measurement ofy,, andxy.

3.2.2 Problem Statement and Proposed Strategy

The capsubot is an underactuated system i.e. degreesading® be controlled are greater
than number of control inputs. To solve this the control peobis divided into two stages
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which are described below. The schematic diagram of the Empontrol system is shown
in Fig. 3.2

» Stage 1 - Desired IM Trajectory GeneratioRor a given trajectoryXyq, Xmq) of the
capsubot, the desired trajectorf, Xmd, Xmg) Of the IM is calculated.

» Stage 2 - Control of the IMFor the given desired trajector¥mg, Xmd, Xmg) Of the
IM, the closed-loop control is achieved by correcting thetoal input using the error
(Xme Xme) Which is the difference between the measured and the desagectories
of the IM.

These two stages are discussed in details in the remainapgeh

Controller 1 Controller 2
---------- | T mm ey
: — !
X 0y '
: md ) " Y :
: |
IRV . 0 ! ¢ |
I _| Algorithm | XX _ F
> o | +—~ me’me | Equation | © md |
'™ of Fig. 3.8 | '—»@—» +— Capsubot
: ' : 4 (3.33) :
v |
: Xonds Xma | : A :
R N YLy X
1 mm mm
X |
|
Stage 1 " t

Fig. 3.2 Schematic diagram of the proposed control systettmeotapsubot

3.3 Proposed Acceleration Profiles and Motion Generation

3.3.1 Proposed Acceleration Profiles

To perform trajectory tracking, the capsubot trajectorgtiisded into small time segments.
The IM acceleration profile parameters is tuned in every eggment to enable the capsubot
to track the trajectory. Ir41], a 4-step acceleration profile of IM is proposed for the imioti
control of a capsubot. The following issues arise when tleelacation profile of41] is
considered to use in capsubot trajectory tracking.
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» For a set of parameters (accelerations) of IM, the cycle tisndifferent for cycle 1
and the other cycles.

* From cycle 2, the capsubot has a nonzero initial velocityctvldepends upon the
previous cycle. Thus the distance travelled by the capsmbeach cycle not only
depends on the IM accelerations of that particular cyclalsat on the previous cycle.

Based on these observations acceleration profil@ffif modified and two acceleration
profiles namely utroque and contrarium are proposed whigh tiee following advantages.

» Cycle times are same for all the cycles for a specific paranfatceleration) set.
» The capsubot has a zero initial velocity in all the cycles.

» The distance travelled by the capsubot in each cycle sdighends on the IM accel-
erations of that cycle. This makes the trajectory trackirabfem easier to solve.

Utroque is a four-step acceleration profile whereas caotrais two-step acceleration pro-
file. Itis worth mentioning that steps 3 and 4 of the utroquddife are similar to steps 1 and 2
of the contrarium profile respectively apart from a nonzaitadl velocity in step 3 of the
utroque profile.

Utroque Acceleration Profile

This is a four-step acceleration profile shown in Fig§s3(a)and3.3(b) The scenarios of
the capsubot movement in this profile are shown in F&j4(a)and3.4(b) In this profile,
the capsubot and the IM move in the same direction in the stepe?Fig.3.5(b) and move
in the opposite direction in the steps 3 and 4. The IM movesdad (forward journey) for
the steps 1 and 2, and backward (return journey) for the Stepsl 4. The capsubot moves
forward for the steps 2, 3 and 4. Thus the capsubot moves fdriwathe IM bidirectional
movements. Latin word 'utroque’ means both directicsgga andan s can be designed to
be same in magnitude or different in magnitude. Similafyy, andamng can be designed
to be same in magnitude or different in magnitude.

Contrarium Acceleration Profile

This is a two-step acceleration profile shown in Figs3(c)and 3.3(d) The scenarios
of the capsubot movement in this profile are shown in Fig§s4(c) and 3.4(d) In this
profile, the capsubot moves in the opposite direction of khésee Fig.3.6(b). Latin word
‘contrarium’ means the opposite direction. Here the IM gmdyforms forward journey.
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3.3.2 Motion Generation

Four possible scenarios are shown in Figigk(a)to 3.4(d) Motion generation is explained
for two scenarios (Figs3.4(a)and3.4(c) based on the two proposed acceleration profiles.
Motion generation of the scenarios of Figs4(b)and3.4(d)are similar in principle to the
scenarios of Figs3.4(a)and3.4(c)respectively.

Utroque Acceleration Profile for the Scenario of Fig.3.4(a)

The IM is at its left endXy, — xm = —K) at the beginning of the cycle and the IM follows the
acceleration profile shown in Fi@.3(a) Here k is the half length of the maximum relative
displacement of the IM. The IM moves from the left end to tlyltiend and then returns to
the left end in this acceleration profile. The acceleratigekcities and positions of the IM
and the capsubot in different steps are shown in RBgs(a)to 3.5(c)andamy = amw and
Amwe = ams-

Step 1 The IM moves forward slowly with a small +ve acceleratiapg > 0, X > 0) and,
as the friction force fy) dominates over the reaction forday) i.e. |Fu| < | fm|, the
capsubot remains stationarg(= 0, xy = 0).

Step 2 The IM moves forward with a big -ve acceleratios,(p << 0, Xy > 0) and the
capsubot moves forward with a +ve acceleratam > 0, Xy > 0) due to the reaction
force (Fv) where|Rv| > |fm|. The IM reaches to its right end{ — xu = k) at the
end of this step and stops.

Step 3 In this step the capsubot has a +ve initial velociyfi» > 0). The IM moves
backward with a big -ve acceleratioa{g << 0, xn < 0) and the capsubot receives
a force ) in the forward direction wheréy| > |fm|. Thus the capsubot moves
forward with a +ve acceleratioraf,z > 0, Xy > 0). The capsubot velocity in this
step is higher than in step 2.

Step 4 The IM continues to move backward but with a small +ve acegi@en @mny >
0, xm < 0). The capsubot moves forward with a small -ve acceleraf@ns <
0, xm > 0) for a part of step 4 before it stops. The capsubot remamisosary
(Xm = 0, xm = 0) for the remaining time of step 4 as the friction fordg ) domi-
nates over the reaction forcEy\) i.e. |Fu| < |fm|. The IM reaches to its left end
(xm—Xxm = —K) at the end of step 4 and stops.
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IM movements IM movements
(Utroque Profile) (Utorque Profile)

Capsubot movement Capsubot movement

(a) Forthe IM at the left end, the capsubotis moved (b) For the IM at the right end, the capsubot is
to the right using the Utroque profile shown in moved to the left using the Utroque profile shown
Fig.3.3(a) in Fig. 3.3(b)

IM movement IM movement
(Contrarium Profile) (Contrarium Profile)

Capsubot movement Capsubot movement

(c) For the IM at the right end, the capsubot is (d) For the IM at the left end, the capsubot is
moved to the right using the Contrarium profile of moved to the left using the Contrarium profile of
Fig. 3.3(c) After one cycle the IM reaches to the Fig. 3.3(d) After one cycle the IM reaches to
left end and then the IM is ready to use the Utroque the right end and then the IM is ready to use the
profile described in Fig3.4(a) Utroque profile described in Fig.4(b)

Fig. 3.4 Four possible scenarios of the capsubot for motesreration
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Figs. 3.5(a)to 3.5(c) show that, in the steps 1 and 2 the IM completes the forward
journey and reaches to k position from -k postion. In the dtefhe IM has a small +ve
acceleratiofam > 0) and thus the IM slowly reaches g2 velocity from zero velocity
whereas the capsubot remains stationary for the entirelsaegd, the capsubot velocity and
acceleration are zero. In the step 2, the IM has a big -ve @@t&n @, << 0) and thus
the IM velocity reaches to zero frowy, 2 in a shorter period of time and also the IM travels
shorter distance in the step 2 compared to the step 1. Thelaipsoves forward with a
moderate accelerationy2) and it reaches ta12 velocity from zero in the step 2.

In the steps 3 and 4 the IM completes its return journey andgnetto -k position from
k position. In the step 3 the IM moves with a big -ve acceleratind at a shorter time
period, IM velocity reaches tan 34 from zero. The capsubot keeps moving forward with a
moderate accelerationy,3) and the IM velocity reaches 6,34 from vy 12 in the step 3
wherevuuza > Vwmu12- The capsubot average velocity in the step 3 is bigger thahiih
the step 2 as in the step 3 the capsubot has a non-zero irgtadity. Fig. 3.5(c) shows
that the distance travelled by the capsubot in the step Jygebithan that in the step 2. In
the step 4 the IM moves with a small +ve acceleratian4) and the IM velocity reaches
to zero fromvg4. The capsubot moves forward with a -ve accelerataf,{) and stops
attys time. Thus the capsubot moves during the steps 1, 2 and psat¢pf3 and remains
stationary during the rest of the time.

Contrarium Acceleration Profile for the Scenario of Fig. 3.4(c)

The IM is at its right endXy, — xv = k) at the beginning of the cycle and the IM follows
the acceleration profile shown in Fi§.3(c) The IM moves from the right end to the left
end in this acceleration profile. The accelerations, véksiand positions of the IM and
the capsubot in the different steps are shown in Fyé(a)to 3.6(c) This is a two-step
acceleration profile.

Step 1 The IM moves backward with a big -ve acceleratiap,§ << 0, X < 0) and the
capsubot receives a forcEy( > 0) in the forward direction. Here the reaction force
(Fw) is big enough to overcome the frictiof() i.e. |Fy| > |fm|. Thus the capsubot
moves forward with a +ve acceleraticg1 > 0, Xy > 0).

Step 2 The IM continues to move backward but with a small +ve acetien @neo >
0, Xm < 0). The capsubot moves forward with a small -ve acceleratapR, <
0, xm > 0) for a part of the step 2 before it stops. The capsubot resnstation-
ary v = 0, xum = 0) for the remaining time of the step 2 as the friction forég)(



3.3 Proposed Acceleration Profiles and Motion Generation

55

===|M Acceleration

—Capsubot Acceleration
g :.............A;Jl.......... A2 Bvs ERGRRT L RRLLEELELEELE )
=0 I_ 1
E L aMU1 : aMu4 i
O : Step 2
T Step 1 = Step .
8 ( E Step 3; Step 4 ‘
O Ve : -
I Forward Journey ' d » Return Journey
of IM ' : of IM
| : amuz amu3 : : i
| | | | |
0 tlme t ul t u2 t u3 t us t u4
(a) IM and capsubot accelerations
T T
Vimut2 ===|M velocity 1

—Capsubot velocity

velocity
= Z
c c
ok ¥
[, T T
.
.
.
.
.
.
.
.
.
.
.
.
.
A 3
.
L L L

Vinusa - et 8
0 - 1 1 1 i i
tlme tul tu2 tu3 tus ud
(b) IM and capsubot velocities
.--IM Position (xm - xM)
ki —Capsubot Position (xM)
c
o
=
U) *
o °
o K
-k hannn®® :

0 -
tlme tul tu2 tu3 t tu4

(c) IM and capsubot positions

Fig. 3.5 Accelerations, velocities and positions of the Iivl@ahe capsubot for the utroque
profile for the scenario of Fig8.4(a)and3.3(a)



56 1D Capsule Robot

dominates over the reaction fordey i.e. |Fu| < |fm|. The IM reaches its left end
(xm— xv = —k) at the end of the step 2 and stops.

3.3.3 Optimum Selection of Acceleration Profile Parameters

This section presents the optimum selection of accelergtiofile parameters namedy,q,

ame, 8mul, 8me, 8m, amus tet, teo, tug, tuz, tuz andtys of Figs. 3.3(a)and3.3(d) ama,

amwe andang are big accelerations and they can be designed as big ableds&pending

on the maximum force the propulsion source can provide) toageig average velocity

of the capsubot.ame, amu and amy should be small enough so that the friction force
(fm) is bigger than the reaction forcgy), thus the capsubot does not move reverse. Thus
using @.2) it is observed thalame|, |amu|, |amw| are less tha#MTm. The following design
options are availableamy = anw andame = ang Of, anu 7 amw andamwe # amwg of,

amu = amw andame # am O, 8mu 7 amw andame = amg. In this chaptedmu = amu
andamp = amg are designed.

Utroque Profile:  From Figs.3.5(a)and3.5(b)

\) [Vmu2|
Vg4l Vw4l
u3 u2 |amLB| u4 u3 |amu4| ( )
| M34|
tus=tizs+ — 3.5
where,
4kamm_ 2
Vinug2 = il , (3.6)
amug Amu@mw — AmuamMu2
_ma““'lvl IaMG. 55y 3.7)
am
VMu12 = —am—ivmmz, (3.8)

am
VMuzd = 2By ea+ Viuto, (3.9)
amw3
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andvme4 can be found by solving the quadratic equationqia:

1 1 1 1 adus 2 avuam , 1 1
— — 2V, — \
(amua amu4+ amu4 aMu3>aTZmB> maa mUlZamLBamLQ amu4 aMu3> e
V2110881
+ (4k 4 MULZMU2 2 o) = 0. (3.10)
aMu4amu2

Contrarium Profile:  From Figs.3.6(a)and3.6(b)

[Vimc| V|
lcr=—"; tlo=ta1+ , 3.11
N
tes=1c1+ , 3.12
CS C. |aM(;2| ( )
where
am
Vi = am‘:vmc, (3.13)
—4KaZ, g ameamc
Ve = — , (3.14)
amaamcz2P — amc1ameQ
whereP = ameo — ama; Q = auc2 — ame1 andawc, avce can be calculated as:
—Manei— UMMQg .
aci = a“C'M 9. 510 (3.15)

It is noted that the denominators &.8) to (3.14) can be avoided to become zero siaggi,
ame, anu, 8mwe, 8mw, andamy are selected by the designer.

3.3.4 Comparison with Other Profiles

The references6ld] and [52] analysed the motion generation of the capsubot-type robot
based on velocity profiles. The referenéd][proposed a four-step velocity profile whereas
reference$2] proposed a seven-step velocity profile. Through simutediod experimental
results, the referenc&]] demonstrated the advantages of using acceleration pofée
velocity profile to analyse and control the capsubot typeotahotion. The acceleration
profile of the referencedfl] is modified in this chapter and two new acceleration profiles
proposed.

To decide on the optimum number of steps to generate capswdimn, previous works
used various criteria. A new step is defined (i) in the refeeep2] whenever there is
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a change of the IM acceleration (ii) in the referenéd][whenever there is a change of
the capsubot acceleration or change of the IM velocity diwadiii) in the reference41]
whenever there is a change of the IM acceleration or chantfeedM velocity direction.

At least two steps are required by the IM to go from one end ¢oatmer end of the
capsubot, as the IM needs to accelerate to start motion amddecelerate to stop. As
in contrarium cycle the IM performs only forward journey.iiegoes from one end to the
other end, it needs at least two steps. On the other hand &eque profile the IM performs
forward and return journey i.e. it goes from one end to theioémd and then returns to its
original position, it needs at least four steps.

All the previous works define the profiles for a round trip oé tiM (i.e. for forward
and return journey of the IM). Thus all the proposed profilsaduat least four steps: the
references41, 64] used four and the referencb? used seven. An analysis is provided
below whether adding extra three steps in the referési@gfovides any added advantage.
The referenceq2] used three steps for the IM forward journey and four stepgte IM
return journey. On the IM forward journey: step 1 uses a l#vjacceleration, step 2 uses a
large IM deceleration and step 3 uses a small IM deceleratowever, in the IM forward
journey, the only requirement is to keep the IM accelerasooh that the capsubot only
moves forward. To maintain that the steps 2 and 3 can be mévgget one step. From the
simulation result in the referenc®d], it is seen that there is a reverse motion of the capsubot
presumably in step 2 because of the large deceleration. thibustep 2 can be removed and
only the steps 1 and 3 can be kept. On the IM return journey: 4t motionless, step 5
has a small IM acceleration, step 6 has a constant IM veleeitystep 7 has a small IM
deceleration. However in the return journey the only regmient is to maintain the IM
acceleration such that the capsubot does not have any eavetson. That can be fulfilled
only by using two steps.

3.4 Proposed Control Approach

The objective is to track a given trajectory (positiagg) of the capsubot. The objective is
achieved using the two-stage approach of Big. The following steps are followed:

» Preparation Stage: Database creation (se&@idri)
» Stage 1: Desired IM Trajectory Generation (sec@ofh.?

— Step 1: Generating Capsubot Trajectory Segment and S#laaftSegment Pe-
riod (T) (section3.4.2)



60 1D Capsule Robot

— Step 2: Selection of Profile Parameters (Selection Algonjtfsection3.4.2

— Step 3: Tuning the Segment Time (sect®A.2

» Stage 2: Control of the IM (sectich 4.3

3.4.1 Preparation Stage: Database creation

To track the capsubot trajectory, the projected capsuberage velocities for various IM
acceleration profile parameters are required. Equatiansrfpected average velocities are
given below. The capsubot average velocity for the utroqoéle is (see Fig3.5(c):

— X
Xy = ~Mu (3.16)
ty

wherexyy is the displacement of the capsubot in utroque profile inectiohet,,.

_ Vituz | Vinuza — Vitui2 B Vituza
XMu = ) (317)
2apu2 2amu3 2amu4
=t — Vmu2| | [Vmwe| | [Vmwal |Vmu34|‘ (3.18)
|ama|  [ame|  [ame|  [amwl
The average velocity of the capsubot for the contrarium lercfi(see Fig3.6(c):
Sanc = e (3.19)
tc
wherexyc is the displacement of the capsubot in contrarium profileyolectimet..
Xpe = =—Me . _“Mc 3.20
Me 2apmc1 2amc2 ( )
Vmd| | [Vmd
tc =t = +—. 3.21

Four parametersaf i, anw, amwe andamw) can be changed for the utroque profile to
get different capsubot average velocities. In this chagtgp = amg and amu = amw
are designed. Also a fixed value fafy = amu (Maintaining|amu| = |[amu| < “M—n':"g) is
chosen. Onlympe = amg are tuned to get different capsubot average velocitiesaJfaxiS
the maximum accelerationgyminis the minimum acceleration armgqis £ is the difference
between two consecutive profile parameter sets, then tataber of acceleration profile
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sets for the utroque profile is:

( |@muma — |@mumin )+ 1.

ny, = floor
Amudif f

(3.22)

Two parametersafhq andane) can be changed for the contrarium profile to get different
capsubot average velocities. A fixed value dgie (maintaininglame| < “M—n':m) is chosen.
Only ang is tuned to get different capsubot average velocitiesmbnaxis the maximum
accelerationameminis the minimum acceleration arghcgis ¢ IS the difference between two
consecutive profile parameter sets, then total number dil@prmarameter sets for the con-
trarium profile is:

|amemart — |8memin 1

n. = floor 3.23
¢ ( Amcdif f ( )
The maximum capsubot average velocity will be:
XMmax= Maxmax(Xuc), maxXmu)), (3.24)
where
max(Xmc) = max (Xmc)1, (Xmc)2, - (XMc)ne ) (3.25)
max(Xmu) = maxX (Xmu) 1, (Xmu)2, - (}vu)n, ) - (3.26)

The average velocities of the capsubot for different pra@fdeameter sets for the two accel-
eration profiles are calculated and stored in the database.

3.4.2 Stage 1: Desired IM Trajectory Generation

The control requirement is that the capsubot tracks a ghagedtory. As the capsubot is an
underactuated system, the movements of the capsubot da@moontrolled directly (i.exy

is uncontrollable directly). The capsubot movements angrotied indirectly by controlling
the movements of the IMx, is controllable directly). The capsubot average velocéy ¢
be tuned by changing the parameters of the IM acceleratiofil@(xy = f (Xm,%m)). Let
the capsubot track the position trajectory shown in Big. The desired capsubot velocity
changes throughout the trajectory. Thus to track the tr@jgcthe IM acceleration profile
parameters need to be tuned so that the capsubot averag#ywel@nges according to the
desired value. To track the capsubot trajectory primahby wtroque profile is used. The
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contrarium profile is used for one cycle when the capsubatcitgl changes from negative
to positive or positive to negative. Then the IM continueaditow the utroque profile. In
the desired trajectory for path A-B the capsubot velocitpasitive and for path B-C the
capsubot velocity is negative. Thus the IM follows the utregrofile of Fig. 3.3(a)for
A-B path (but changes the parameters to tune the capsubiagavegelocity to track the
trajectory) and then uses the contrarium profile of BgB(d) for one cycle and after that
follows the utroque profile of Fig3.3(b)for B-C path (but changes the parameters to tune
the capsubot average velocity to track the trajectory).
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OA time C

Fig. 3.7 Desired trajectory for the 1D capsubot trajectoaghing (segment-wise tracking)

Step 1. Generating Capsubot Trajectory Segment and Selectn of Segment Period
(T):

Segments (shown in Fig3.7) are designed based on the desired trajectory. T is the time
period of each segmendxy (i) is the required displacement in thi segment. The desired
average velocity in thegh segment is:

0
.

Xaa (i) = (3.27)
A smaller T provides smoother tracking of trajectory. Hoem®\the T cannot be infinitesi-

mally small as the IM has to complete at least one cycle withgmofile parameter set once
it starts, before it can start another cycle with differesttederation profile parameters. Thus
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Fig. 3.8 Flow chart of the selection algorithm for the 1D a#ps trajectory tracking
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the minimum segment period is:
Tmin = maxmax(tc), maxty)), (3.28)

where t. andt, are the cycle times of the contrarium profile and the utroqoélp respec-
tively.

Step 2: Selection of Profile Parameters (Selection Algoriti):

Xvq is compared with the database created in the preparatiga efsectior8.4.1for each
segment of the capsubot trajectory. Following two step$ai@ved:

1. One profile is selected from the four profiles describedign B.3. Normally one
of the two utroque acceleration profiles is used: profile @f 3.3(a)for positive
xvd and profile of3.3(b)for negativexyg. In the utroque acceleration profile the IM
returns to its initial position at the end of each cycle. Thoe of the two contrarium
acceleration profiles (Fig8.3(c)or 3.3(d) is used whenever a switching between the
two utroque acceleration profiles is required.

2. For the utroque profile, two profile parameters nang, ame, ans and anw
need to be selected which will generate the required deawerhge velocit)(fMd).
All the possible profile parameters and corresponding ptegeaverage velocities i.e.
fMu(p), p=12,...n, can be found from the created database. The desired average
velocity ()?Md) is compared with projected average velocities as show®.29( The
profile parameter-set corresponding to minimum erroBa29 is selected.

Xaif = min(([Xwa| — Xmua(L)]), (Xwa| = Xma(2)]); .-, (Xma] = (M) (3.29)

For the contrarium cycle, two profile parameters nansgly andane need to be
selected which will generate the required desired averalyeiy ()'?Md). All the pos-
sible profile parameters and corresponding projected geeralocities i.e.ch(p),
p=1,2,..n. can be found from the crated database. The desired averbmstye
()?Md) is compared with projected average velocities as showB.B0( The profile
parameter set corresponding to minimum error38() is selected.

Xaif £ = min(([Xwa| = Xme(2)]) (Xal = Xc(2)1); -, (Xl — Xue(ne) ). (3.30)
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The segment is taken from the desired trajectory with a sagpexiod (T) considering the
constraint of 4.24). In each segment the IM is required to follow a specific am@tion
profile with a specific profile parameter set to track the @esirajectory. This research
proposes a selection algorithm to select the right acaeerarofile with right profile pa-
rameters in each segment. The selection algorithm is piessém Fig. 3.8. The selection
algorithm incorporates all the logical development préseémn sectior8.4.2 It also uses
database created in secti®@.1and, equations developed in secti@#.2and3.4.3

Step 3: Tuning the Segment Time:

An acceleration profile with a profile parameter set cannatg®s¥ated for a discrete amount
of time but for a multiple of the cycle time of that acceleoatiprofile with that parameter
set. The selected parameter set will be used for the follgwime span:

-
Ttuned = tsel X floor(t—), (3.31)

sel

where tsel is the cycle time of the selected utroque profile; floor(A)rdsi the elements of
A to the nearest integers less than or equal to A.

3.4.3 Stage 2 : Control of the IM

Open loop control law of the IM is:
Find = MXmd + SgMXmd — Xmd) UmMG (3.32)
The closed-loop control law can be selected, using pagediback linearizatiorbfl]:
Fmd = 0 Tmd+ B, (3.33)

wherea = mandf = sgnNXmg — Xmd) UmMg .
Let Xim = Xme = Xmm— Xmd be the tracking error; choosing the linear control layy =
%m — kiXm — ko%m and applying the control law 0B8(33 to (3.2) the error equation:

£n+ Ky Xm + ko%m = 0. (3.34)

The values ok; andk, can properly be selected using the standard linear cottteairy.
Then by using the control law 08(33 the IMs can be made to follow the desired accelera-
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tions, velocities and positions.

3.5 Simulation, Experiments and Analysis

This section presents the simulation and experimentaltsesiod provides analysis.

3.5.1 Simulation Setup and Results
Simulation Setup

The simulation is performed in the Simulink environmend #éme data in Tabl8.1is used.
The data is taken from the prototype implemented in se@i&r2 For simulation and ex-
perimentation T=1sec is used. The Ode45 (Dormand-Prirategrsis used with a variable
step. The maximum step size is 1 ms and the minimum step 0z@061 ms and the initial
step size is 1 ms. The simulink model is provided in the appeAd

Table 3.1 Parameters of the developed 1D capsubot

M m Uv | Bm | K
0.396&kg | 0.05kg | 0.1 | 0.2 | 9mm

Simulation Results

The 1D capsubot uses the proposed trajectory trackingaldatirack the desired trajectory
of 3.7. Fig. 3.9(a)shows the desired and simulated trajectories of the capsubite same
graph for the ease of comparison.

From Fig. 3.9(a) it is observed that the capsubot moves from starting @os{icm)
to position 25cmin the first & and then it returns to starting positiorc(@ from position
2.5cmin the second 8 Thus the capsubot moves with high positive velocity at thgit-
ning of the trajectory and then the velocity decreases witk ind become zero as.8After
that the capsubot moves with negative velocity and the niadaiof the velocity increases
with time and reaches to maximum in magnitude at the end df#épectory. Fig.3.9(a)also
shows that the simulated trajectory is not smooth rath@wsse as the capsubot tracks the
trajectory segment by segment where the segment time (§) Kd. 3.9(b)shows the posi-
tion trajectory tracking error in the simulation. From F&9(b) it is observed that the error
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Fig. 3.9 Simulated results for the capsubot trajectorykirarusing the proposed control
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is big at the beginning and ending of the trajectory i.e. wihenmagnitude of the capsubot
velocity requirement is high. Fig3.9(c)shows the simulated IM acceleration. From Fig.
3.9(c) it is observed that the IM follows the utroque accelerapoofile of Fig.3.3(a)for
the first & and then it follows the contrarium acceleration profile aj.R3.3(d)for 1 cycle
and after that it follows the utroque acceleration profil&igf. 3.3(b)for the second 8 The
contrarium profile is necessary to switch from one utroquiler (Fig. 3.3(a) to another
utroque profile (Fig3.3(b). In the first & the magnitude of the capsubot velocity decreases
with time. Thus the magnitudes of the acceleration profilepeters 4 andang) for
the IM also decrease gradually in the firstéhich can be observed from Fig.9(c) In the
second 8the magnitude of the capsubot velocity increases with tifinels the magnitudes
of the acceleration profile parametesg,{p andang) for the IM also increase gradually in
the second 8which can be observed from Fig.9(c)

3.5.2 Experimental Setup and Results
Experimental Setup and Physical Constraints

The 3D CAD design of the Capsubot (without Capsubot-shgl§hown in Fig.3.10(a)

A prototype shown in Figs3.10(b)and3.10(c)is developed based on the design and the
proposed trajectory tracking control is implemented indeeeloped prototype. In the ex-
perimentation, segment time T=1s is used. The main compeoéthe developed capsubot
system are a linear DC motor (QUICKSHAFT LM1247-020-01),@tion controller L81],
two batteries and a capsubot-shell to hold all the companenie linear motor is com-
prised of a motor-housing which houses the coil, three raikers and a cylindrical rod
which is capable of moving back and forth within the capsub®Bhe motion controller
provides power to the linear motor and controls the movernémhe cylindrical rod by
controlling the current flow to the motor coil. The coil is péal inside the motor housing
and peripheral to the cylindrical rod. Two batteries premmbwer to the motion controller.
The motion controller is programmed using the Motion Mam&geftware [L81] and then
can be disconnected from the PC. The capsubotiéa2®length and 8min diameter. The
cylindrical rod works as the Inner Mass (IM) of the capsubot.

It is noted that the IM includes the cylindrical rod and twdraxnasses (adhesive tack)
at both ends of the cylindrical rod. The extra masses aredatdd@crease IM to capsubot
mass ratio. The parameters of the capsubot are listed ire Babl The Hall sensors are
used to determine the position of the cylindrical rod (IMh€eTllinear motor data (i.e. IM
position and velocity, and current through the coil) candmgkd using the Motion Man-
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ager software. To obtain the data for capsubot movementsithi®n of the capsubot are
recorded using a video camera and then a video analysisaeft@uintic Biomechanics
[182 is used. It determines the position, velocity and accél@maf the capsubot.

The capsubot has the following physical constraints:

» The stroke length of the IM is 20mnmi81] (Figs. 3.10(a)and3.10(c). In the experi-
mentation and simulation stroke length of 18 mak(K Xy, —xuw < kwhere k= 9mm)
was used to avoid the collision. This constraint was comsaigvhile designing the
profile parametergy, teo, tu1, tu2, tuz andty, of Fig. 3.3

« The maximum achievable continuous acceleration of thedM30ms 2. This limit
was considered while designing the profile paramedgyg, amg andamq of Fig.
3.3

* The maximum static friction force of the capsubotugMg. This constraint was
considered while designing the profile parametgis, anw andame of Fig. 3.3(a)
and3.3(c)

 Other constraints of the linear motor (LM 1247-0201-Obynfrthe data shee181]:

Maximum continuous force onthe IM: 3.09 N

Peak force onthe IM : 9.26 N

Maximum continuous current through the motor coil: 0.48 A

Peak current through the motor coil : 1.44 A

The above mentioned constraints are met when acceleratiosed within the limit
+30ms 2.

System Calibration

The components of the capsubot that are involved in the redildm process are the mo-
tion controller, the linear DC motor (QUICKSHAFT LM1247-0D1) [18]] and the hall
sensors. To calibrate the hall sensor signals the builapability of the motion manager
software L8]] is used. Calibration of the hall sensor signals is necggsarptimally adjust
the motion controller to the connected linear motor. ThedinDC motor is connected to a
PC through the motion controller where the motion managéwsaee is installed. Before
starting the calibration, it is ensured that the rod is inrtfiddle of its traversing path and
can be freely moved over the whole traversing range. Themtiteon manager software is
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Inner Mass (Cylindrical

rod with extra mass)
Three Hall sensors below
the orange cap (detect Inner

Mass position)

Motor housing

Batteries
11.1V, 1000 mAh
(Length: 66mm, Width:
35mm, Depth: 19 mm)

} Two Lithium Polymer

Motor coil inside the
housing and peripheral
to the Inner Mass

Motion controller
(Height: 27.5mm, Base
Length: 65mm, Base
Width: 58mm)

(a) 3D CAD design of the Capsubot (without Capsubot-shell)

(b) Implemented Capsubot: With capsubot-shell (Lengtten2(Diameter:
8cm)

(c) Implemented Capsubot: Without capsubot-shell (Extra
masses - blue tack - are added to the cylinder to increase IM to
capsubot mass ratio)

Fig. 3.10 CAD design and implemented capsubot
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asked to calibrate the hall sensor signals. During the idldn process the cylindrical rod
(IM) of the linear DC motor is positioned several times witkts range limits. The software
shows a message after successful completion of the cabibrat the hall sensor signals.
The optimized system parameters are saved in the motionotlentmemory by using the
"EEPSAV" command in the motion manager software.

When the calibration is completed few test measurementskea to verify the calibra-
tion. The motion manager software is given the command "R@#¢h shows the current
position of the cylindrical rod measured by the hall sensdrsen the cylindrical rod is
asked to move to+9mni' by using the command "LA". Then the command "POS" is used
to know the position of the cylindrical rod after the movermmeasured by the hall sensors.
From the two measured positions the travelled distancedgyhndrical rod is calculated.
The travelled distance is also measured by using a vernlipecalhe measured values are
within "9 4+ 0.02mnt' for both the hall sensors and the vernier caliper measunegsné& he
complete process is repeated for five times and the measaigek\ie within "+0.02mn{'.
The process is then repeated for a movement®ini'. The measured values lie within
"—940.02mni. Thus the calibration of hall sensors along with the linB& motor and
the motion controller are verified.

Creation and Use of the Database

The equations presented in sectAd.lare used to create the database for the implemen-
tation. The parameters are used from Tehle The other parameters which are required
for the creation of the database are presented in TaBldJsing all the above information

a database is created which have the format presented iasBaBland3.4 for the utroque
and contrarium profiles respectively. The selection atbariis used for the selection of
the acceleration parameter set from the database of Taldasd3.4to track the capsubot
trajectory. This chapter proposes a segment-wise trajettacking and thus the complete
trajectory is divided into many trajectory segments. Thiec®n algorithm firstly cal-
culates the required capsubot average velogify (1)) for the current trajectory segment.
Then it selects the required profile (utroque or contraritmnirack the current trajectory
segment. After that the selection algorithm compa?,\%(i) with all the Xy, (Table3.3)

for the utroque profile and selects the parameter-set gometing to that particulatyy for
which xygq(i) is the closest in magnitude. Same procedure is followedHercbntrarium
profile. Then the inner mass uses the selected parametendséhias capsubot tracks the
current trajectory segment. For each trajectory segmerdltove procedures are repeated.
When all the trajectory segments are tracked, the capsobutletes the trajectory tracking.
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Table 3.2 Parameters of the developed capsubot to creatiathiease

|amuma | [@mumin | 8mudift | [@mu| = |@mu] g
30ms? | 8ms? | 0.5ms? 5ms 2 9.8ms?
|amcma>l |amcmirJ Amcdif f |am(2|

30ms? | 8ms? | 0.5ms? 5ms 2

Table 3.3 Database for the utroque profile

Serial | —
number XMu | mut | @me | Amwis | Amu

1
2

Ny

Experimental Results

The capsubot tracks a semi-circular position trajectoryagrlywood table. Fig.3.11(a)
shows the experimental position of the IM for the capsulajettory tracking. From Fig.
3.11(a) it is observed that the IM moves within the limit i.e. [-k, Where k is 9mm. Fig.
3.11(b)shows the experimental position trajectory of the capsubam Fig.3.11(b) itis
observed that the capsubot trajectory is not smooth ratlgereis step by step. The reason
behind this is the very nature of the capsubot movement iptangvhere capsubot moves
part of each cycle and remains stationary for the remainimg of the cycle. If a smaller
segment time is used, the smoothness of the trajectoryitigaekll improve.

3.5.3 Analysis
Comparison Analysis

Fig. 3.12(a)shows the experimental and simulation positions of the IMl&for the po-
sition trajectory tracking. Form Fig3.12(a) it is observed that the simulation and exper-
imental results have the same pattern. However there deratites between the curves.
The experimental result is delayed compared to the sinoulaésult.

Fig. 3.12(b)shows the experimental, simulation and desired (targei}ipa trajectories
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Fig. 3.11 Experimental results for position trajectoryckiag using proposed control ap-
proach



74 1D Capsule Robot

10 T n T T

"

[

[N}

o
[ [l
'

— Experimental
---Simulation

IM relative position (mm)
o

(a) Experimental and simulation IM positid®m — xu) for position trajectory tracking for 1

sec
2.5 et |
’ ---Desired
/E« ) Ty, Simulation
2k - % . . J
O 7 N Experimental
N—r i Sy
c
o
= ,
D 1.5
o 8
o /
46 I, \‘
o 107 \ il
> H N\
7] / \
o . Y
] H v
O 0.5 \ B!
i
0 1 1 1 1 1 1 1 1 1
0 2 4 6 12 14 16 18

8 10
time (sec)

(b) Experimental and simulation capsubot positigg)(for position trajectory tracking

Fig. 3.12 Experimental and simulation results for positrajectory tracking using proposed
control approach
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Table 3.4 Database for the contrarium profile

Serial
number
1
2

)?Mc Ana | ame

Nc

—Simulated tracking error
- - -Experimental tracking error|

Position tracking error (cm)

I I I I
10 12 14 16

|
=
el

8
time (s)

Fig. 3.13 Experimental and simulation capsubot positiajettory tracking error using pro-
posed control approach

of the capsubot. From Fi@.12(b) it is observed that the capsubot experiences 2.5s delay in
total in the experiments than the desired and simulatiomtsesHowever the experimental
capsubot trajectory has a similar pattern as the desirediendation trajectories.

One possible reason which leads to this difference is thgttbhe capsubot dynamics is
considered and the dynamics of the linear motor is ignoretiudly, the IM is actuated by
energising the coil placed inside the motor housing andperal to the IM. The terminal
inductance (phase-phase) of the coil is BB0O The current provided to the coil cannot be
changed abruptly because of the dynamics of the linear mbhws the force applied to the
IM and subsequently the acceleration of the IM cannot be gbdabruptly. This makes
the developed capsubot response in the experiment sloaerthiat in the simulation and
subsequently a delay is occurred in the experimental tajgc

Fig. 3.13shows the position trajectory tracking error in the simolatand experimen-
tation. Table3.5 presents the maximum absolute tracking error, mean alesetudr and
relative mean absolute error of the trajectory trackinge Shmulation position trajectory
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tracking error is small (relative mean absolute erro8226) whereas the experimental posi-
tion trajectory tracking error is big (relative mean abselerror: 1606%). One main reason
of this big error is the delay in the experiments which is expd above. The other fac-
tors which might contribute to the error are measuremergediiction uncertainty (simple
coulomb friction model is used here) and other disturbances

In future research the actuator dynamics can be incorpbiatiethe model and a sophis-
ticated friction model can be used. Other areas of improvesare to choose the segment
time optimally and incorporate capsubot position feedbatkthe control loop.

Table 3.5 Comparison of the algorithm performance for satioh and experiments

Position Maximum Mean Relative
Trajectory absolute | absolute mean
Tracking error (cm)| error (cm) absolute
error* (%)
Simulation 0.41 0.05 2.62
Experimentation 1.28 0.31 16.06

* Relative mean absolute error =
(mean absolute error / mean absolute desired value)100%

Repeatability and Reproducibility

The repeatability and reproducibility are discussed below

1. Repeatability: The trajectory tracking experiment wadgrmed on a plywood table.
The experiment was repeated on the same table and the resuéisalso repeated.
When the experiment was performed on a different table witbrént friction coeffi-
cient, the results were not repeated. To get a repeated tlesulatabase was recreated
considering the new friction coefficient and then trajegtivacking was performed.

2. Reproducing the simulation: Standard simulation tootldeSimulink was used for
the simulation of this research. The simulink model is pded in the appendiA.
The parameters used in the simulation is also mentioneceithésis. By following
the description in the thesis the simulation results coelddproduced. Furthermore
several articles has been published by the author basedearsbharch of this thesis
which are listed in Chapter 1. Those resources also can leetagget help for the
reproduction of the simulation.
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3. Reproducing the capsubot prototype: Many off-the-sb@tponents such as linear
DC motor, motion controller and batteries were used to agvéie capsubot proto-
type for this research. These components are available imérket and by following
the description in the thesis the capsubot prototype caefr@duced. Several time
during the research the capsubot prototype was disintesjiato individual com-
ponents and then reassembled. The assembled capsubotleds edproduce the
results. The key things to consider while assembling alctiraponents are:

» To keep the axis of movement of the inner mass (cylindrimd) m the horizontal
plane.

» To keep the axis of movement of the inner mass (cylindricd) parallel to the
sides of the robot shell.

» To ensure the distances of the inner mass (cylindricalfrod) both the sides of
the robot shell are equal .

4. Reproducing the experiment: Once the capsubot protasydeveloped the experi-
ment can be reproduced by following the description in tlesith The programming
instruction of a motion controller used in the developedgiggpe can be found in the
Faulhaber websitelB1]. Furthermore the published articles by the author can bd us
to get help for the reproduction of the experiment.

Drift, Overshoot and Noise

In Figs. 3.12(a)and 3.12(b)drifts are seen in the experimental results compared to the
simulation results. One possible reason for the drift cdaddhe dynamics of the linear
motor which is explained above in the "Comparison Analysettion. The control of the
trajectory tracking in this thesis is not fully closed lo@tirer semi-closed loop. This could
be another reason for the drift. By modifying the control wtiyf closed loop system the
amount of drift could be reduced. The modification to fullgse®d loop control is discussed
below in the "Fully Closed-loop System" section. The otla@tdrs which might have con-
tributed to the drift are measurement noise and frictioneatainty. Hall sensors are used
for the measurement of the inner mass position. The capsaobe¢ment is measured by
taking a video of the robot movement and then analysing tleovusing a Quintic video
analysis softwarel82. Measurement noises may have been introduced during the=ab
mentioned measurements.

Overshoots are also seen in the simulation and experinrestats shown in Fig3.12(b)
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One of the main reasons behind this is the segment-wisetoayetracking control used in
this thesis. To reduced the overshoots a smaller segmmeatetain be used.

Fully Closed-loop System

The control system developed in this thesis is semi-closed.| The control of the inner
mass is closed loop where partial feedback linearizatisbeen used. By controlling
the inner mass movements, the capsubot trajectory tradkipgrformed while using a
segment-wise approach. The feedback from the capsubat gasition has not been used
in the control i.e. the control is not fully closed loop. Duethe time constraint this thesis
has not implemented the fully closed loop control of the céjps$. However a guideline is
provided below to perform the fully closed loop control. Take the capsubot trajectory
tracking fully closed loop an on-board sensor such as aaaleter is required. Feedback
should be taken from the capsubot position (the on-boardl@mmeter can provide this)
and the control input should be corrected according to tra éqve) value for tracking the
position of the capsubot more accurately:

Xme(i) = Xmd () — Xmm(i). (3.35)

wherexyg andxym are desired and measured capsubot positions respectively.
xve Of (3.35 should be utilized to modify desired average velociy) at the start of
each segment3(27) of section3.4.2should be modified as below:

5XM(i) -|—X|\/|e(i — 1) .

T (3.36)

Xva (i) =

The fully closed loop control can be implemented using amia@ or a raspberry pi
along with the existing motion controller.

Capsubot Demonstration

A video is attached with the thesis (see the attached DVD)e&vtiee demonstration of the
position trajectory tracking is shown accompanied by a ehpsposition (desired, simula-
tion and experimental) vs time plot.

In the video demonstration, it is seen that the capsuboteshakile moving. To have a
smooth movement, the capsubot centre of mass should stée dll taxis of movement. It
ensures that no torque is applied on the robot. For the imgadéaal prototype of this chapter,
the centre of mass does not reside on the axis of movemerg ¢¥iths off-the-shelf linear



3.6 Summary 79

motor and controller are used manufactured by Faulhdl8dj.[ Rather the centre of mass
resides below the axis of movement of the IM. Thus the IM mosenproduces a torque
which tries to roll over the capsubot. The torque is not biguagh to roll over the capsubot.
However these repetitive attempts are responsible forttakisg of the capsubot. A custom
built capsubot can be made where the centre of mass residbe aris of movement of the
IM as done in 4] and the shaking issue may be resolved.

The robot structure also might have contributed to the stuypdf the capsubot. Here the
cylindrical structure robot is moving on a flat surface. tiobot is used inside a cylindrical
structure e.g. inside a pipe the shaking may reduce. On tee band if the outer cover of
the robot is changed to a parallelepiped and the robot is osedflat surface the shaking
may reduce.

Scalability of the Capsubot

The dimension of commercially available smallest lineartonas: diameter 8 mm and
length 58mm whereas the diameter and length of the cyliadrad (which works as IM)
are 4mm and 58mm respectively. The robot used®# s custom-built and the dimension
is: diameter 7mm and length 40mm. It demonstrates that gheutet can be miniaturized
to be integrated with a capsule endoscope. The size of a cosraihe available capsule
endoscope is 11mm in diameter and 26mm in len§88|.

3.6 Summary

This chapter has presented the modelling, theoreticalysisaltrajectory tracking control,
simulation and experimentation of the 1D capsule robotgehpt). It has addressed the
trajectory tracking control of the capsubot-type underatdd system for the first time. A
two-stage control strategy for the trajectory trackinghedf tinderactuated 1D capsubot has
been presented. Two modified acceleration profiles (utraqdecontrarium) have been pro-
posed which removes the limitations of the previously pemabacceleration profile idl].
The profile parameters for the newly proposed acceleratiofilgs have been optimally
selected considering the physical constraints. It hasqseg a novel selection algorithm
for the proper selection of the acceleration profile (i.egogtie or contrarium) and also to
select the correct acceleration profile parameters (aedin values). The trajectory track-
ing control strategy has been implemented on a developddtppe. The simulation and
experimental results have validated the trajectory tragkontrol strategy. This chapter has
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discussed the repeatability and reproducibility of theltdation and experimental results. It
has also explained the drift, overshoot and noise which sagept in the experimental re-
sults. It has presented an approach to develop a fully clusggitrajectory tracking control

which may improve the trajectory tracking performance & semi-closed loop trajectory
tracking control which has been proposed and developedsritasis. Finally this chapter
has presented the scalability of the developed capsubtuitppe.



Chapter 4

2D Capsule Robot

4.1 Introduction

This chapter presents a 2D (two dimensional) capsule raaps(ibot) which can perform
linear, rotational and 2D motions. The 2D capsubot showndn41(a) has the shape of a
parallelepiped. The two inner masses (IMs) are placed ihdflew spaces within the cap-
subot. The hollow spaces are identical and placed symrabyriwithin the capsubot, IMs

are also identical. IMs can move along the hollow spaces. dyrolling the movements

of IMs the capsubot can be moved on a plane. The sources ofadpelpion forces of the

IMs are not shown in Figd.1(a) The 2D capsubot is an underactuated system as it has five
degrees of freedom (two degrees of freedom for two IMs arekthiegrees of freedom for
the capsubot) but only two control inputs which are the ferae the IMs.

The main contributions of this chapter are to propose adtaijg tracking control algo-
rithm for an underactuated 2D capsubot by combining segwesg and behaviour-based
control, defining various basis behaviours for the 2D capsub develop a selection algo-
rithm for the proper selection of the behavior-set and tgpse the rules for implementing
each behaviour. Other contributions include implementitegclosed-loop control strategy
for the IMs of the 2D capsubot in a developed prototype andlgoting simulation and
experimentation to demonstrate the proposed capsubotaitibya
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Fig. 4.1 Top view of the 2D capsubot (a) x, y apdare generalised coordinate and mea-
sured with respect to the fixed reference fra@iXo, Yo) (b) Rotationgy j is measured with
respect to the local franig; - framel; rotates with the capsubot during rotation (here pos-
itive direction of rotational motion is shown) (c) Transtat xyj andxmy; are measured with
respect to the local framig (here positive direction of linear motion is shown)
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4.2 System Description and Defining the Behaviours

4.2.1 System Description: 2D Capsubot Model

Fm force shown in Fig.4.1(a)is applied on thdM; along the hollow space and creates
a motion whereasy, is the friction force. IM; applies equal and opposite forces on the
capsubot. The sources of the forces which are not shown ifighee could be linear
motors as used in chaptér From the Fig4.1(a) the capsubot dynamic model is:

Z Fx=MX= (Fr - fM>COE<(P> = (_le + fml - sz + fmz - fM>COE<(P>a (4.2)

> =My = (F — fm)sin(¢) = (=Fm; + fmy — Fm, + fm, — fm)sin(¢), (4.3)

Y Mg =19 =My — Mt = (—Fim, + fmy )12 — (—Fimy + fmy )11 — M1, (4.4)
where

* Xmi is the acceleration of thidvi;;

* X, y andg are generalised coordinates of the capsubot with resp#ue tixed frame
O(Xo,Yo0);

* my and M are théM; mass and capsubot mass respectively;
* F is the total reaction forces of the IMs on the capsubot;

* M, is the total moment due to reaction forces of the IMs on thewghpt about z-axis
through the mass centre of the capsubot;

* |; is the perpendicular distance of the direction of the fdfgefrom the axis of rota-
tion;

 fy is the friction force on the capsubot with the surface of motifyy =0if F =0
and|fu| increases wheff; | increases with a maximum value &jfiy = sgn(r)uMg,
— ris the linear velocity of the capsubot,
— M is translational friction coefficient,

— g is gravitational constant;
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* Ms is the frictional moment of the capsubot about z-axis thiotlge mass centre

of the capsubot M; = 0 if My = 0 and|M¢| increases wherM;| increases with a
qung)

maximum value oMy = sgn(@) §uMg(rz2+ “

— = Viv, Mh=- |2;»W2 [184]),

— U is rotational friction coefficient,

— | andw are the length and width of the capsubot respectively, and

-1 = %ZM(IZ-i—WZ) is the moment of inertia of the capsubot about z-axis through

the mass centre of the capsubot.

4.2.2 System Description: Motion Generation and Switching

The capsubot has one switching mode and two motion modeslyéinear motion mode

and rotational motion mode depending on the forces applethe IMs. For easy imple-
mentation, the capsubot is designed with= m, = mandl; = I,. The mass centre of the
capsubot is assumed to stay at a fixed point within the capsuiaithe natural mass centre
of a parallelepiped i.eG of Fig. 4.1 The IMs follows the following four-step acceleration
profile in linear and rotational motion modes. One exampléhefacceleration profile is
shown in Fig.4.2(a)

(

aniz 0<t<ty, Vi=1,2 Stepl: Forward journey of IM,

B amp t1<t<tp; Vi=12 Step2: Forward journeyof IM,
Xmid = . _ (4.5)
aniz tip<t<ts Vi=12 Step3: Return journeyof IV

amia t2<t<tyg Vi=12 Stepd: Return journeyof IM

\

After choosingamii to amis based on the desired capsubot velocitigdp tj; can be found
as:
|Vimit | |Vimit | |Vmia| |Vmia|
ti1=— l2=ti1+—= tiz=t2+ ; tia=tliz+ ; 4.6
L= o] 2T g 13T g WSt 40
wherevmyiz andvz are thelM; velocities at the end of steps 1 and 3 respectively.
The IMs follow the following two-step acceleration profileswitching mode:

B amst 0<t<tj; Vi=121and/or2 Stepl: Forward journeyof IM, @.7)
Xmid = .
amsp  tin <t <t Vi=1and/or2 Step2: Forward journey of IM.
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Fig. 4.2 Examples of acceleration profile for the (a) Motioades (linear and rotational)
(b) Switching mode



86 2D Capsule Robot

A convenient choice for switching accelerations afgn = —amsp. Thentj; andtj» can be

found as:

2k
—  tio = 21, (4.8)

tip =
I ‘amsﬂ|

where k = maximum stroke length &¥i;.

Linear Motion Mode:If forces of same magnitude and direction are applied to tiath
IMs i.e. Fn, = Fm, (Xmid = Xmeq) then from @.2), (4.3) and @.4) :

F+#0
M, = 0 and ZMG: 0

As 5 Mg = 0, the capsubot has no rotational motion. Freh®yand @.3), it can be
said that if the capsubot has a zero initial velocity &Rd > | fum|, the capsubot starts a
linear motion. An example of acceleration for the linear imotmode is shown i.2(a)
The 2D capsubot performs the linear motion in steps 2, 3 artdbpatep 4.

Rotational Motion Mode!lf forces of same magnitude but opposite directions are ap-
plied to the IMs i.eFn, = — Fm, (Xmd = —Xmq) then from @.2), (4.3) and @.4):

F = 0 and ZFX:ZFy:O
M; £ 0

As 5 Fx =5 K, =0, the capsubot has no linear motion. Froh¥), it can be said that
if the capsubot has a zero initial velocity aid, | > |[M¢u|, the caspubot starts a rotational
motion. An example of acceleration for the rotation motiond®a is shown it.2(a) The
2D capsubot performs the rotational motion in steps 2, 3 antlgh step 4.

Switching Mode:The 2D capsubot uses this mode to switch from one motion to an-
other. In this mode the IM/IMs changes/change its/theiitpsfrom one end to other but
the capsubot remains stationary. Here the forces appligleiMs are small enough so
that || < |fum| and|M;| < |Msm|. Thus the IMs’ accelerations maintain following
constraint: [Xmiq| < min('fz“ﬂa"‘, ‘gﬂnf]“ﬂ). An example of acceleration for the switching mode
is shown in4.2(b)




4.2 System Description and Defining the Behaviours 87

4.2.3 System Description: Basis Behaviours

The following nine basis behaviours are defined based onlibreeaswitching and motion
modes. These behaviours are followed for the trajectooking.

1. Forward (FW) linear motion: The IMs’ initial and final ptisns are the rear end of
the capsubot; the capsubot moves forward. The movemente doMs are shown in
Fig. 4.3(a)for this behaviour.

2. Backward (BW) linear motion: The IMs’ initial and final ptens are the front end
of the capsubot; the capsubot moves backward. The movewights|Ms are shown
in Fig. 4.3(b)for this behaviour.

3. Clock-wise (CW) rotational motion: The initial and finabgtions of thelM; are
the rear end of the capsubot and of th& are the front end; the capsubot rotates
clockwise. The movements of the IMs are shown in Big(c)for this behaviour.

4. Counter clock-wise (CCW) rotational motion: The initaid final positions of the
IM1 are the front end of the capsubot and of tMe are the rear end; the capsubot
rotates clockwise. The movements of the IMs are shown in Eig(d)for this be-
haviour.

5. Switching to FW linear motion: Using this behaviour bdtle iMs reach to the rear
end of the capsubot and ready to start FW linear motion.

6. Switching to BW linear motion: Using this behaviour bdtle iMs reach to the front
end of the capsubot and ready to start BW linear motion.

7. Switching to CW rotational motion: Using this behavibt; andIM, reach to the rear
and front end of the capsubot respectively and ready toGWrtotational motion.

8. Switching to CCW rotational motion: Using this behavibt; andIM, reach to the
front and rear end of the capsubot respectively and readyato GCW rotational
motion.

9. Stationary: Both the IMs remain stationary and thus thesghot also remains sta-
tionary.
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IMs movements IMs movements

Capsubot movement Capsubot movement

(a) (b)

IMs movements IMs movements

Capsubot Rotation Capsubot Rotation

(© (d)

Fig. 4.3 Movements of the IMs for various motion behaviowsl(inear (FW) (b) Linear
(BW) (c) Rotational (CW) (d) Rotational (CCW)
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4.2.4 Reference Frame Allocation

A fixed reference fram®(Xo,Yo) and the following local frames are assigned with the
robot and the IMs while the robot moves (shown in Fidl). Two local framesR; (Xg;, Yr;)
andL;(X;,Y;) are assigned on the mass centre of the capsubot. The rol@tpgonly
one behaviour at a time. When the capsubot needs to move fnenpaint to another, it
uses rotational motion to align itself with the straigh#lijpining current position and des-
tination; then it uses linear motion to move to the destoratiwhen the capsubot rotates
Rj remains stationary with respect@and,Lj moves with the capsubot. Thén also be-
come stationary with respect @and the capsubot performs linear motion. When the robot
moves to the next destination two more local frames are msdigThe current orientation
and position of the capsubot with respecQare:

O = @1+ @uj, (4.9)
Xj = Xj—1+Xmjcoqq), (4.10)
Yi = Yj-1+Xmjsin(¢), (4.11)

whereqyj is the rotation of the capsubot with respecRcandxy | is the translation of the
capsubot with respect 1g.

When the capsubot switches from one motion behaviour tdhendtuses the switching
mode while the capsubot remains stationary but the IM/IMse@stmove.

Linear Motion Mode:In the local framel(j) the motion equations (1)-(4) become:

S Fx=Msy = —2Fn, + 2, — f, (4.13)

where f, = sgnXmi —Xm)Uimig Vi = 1,2 and fy = sgnxum) Mg, Xmi andxy are the
displacement of théM; and the capsubot respectively measured in the local frame (

The average linear velocity of the capsukgtis:

Xy = 4 (4.14)
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wherexy is the linear displacement of the capsubot in the cycle tjme

2 2 2 2
o1 = Vm2 |, VM3~ Vm2  Vus 7 (4.15)
2am2 2am3 2am4
Vimi Vimi Vimi Vimi
e | m|1| | m|1| | m|3| | m|3| (4.16)

amia]  ami2|  |amis]  amial’

whereayq is the capsubot acceleration in stgy2 andvyz are the capsubot velocities at
the end of steps 2 and 3 respectively.

vz = amz(tiz —ti1); Vms = amz(tiz — tin) +ams(tis —ti2),
_ —Mamg — Mpamq — HMQ
q— M ’

q: 17273747

Rotational Motion Modein the local framesl(j, R;) the motion equations (1)-(4) be-
come:
ZMezlm = (2Fm, — 2fm, )11 — Mg, (4.18)

2
wl—rmrs

where fry = sgn(Xmi) limg, Mgy = sgr(m)%ung(err Tl) [184], @ is the orienta-
tion of the capsubot in the local frame.

The average angular velocity of the capsu&_}mtis:

i =21, (4.19)
r

whereqy; is the angular displacement of the capsubot in the cyclettime

o‘)lg/IZ + a)|\2/|3_a)|\2/|2 o o"l\z/|3 (420)

20n2 203 2ams’

(n\/l:

~ |Vmial | [Vinia| | [Vimig | Vi3] (4.21)

tr =tia= )
T lama  lamiel  |amisl | |amial

whereayq is the capsubot angular acceleration in sgpv2 and wys are the capsubot
angular velocities after steps 2 and 3 respectively.
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w2 = amz(tiz —ti1); vz = amz(tiz —ti1) + ams(tis —ti2),
avg = (Mpamzgl2 — Mamgli — M)/l q=1,2,3,4.

Switching Modein the local framel(;) the motion equations (1) to (4) become:

where fm = sgnXmi) Uimig.

4.3 Trajectory Tracking of 2D Capsubot

4.3.1 Proposed Trajectory Tracking Algorithm

Let the capsubot follow the planar position trajectory shawFig. 4.4(a)which is a sinu-
soidal trajectory. This trajectory reflects necessary derity to test the performance of the
proposed trajectory tracking algorithm. This researclppses the following algorithm (tra-
jectory tracking control algorithm) to solve the trajegtdracking problem with the details
in section4.3.2

Preparation Step: Database creatioiip track the trajectory, change the capsubot ve-
locity by tuning the acceleration parameters of the IMs. ¢¢ea database is created by
computing capsubot linear and angular velocities for diife profile parameters to feed
into step 2.3.

Step 1: Generating trajectory segmeridivide the trajectory into small segments as
shown in Fig.4.4(b) and compute the desired angular and linear velocitieseot#psubot
to track each segment.

Step 2: Behaviour-based contrgk behaviour-based control approach tracks each seg-
ment from step 1.

Step 2.1: Behaviour setefine nine basis behaviours. Several behaviour sets (A to
| in Fig. 4.5 comprising one or more basis behaviours are formed. Thelsavibur sets
include all necessary combinations of behaviours to track segment of trajectory.

Step 2.2: Selection algorithrd selection algorithm shown in Figl.6is used to select
appropriate behaviour set for each trajectory segment.

Step 2.3: Selection of profile parametefBhe desired velocity is compared with the
database and the appropriate profile parameters are sel@€biacceleration sets for which
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Fig. 4.4 (a) Desired position trajectory with time axis=€ At,y = Bsin(Qt)); where,
A= %, B=6Q= % (b) Taking segments from the desired position trajectoayt(pf the
trajectory is shown)
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(4.3) and @.32 give the minimum value, are selected for rotational anédmmotion
modes respectively. To switch among various motion modeis;ising modes are used.

Step 2.4: Tuning the segment tinTeine the segment time based on the selected param-
eters.

Step 2.5: Modification of the desired angular and linear eéles: The desired linear
and angular velocities for each segment are modified bas#teqrojected position of the
capsubot before the start of the tracking of the segment.

Step 2.6: Rules for behaviourdevelop rules to implement behaviours of selected
behaviour sets.

Step 3: Low-level controllMs movements for each behaviour is performed using partial
feedback linearization control.

Summary of the Algorithm: Step 1 is used to generate segments from the desired tra-
jectory. Step 2.1 is used to define behaviours and behavetsir Step 2.2 is used to select
appropriate behavour-set to track the trajectory in a seggmiéhen in step 2.3 appropriate
profile parameters are selected for the selected behawburkese profile parameters are
the desired accelerations of the IMgiq,V i = 1,2. In step 3 the low-level IMs controller
tracks the desired IMs accelerationgg and eventually track the capsubot trajectory in a
segment. The process will be repeated for the rest of the exgigm

4.3.2 Methods for Implementing the Proposed Trajectory Tracking Al-
gorithm

Preparation Step: Database creation

For the acceleration profiles, the tunable variablesaafi¢, ami2, amiz and amia (Where
i = 1,2) to get various average velocities of the capsubot. Foplgiity, ani» = amniz and
ami1 = amia are designed and a fixed value @& = amis (Maintaining|amiz| = |amia| <
min(%, ‘gﬂr%ﬂ')) is used. Onlyamiz = amiz are tuned to get various average velocities of
the capsubot. It is noted thatafip # amiz andamiun # amia are chosen, the database size
will be larger.

A parameter set includesnii, ami2, amiz andamis (Wherei = 1,2). Total number of
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acceleration profile parameter sets for linear motighdnd rotational motionr() are:

|ammax!)| — [@mmin() |

n = floor +1, 4,22

! ( Amdif f(l) ) ( )

nn = floor( |amma>(r)| - |ammir(r)| )1, (4.23)
Amdif f(r)

where floor(A) rounds the elements of A to the nearest integers less thagual ® A,
| andr refers to linear and rotationdBmmayi)| and|ammaxr)| @re maximum accelerations,
|ammiry| @nd [@mmirr)| @re minimum accelerationsygif ¢y andamgit () are differences
between accelerations of two consecutive profile paransetsr

The average linear and angular velocities of the capsubailfpossible profile param-
eter sets are calculated usifgX4) and @.19 respectively and stored in the database.

Step 1: Generating Trajectory Segment

The trajectory tracking is performed in a segment-wise reanmhe desired trajectory of
Fig. 4.4(a)is divided into small segments with a segment time T, as showiig. 4.4(b)
The capsubot follows the straight lines connecting the ataat end points of the segments.
Firstly the capsubot aligns itself with the straight line lsing one of the rotational be-
haviours i.e. the capsubot corrects its steering angle.n Tine capsubot uses one of the
switching behaviours to switch from rotational to lineartroo mode. Finally the capsubot
travels the distance of the straight line using one of thedirbehaviours.

The smaller the segment time, the smoother the trackeattoaye However as the cap-
subot may need to complete the behaviour set comprising fqutdoehaviours (switching
to rotation, rotation, switching to linear and linear modido track the trajectory in a seg-
ment, the capsubot should satisfy:

T Zts+trm+ts+tlm, (4-24)

wherets= time to complete the switching cyclg, = maximum time to complete a
rotation cyclef;,, = maximum time to complete a linear cycle.

Step 2: Tracking using Behaviour-Based Control

Step 2.1: Behaviour sets: Nine basis behaviours are defined in secéod.3 A to |
shown in Fig.4.5are all the possible behaviour sets to follow certain segminajectory.
E is used when the capsubot doesn’t change its position aedtation in the trajectory
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segment. A or B is used when the capsubot only changes itstatien whereas C or D is
used when it only changes its position in the trajectory ssgmF, G, H or | is used when
the capsubot changes both of its position and orientatidmarirajectory segment.

Step 2.2: Selection algorithm: The selection algorithm shown in Fig.6is used to select
the right behaviour set - A to | - to track each trajectory segtn At the beginning of the
tracking the IMs are placed at the rear end of the capsuba.v@hable P is used to keep
record of the behaviour of the capsubot - P = 1, 2, 3 or 4 meanrikvious behaviour
executed is FW linear, BW linear, CCW rotational or CW raiatl respectively. The rules
developed in the step 2.6 are used to implement behaviouding skelected behaviour sets.

Step 2.3: Selection of Profile Parameters The segment time, T is decided from the de-
sired trajectory by satisfying the constraint dfZ4). In each segment the capsubot needs
to follow a behaviour set from Fig4.5. The desired veIocity'ZMd(j) and desired angular
velocity, @qq(j) can be calculated as:

XMd(j) = V (X —Xj-1)% = (¥j —¥j-1)% (4.25)
Wd(j):tan_l% v j=12.n, (4.26)
Xwaj) = EME(E (4.27)
Avaj) = %"d“)iﬁv'sd“‘” Vj=12.n, (4.28)

wheren is the number of segmento, o) and@q(o) are the initial capsubot position and
orientation.

For A and B (Fig.4.5), |>'?Md(i)\ < & (& is a small number), thung\,,d(j) is modified as:

Mvd(j) — Pvd(j-1)
T —ts

Md(j) = Vji=12.n (4.29)

For C and D (Fig4.5), |(E\,|d(j)| < & (&1 is a small number), thugwd(j) is modified as:

— XMd(j .
X)) = T_(éi Vj=12.n (4.30)

Selection: If qE\Ad is negative (CW rotational motioriM; follows the profile of Fig.
4.2(a)wheread M1 follows Xmig = —Xmpg- If (md is positive (CW rotational motionM1
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Fig. 4.5 Block diagram of the behaviour-based control of2ZBecapsubot (one of the be-
haviour set from A to | is used to track a segment)
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Place the IMs
at the rear end
Set P=1
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Use (4.29) - (4.30) for j=1 and
use (4.40) - (4.41) for j=2,3,..n

End

Fig. 4.6 Selection algorithm for Figt.5( &, andé&; are small positive numbers )
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follows the profile of Fig. 4.2(a) whereasiM, follows Xypqg = —Xmig- Now the profile
p_arametersa(ml, ami2, aniz andamia) need to be selected which will generate the desired
q'q\/.d._AII the possible profile parameter sets and correspondiegage angular velocities
ie. m(q), g=1,2,..n, are found from the database created in the preparation. stage
minimum errorgyis can be obtained fron4(31). The profile parameter set corresponding
to minimum error in 4.31) is selected.

@it = min((|@val — @D, (aal = | M), (Bl — l(m)]).  (4.31)

If Mg is positive (FW linear motion) both IMs follow the profile ofgs 4.2(a) If Xy iS
negative (BW linear motion) IMs follow accelerations witletequal magnitude as in Fig.
4.2(a)but opposite in direction. All the possible profile paramestets and corresponding
average linear velocities i.e'?M(p), p=12,..n are found from the database. The mini-
mum errorxgis¢ can be obtained from4(32. The profile parameter set corresponding to
minimum error in 4.32) is selected.

it = min(([Xma| — (D)1, (Kl — 5 (2)]); -+, ([aaal = [Xna (1)) (4.32)

Step 2.4: Tuning the Segment Time The segment time is tuned based on the selected
profile parameter sets. The selected parameter set can ®niyda for a multiple of cycle
time 1 i.e. one cycle or two cycles or three cycles or so on. To satigé constraint the
segment time T is tuned as follows:

. Tt
Rotation: Triuneg = tr(se) % floor(——), (4.33)
tr(sel)
. T—ts
Linear: Tjquneq = ti(se) x floor( ), (4.34)
[ (sel)
FOI‘ A and B -rtuned: Tr(tuneo) +t57 (435)
For C and D: Tiuned= Ti(tuneg +ts; (4.36)
ForF, G, Hand I Twned= Ti(tuned + Tr(tuneg +Zs, (4.37)

wheret; se) andt; (se)) are the cycle times of the selected acceleration profilerfear and
rotational motions respectively atgis the cycle time for switching mode.

Icycle time is the time to complete all the steps (four stepéiiear and rotational mode and two steps for
switching mode) of the acceleration profile.
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Step 2.5: Modification of the desired angular and linear veloities The desired angular
and linear velocities are modified iteratively using theem each segment. The expected
position of the capsubot after completing each segmentcsileded based on the selected
profile parameters and tuned segment time. This positiorseésl to modify the desired
angular and linear velocities for the next segment. Thusnbelified desired velocities
Xnd(j) and@yq(j) are:

Xmd(j) = \/(Xj —Xe(j-1)? = (Yi = Ye(j-1))? ¥V 1 =2,3,.n, (4.38)

1 Yi = Ye(j-1) .
= — = =23,.. 4,

@va(j) = tan FA——— Vo ,3,..N, (4.39)

— XMd i .

o) = 7o V=230 (4.40)

- Mvid(j) — Pvd(j-1 .

wd(]) - : % s 0=y v = 27 37 -.n, (441)

where(Xg(j—1),Ye(j—1)) IS the current position of the capsubot before the trackirtg@jth
segment of trajectory and can be calculated iteratively as:

Xe(j—1) = Xg(j—2) + Sj-1€086j-1), (4.42)
Ye(j—1) = Ye(j—2) T+ Sj-1Sin(6j-1), (4.43)

wheref;_; is the current orientation with respect@before tracking starts at the jth seg-
ment;sj_1 is the displacement of the capsubot at the (j-1)th segment.

9]—1 = 9j72 + TR(tunea) (mlu(jfl)seh (4.44)
Sj—1 = TR(tuned XMu(j—1)sel: (4.45)

where (E\Au(jfl)sd and )?Mu(jfl)sd are the capsubot angular and linear average velocities
respectively of the (j-1)th segment for the selected patarae

Step 2.6: Rules for Implementing the Behaviours The following rules are developed to
implement each of the behaviour:
FW linear motion:

1. Select profile parameters

2. Calculate the correspondifigtuneg)
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3. Execute the IMs movement tilkjapsed< T (tuned
4. SetP=1

BW linear motion:

1. Select profile parameters

2. Calculate the correspondifigtuneg)

3. Execute the IMs movement tilkjapsed< T (tuned
4. Set P=2

CW rotational motion:

1. Select profile parameters

2. Calculate the correspondifigtyneq)

3. Execute the IMs movement tﬂL|apsed§ TR(tune@
4. Set P=3

CCW rotational motion:

1. Select profile parameters

2. Calculate the correspondifigtyneq)

3. Execute the IMs movement tﬂL|apsed§ TR(tune@
4. SetP=4

Switching to FW linear motion:

1. Decide on the last behaviotir

2. (@) If P=1theyg = %mpq = 0 for IM1 andIM>

(b) Elseif P=2 then switching modefg1 = —am«?2; ame1 = —ame2 andXmg =
Xmzq) for both the IMs,

(c) Elseif P=3 then switching modef«g1 = —amg?2) for IM1 andXypq = 0 for IM»

2P=1, 2, 3 or 4 means the previous behaviour executed is F\&riB&V linear, CCW rotational or CW
rotational respectively
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(d) Elseif P=4 then switching modeafo1 = —ame?) for IM> andXy = 0 for IMy,

3. Execute one switching cycle with selected parameters.
Switching to BW linear motion:

1. Decide on the last behaviour

2. (@) If P=1 then switching mod@&fg1 = —am«2; ano1 = ame2 andXmid = Xmad)
for both the IMs
(b) Elseif P=2 thexmg = Xmpq = 0 for IM1 andIM>
(c) Elseif P=3 then switching modeafo1 = —amg2) for IM2 andXyq = 0 for IM1
(d) Elseif P=4 then switching modefg1 = —amng?) for IM1 andXppq = 0 for IM»

3. Execute one switching cycle with selected parameters.

Switching to CW rotational motion:

1. Decide on the last behaviour

2. (a) If P=1 then switching modego1 = ame?) for IM, andXy = 0 for IM4

(b) Elseif P=2 then switching mode{g1 = amg2) for IM; andXmpg = 0 for IM»

(c) Elseif P=3 then switching mode{g1 = —am«2; amo1 = —ame2 andXmig =
—Xmpq) for both the IMs,

(d) Elseif P=4 themg = Xmpq = 0 for IM1 andIM»

3. Execute one switching cycle with selected parameters.

Switching to CCW rotational motion:

1. Decide on the last behaviour

2. (@) If P=1 then switching modefg1 = —amng?) for IM1 andXyp = 0 for IM»
(b) Elseif P=2 then switching modefe1 = —ame2) for IM2 andXmg = 0 for IM;
(c) Elseif P=3 thenxmg = Xmaq = 0 for IM1 andIM>

(d) Elseif P=4 then switching modefg1 = —amg?2; 8mo1 = —ame2 andXmq =
—Xmpq) for both the IMs

3. Execute one switching cycle with selected parameters.

Stationary: Wait for one segment time.
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Step 3: Low-level Control of the IMs

The open loop control laws of the IMs are:
Fmd - mxmid+sgr(xmid - rd)ulmg v I - 17 27 (446)

whereryg = Xyug for linear motion mode and,q = O for switching mode and rotational
motion mode.
The closed loop control law can be selected, using partaldack linearizatior1]

Fng = QiTid + B, (4.47)

wherea; = my, B = SgNXmid — fd) LiMg.
Let Xi = Xmi — Xmig be the tracking error; choosing the linear control layw= Xmniq —
ki% — ko% and applying the control lawd(47) to (4.1):

% +kigX + k2% = 0. (4.48)

The values okj; andk;> can properly be selected using the standard linear cotigel t
ory. Then by using the control lawd.47) the IMs can be made to track the IMs’ desired
trajectories.

4.3.3 Simulation Results and Discussion

The simulation is performed in the Simulink/Matlab envimoent. The simulink model is
provided in the appendiB. The parameters used for simulation are taken from the proto
type developed in this research (presented in the sedt®nm, = my = 6.4gm Uy = o =
0.2, 4r = 0.08, it = 0.28 Frymay = Fromay = 1.03N, I3 =2 =11.5mmM = 42.9gm g =
9.8ms2,w= 7cm | = 8.7cmandk = 6mm The acceleration profile parameters used to cre-
ate the database for the trajectory tracking algorithmlaresar: [ammax) | = 20ms 2, | @mmin1) =
10ms 2|, amgis 1) = 0.05MS 2, |[amis| = |amia] = 7ms™? ; Rotation: |ammar)| = 20ms 2,
|amminr)| = 9MS 2, amgit1(r) = 0.1Ms 2 and |ami1| = |amia] = 7ms 2. The minimum seg-
ment time (T) is 0.47s which is calculated from the constrafr{4.24) and the above men-
tioned parameters. The segment time (T) of 1s, 2s and 4s atkinghe simulation to
evaluate the impact of the segment time (T) to the contrdbpeance. The initial position
and orientation of the capsubot are assumed to be (0, 0) aadirespectively.

Figs.4.7to 4.8show the simulation results for the trajectory trackingigshe proposed
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Fig. 4.7 Simulated control forces on the IMs for the segmenét T=2s (a)lM1 (b) IM;
Trajectories of the 2D capsubot for T = 2s (c) Segment-wisedlation trajectory (d) Ori-
entation/ steering angle trajectory
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approach for the segment time (T) of 2s. Figs/(a)and4.7(b)show the force applied on
the inner masses for the first one second of the trajectacititrg while the capsubot firstly
performs "switching to CCW rotation” behaviour (until0@s) and then performs "CCW
rotation” behaviour (until @6s) and after that performs "switching to FW linear motion”
behaviour. During the "switching to CCW rotation" behavidhe IM, remains stationary
and thus the forces on tH#&l, is zero as can be seen in Fig.7(b) ThelM; follows a
two-step acceleration profile as describediry and thus the force on tH&1; also has the
same two-step pattern as can be seen in &ig(a) During the "CCW rotational motion"
behaviour, forces of same magnitude but opposite direst@ma applied to the IMs which
can be observed from Fig4.7(a)and4.7(b)

From Figs.4.7(c)and4.7(d) the impact of the segment-wise tracking is observed in the
simulated translation and steering angle. In every segthentapsubot firstly corrects the
orientation and then it travels the line joining the stard and points of the segment. Thus
from Fig. 4.7(c) it is observed that the translation graph remains flat $tedion zero) at
the beginning of the segment and then increases whereage#rang angle graph changes
for the first portion of the segment and then remains flat {iatazero) for the rest of the
segment. The steering angle tracking error remains withmia(between -0.29 rad to 0.30
rad). The mean absolute error of steering angle trackinglig ad. The error can further
be reduced by decreasing the segment time.

The simulated trajectories of Fig.8are obtained by using the following equations:

Xj :Xj_l—l—(dj —dj_l)COQQOj), (4.49)
Yi =Yj-1+(dj —dj_1)sin(¢). (4.50)

It is noted from Fig.4.8that the capsubot follows the trajectory quite accuratElyg. 4.9
provides a comparison of the errors in the trajectory tragkising various segment times.
From Figs.4.8(a)and4.9(b)(the curve for T=2s) the error in x trajectory tracking ircses
at the beginning of each segment and then goes to close t@iz#re end of the segment.
The capsubot corrects its steering angle in the first podfdhe segment when it does not
have any translation and thus the x trajectory trackingrenareases. In the second portion
the capsubot performs translation and thus the error injedi@ry tracking decreases. Fig.
4.8(b) compares the desired and simulated y trajectory and shasvertbr in trajectory
tracking. From Figs4.9(b)and4.9(c)(the curve for T=2s) the error patterns are same for
both the x and y trajectory tracking. The error in the y trigeg tracking increases at the
beginning of each segment and then decreases to close tatzemend of the segment for
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Fig. 4.8 Trajectories of the 2D capsubot for the segment,tine2 s (a)x trajectory ( by us-
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the same reason as the x trajectory tracking. The error rfamglee x trajectory tracking is
-0.18 cm to 0.44 cm whereas the error range for the y trajgttacking is -0.73 cm to 0.67
cm. The mean absolute error of the x trajectory trackingi$ @m whereas mean absolute
error of y trajectory tracking is 0.23 cm.

From Fig. 4.8(c) it is observed that the capsubot can follow the desire@dtayy.
However the simulated trajectory is not smooth as the cajidobows the trajectory in a
segment-wise manner. However, this simulation result destnates the feasibility of the
segment-wise trajectory tracking algorithm for the capstippe underactuated robots.

Table4.1presents a comparison of the algorithm performance foouarsegment times.
From Fig.4.9and Tablet.1, it is observed that the errors in X, y, and steering anglesase
if the segment time (T) increases. On the other hand, compntame decreases if the
segment time (T) increases.

The uncertainties and disturbances have an impact on tjeettyey tracking perfor-
mance of the algorithm. The parameter uncertainty of thatidm is considered which is
one of the dominated uncertainties. TaBhl& provides the tracking errors of the algorithm
for various friction uncertainties (0% +15%). It is seen from Tabld.2 that the errors
increase with increasing uncertainty. From Tadl2 it can be seen that the performance
of the algorithm is acceptable as long as the uncertaintiesin within—10% to+10%.
One way to increase the robustness of the algorithm withexgp the friction uncertainty
is to modify the friction model in each segment using the mes data and then use it in
the next segment. Other control methods such as adaptiteotand robust control can
be explored to improve the sensitivity and robustness otrdeking algorithm to model
uncertainties and disturbances in the future research.

Table 4.1 Comparison of the algorithm performance for wesigegment times

T(s) Maximum absolute tracking errarMean absolute error Cqmputation
X (cm) | y(cm) | ¢(rad) x(cm) | y(cm)| g(rad)| Time (ms)

1 0.27 | 041 |0.23 0.09 |0.13 |0.05 |67

2 0.44 |0.73 |0.30 0.16 |0.23 |0.07 |59

4 1.09 |1.31 |0.46 040 |0.37 |0.11 |55
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Table 4.2 Comparison of the algorithm performance for wegifsiction changes where the
segment time = 1s

Friction variation Maximum absolute Mean absolute Relative mean
(%) error error absolute error* (%
Transla- Rota- X y (0] X y (0] X y (0]
tional (u) | tional () | (cm) | (cm) | (rad) | (cm) | (cm) | (rad) | (cm) | (cm) | (rad)
0 0 0.2710.41|0.23|0.09|0.13|0.05|0.48 | 3.42| 454
-10to 10 | O 0.42]0.60|0.23]0.15|0.18|0.05|0.79 | 459 | 454
0 -10to 10 | 0.96 | 0.77|0.23 | 0.33/0.30|0.05|1.68| 7.64 | 4.86
-10to 10 | -10to 10 | 0.83|0.94| 0.23 | 0.32 | 0.38 | 0.05 | 1.65 | 9.63 | 4.86
-15t015| 0 0.4210.73|0.23 |1 0.13|0.26 | 0.05 | 0.68 | 6.60 | 4.54
0 -15t015 | 1.89|1.19|0.24 | 0.77 | 0.56 | 0.07 | 3.98 | 14.2 | 5.93
-15to 15 | -15t0 15 | 1.94| 1.61| 0.24 | 0.84 | 0.74 | 0.07 | 4.36 | 18.8 | 5.93

* Relative mean absolute error(s;neanapsollie enor__) . 100%

4.4 Experimentation

4.4.1 Experimental Setup

A prototype shown in Fig.4.10(a)has been developed for the 2D capsubot. Here the
cylindrical rods of the two linear DC motors (LM0830-015)4181] (Fig. 4.11(A)) are
used as the two IMs. The linear DC motors (LMs) are placed #adlzed using adhesive
on a housing made of thin paperboard and thus forms the gpsoEach of the linear DC
motor is connected to a motion controller through wires.

The main components of the linear DC motor (LM) (Fg11(A)) are a housing or mo-
tor shell which houses the coil, hall sensors, a PCB (printexlit board) and a cylindrical
rod which is a permanent magnet. The cylindrical rod can nb@ak and forth through the
housing. The cylindrical rod can move 7.5mm in each direcfrom its middle position.
In the experiment the cylindrical rod is moved 6 mm in eaclkedion and the rest is left as
a clearance. Extra masses (blue tack) are added to the badhoéthe cylindrical rod to
increase the IM mass to capsubot mass ratio. The term IMr(imass) will be used for the
cylindrical rod with extra mass in the remaining chapter.

The motion of the IM is controlled by a motion controller showm Fig. 4.11(B). A
linear force is applied to the IM when the coil in the motorlslseenergised by the motion
controller. The linear DC motor can be connected to the matiantroller through wires
and a connector. The motion controller provides power tdittesar DC motor. The hall
sensors sense the position of the IM and feed the data to thiermaontroller to form a
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(b) Capsubot prototype with controllers and power supply

Fig. 4.10 Implemented capsubot
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closed loop system.

The controller is programmed to move the IM from one locatioranother location
by using a given acceleration and deceleration. The cdetroy itself calculates the time
that it has to use for acceleration and then deceleratioedohr the desired location. The
controller uses three hall sensors on each linear DC motakeposition feedback of the
IM and corrects the input to the IM accordingly to maintai ttesired acceleration or
deceleration and velocity.

A

Fig. 4.11 A) Modified linear DC motor (LM) B) Motion controlte

The motion controller is driven by 12V - 30V DC which is takearh a DC power sup-
ply. The motion controller of the capsubot system is progrea using the Motion Manager
software [L81] and the program is transferred from the PC to the motionrotiat by a RS-
232 cable and stored in the EEPROM of the motion controll&erTthe motion controller
can be disconnected from the PC. When the motion contralpowered the stored pro-
gram is executed and the IMs move accordingly. If the motmmtioller is connected to the
PC, the Motion Manager software logs the data of the lineani@®or.

4.4.2 Control Strategy

Control strategy presented in secti®2.2for the 1D capsubot is modified for 2D capsubot
and described below:

» Stage 1:For a given trajectory of the 2D capsubot, desired trajéesasf the IMs are
calculated.

» Stage 2:For the desired trajectories of the IMs, the control inpwgs the forces are
calculated (open-loop). The closed-loop control is adyy correcting the control
inputs using the error which is the difference between thesueed and the desired
trajectories of the IMs.
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In the experimentation, stage 2 of the control strategy &uated i.e. experimentation
of the closed loop control of the IMs are performed. The sctendiagram of the control
system for the stage 2 is shown in Fi§12 By implementing this stage the capsubot can
perform linear and rotational motions and by combining &ieg motions, can perform 2D
motion. If the IMs follow a fixed set of accelerations the aapst would have a constant
average linear or rotational velocity in every cycle. Torap@the velocity a different set of
acceleration has to be chosen.

xlm’xlm

t

r.,r.,r

md m> m?

2D Capsubot o)., N
m>=m> = m

Controller 2

ﬁszd

Fig. 4.12 Schematic diagram of stage 2 of the control system

x2m x2m

T J}“’_ﬂ JTI T

Low-level Control of the IMs

Low-level Control of the IMs are described in the step 3 ofgbetion4.3.2
All the simulations in this section are performed using Mathnd Simulink with the
help of the control law 0f4.47) and motion equationg(1) to (4.4).

4.4.3 Experimental Results and Analysis

The acceleration of thidVl; is constrained by; < min(Ximax, F';Tax). Hereximaxis the 30ns 2
which is a physical constraint of tH#;. Fcmax is the maximum force that can be applied
on thelM; continuously. On the other hartghmax is the maximum force that thidvl; can

sustain for a short time. In this experiment, the maximunuuszeleration is 20s 2. The

parameters of the capsubot are listed in Tab8
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Table 4.3 Parameter values of the 2D capsubot

my, My Ha, 2 K w I h
6.4gm 0.2 6mm 7cm 8.7cm 3.2cm
g M Fmax l1,l2 Hr M
9.8ms? | 429gm 1.03N 11.5mm 0.08 0.28

Fipmax Ficmax Linear Amil; Ami4 | Ami2, Ami3

2.74N 1.03N Motion | —20ms? | 5ms?
Rotational| ami1, ami4 | @21, @8m24 | 8m12, 8m13 | &m22, 8me3

Motion | —20ms 4 | 20ms? 5ms 2 —5ms?

The data of théMs are obtained from the Motion Manager software and then theesu
are plotted using Matlab. To obtain the data for capsubotamants, the motion of the cap-
subot is recorded using a video camera and then a video @abfsvare Quintic Biome-
chanics 187 is used. The software provides the position, velocity acckeeration of the
2D capsubot.

Experimental Results

Fig. 4.13(a)shows the positions of th&1; andIM», and Fig.4.13(b)shows the currents of
theLM; (linear motor 1) andLM> (linear motor 2) for the linear motion. From Fig.13(a)

it is observed that the IMs move in the range of -6 mm to 6 mm wittycle period of
0.15s. The shape of the curves fdh; andIM- positions are similar. From Figl.13(b) it

is observed that the shape of the curves for the motor csreeetsimilar in pattern though
there is a difference in magnitude between them. The casiglénthe linear motors are not
fully identical. Thus the current flow through the coils thatrequired for the two linear
motors to generate same motion are also different.

Fig. 4.14(a)shows the positions of tH&11 andIM», and Fig.4.14(b)shows the currents
of theLM; (linear motor 1) and-M, (linear motor 2) for the rotational motion. From Fig.
4.14(a) it is seen that the two IMs move in the range of -6 mm to 6 mm edpposite
direction with a cycle period of 0.15s. From Figp14(b) it is observed that the shape of the
curves for the motor currents are similar in pattern evenghahe IMs are moving in the
opposite direction as the magnitudes of the acceleratmmsdth the IMs are same.
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(a) IM; andIM;, positions for the linear motion
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(b) Currents of thé.M; (linear motor 1) and.M, (linear motor 2) for the linear motion

Fig. 4.13 Experimental results for the linear motion
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(a) IM1 andIM; positions for the rotational motion
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(b) Currents of the_M; (linear motor 1) and_M, (linear motor 2) for the rotational

motion

Fig. 4.14 Experimental results for the rotational motion
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Comparison with Simulation

The parameters for the simulation of the capsubot is takam the developed prototype
and are listed in Tablé.3.

Figs.4.15(a}4.15(d)and4.16(a}4.16(d)show the comparison between the experimen-
tal and simulation results for the linear motion and rotadilamotion. For the linear motion
both IMs has the same acceleration profile. Thus comparison for ldilyis shown in
Figs.4.15(a)4.15(d) For the rotational motion one of th#ls follows the same accelera-
tion profile as the linear motion and the ottt follows an acceleration profile that is same
in magnitude but opposite in direction. Thus for the rotaglomotion comparison foliM
that has the opposite acceleration profile iM; is shown in the Figs4.16(a}4.16(d)

Although there are differences between the experimentilsanulation results, their
trends are similar. The reasons for the differences coulddter dynamics, sensor dynam-
ics and other disturbances which are not considered in thelation. These issues could
further be investigated in the future research.

From Fig. 4.15(d) it is observed that the capsubot moves with a average vgloti
8.4 mm/s in the linear motion mode. To move the capsubot irogposite direction, the
acceleration of the&Ms need to be changed to the opposite direction. From4&itH(d) itis
observed that the capsubot moves with a CCW average angitanity of 13 degrees/s in
the rotational motion. To rotate the capsubot in the oppakiection (CW), the acceleration
profiles need to be swapped between the IMs.

4.5 Summary

This chapter has presented a 2D capsule robot (capsubatjodelling, motion generation,
theoretical analysis, trajectory tracking control, siatidn and experimentation. It has pro-
posed a trajectory tracking control algorithm combiningreent-wise and behaviour-based
control to solve the trajectory tracking problem of an urdéwated 2D capsubot. The basis
behaviours have been defined and behaviour sets neededkdheatrajectory have been
formed. The selection algorithm chooses the appropridteeur set to track each seg-
ment of the trajectory. The rules have been used to execdigdnal behaviours of the
selected behaviour set. The partial feedback linearizatimtrol has been used for the low
level IMs’ motion control. The simulation results has shaWwe feasibility of the proposed
trajectory tracking algorithm and the rules.

The simulation results for various segment time has beesepted which has shown
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Fig. 4.15 Comparison between the experimental and sinounlagisults for the linear motion
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Fig. 4.16 Comparison between the experimental and sinoulagsults for the rotational
motion
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that the trajectory tracking performance improves as tigensat time decreases (e.g. the
mean absolute error for the x trajectory tracking decre&s@09cm from 0.40cm when

the segment time decreases frostd 1s). Also the simulation results for various friction
uncertainties has been presented which has shown thagjbetary tracking performance
declines as the friction uncertainty increases (e.g. tlaive mean absolute error in the x
trajectory tracking increases fromd8% to 496% when the uncertainty in the linear and
rotational frictions increase from 0% 615%). This chapter has developed a 2D capsubot
prototype and implemented the closed loop control strategyhe IMs in the prototype.

It has presented the experimentation of the 2D capsubotenhbas shown the linear and
rotational motion generation of the 2D capsubot.



Chapter 5

Hybrid Robot

5.1 Introduction

This chapter presents a hybrid capsule robot which comlbiveglegless and legged propul-
sion mechanism. It has four modes of operation namely Iegtexie, legged mode, hybrid
mode and anchoring mode. Fig.1shows the design of the hybrid robot and Fsg shows

a partially exploded view of the robot. The robot compriska bousing closed by two end
caps, a pair of linear actuators and two sets of legs. Tha@gimay be solenoids or linear
motors and releasably coupled to the legs via grippers wdachbe electromagnets. When
the grippers are disengaged the actuators provide anaharitre and the robot works in the
legless motion mode. On the other hand when the grippersngaged, the actuators can
extend the legs through the slots in the housing and the mebrks in the legged motion
mode.

The main contributions of this chapter are to design a noyetit robot for the medical
applications comprising four modes of operation, to dgvele anchoring method and three
other methods of moving the robot within the channel of a kabanvironment in three
motion modes, all by using the same set of actuators and, ttehtlee hybrid robot in all
the modes of operation.

5.2 Hybrid Robot Design

Fig. 5.1shows a perspective view of the hybrid robot. The hybrid tdtas two sets of
projecting legs. Each set consists of six legs. The robatriméd of an elongate cylindrical
housing and a pair of hemispherical end caps being a frontapé@nd a rear end cap. The
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housing of the hybrid robot has a longitudinal axis A-A anxl axis-parallel slots within
which two leg-sets are operable to slide in a longitudineg¢ction. The legs are operable
both to retract through the slots so as to be entirely coethwithin the housing and to
project through the slots. The leg-sets are identical.

* ! Rear End
' K

End cap

Housing
Slot

Leg

Front End

Fig. 5.1 A perspective view of a hybrid robot having two sdtprojecting legs.

Fig. 5.2shows a partially exploded perspective view of the hybriabtof Fig. 5.1 In
Fig. 5.2 it can be seen that the housing is substantially hollow aradranged to house a
pair of actuators. Each actuator is arranged to move itadsd rod in the axial direction.
Each set of legs is pivotally coupled to a respective nut,eauth nut is coupled respectively
to an associated gripper mechanism. Each gripper mechanamanged to be able to both
grip and release an associated rod.

In Fig. 5.2 each gripper is activated and engaged with the correspgridd so as to
mechanically couple the rod to the corresponding set of |@dis, the actuation of each
actuator that is arranged to move the corresponding rod smuseonly the rod, but also the
corresponding gripper, nut, and leg-set in a parallel timado the robot axis.

When the first and/or second set of legs project through tie ahd the grippers engage
the rods, actuation of the respective actuators causesth@fklegs to slide in the slots.
Thereby enables the sets of legs to push and/or pull the dhybhot relative to matter
surrounding the hybrid robot. For example, when the hybwoiabt is located in a bodily
lumen, the legs may push or pull the hybrid robot along thatdn. In the example of
Figs. 5.1and5.2, the actuators are linear motors or solenoids such as (hatikisinear
DC-Servomotor as produced by Faulhaldg]] and the grippers have electromagnets (not



5.2 Hybrid Robot Design 121

shown) that can be energised to enable the gripper to holefpective rod.

Housing

Slot

Cylindrical rod
/4 _Actuator housing
Gripper
Actuator

Nut

Leg

Fig. 5.2 A partially exploded perspective view of the hybrabot of Fig.5.1 where the
leg-sets are coupled with the cylindrical rods.

Fig. 5.3shows an end elevation of a gripper, leg, and nut assembhedfybrid robot.
Each gripper has an arcuate gripping face for gripping threesponding rod, the arcuate
surface being profiled to correspond to the profile of theesponding rod to facilitate
gripping thereof.

Fig. 5.4 shows a perspective view of a gripper, leg, and nut assenfllyeohybrid
robot. In Figs.5.3and5.4, the legs are of unitary structure and each leg is planath Eac
consists of a first straight elongate portion (a) extendimgifa pivot region (b) by which
it is pivotally secured to the nut. At the distal region of tiirst portion (a), it extends
into a second straight elongate portion (c) that is raked#wacddly by an angle of about 40
degrees. The first straight elongate portion has a centrabate slot (d) extending along
most of its length to receive a pin. The second straight eltsgortion (c) extends into a
hooked end region (e). The hooked end region (e) has an inmeza edge region (f) that
extends on the backward side of the leg (to the right as seEmgi®.3). The inner curved
edge region (f) extends via an outer curved edge region (tpetouter straight edge (h) of
the second straight elongate portion (c). In this examfiléhealegs are of identical length.
The free end of the leg with a hook-like structure is to make shat the legs movement
makes the hybrid robot move in one direction.

In Figs. 5.3and5.4, each of the six legs is coupled to the nut via a respectivépm
5.5 about which that leg is rotatable. It enables the retraabicthat leg through the slot so



122 Hybrid Robot

that the leg lies entirely within the housing. Likewise, ledeg is also rotatable by means
of the associated constraining pin (Fi§.4). It enables that leg to be deployed from the
retracted configuration, through the slot, so as to profesretfrom. The two leg-sets can be
independently actuated using the respective rod withoytcatision between the rods or
leg-sets.

Leg

Pin

s

’% Gripper
; Nut

f.Inner curved edge region
9. Outer curved edge region

e. Hooked end region
“~h. Quter straight edge
¢. First straight elongate portion

d. Elongate slot
a. First straight elongate portion

Constraining pin

Fig. 5.4 A perspective view of a gripper, leg, and nut assgraba hybrid robot

Fig. 5.5shows a close up end view of a nut and the pins for couplingtegise nut.
Figs. 5.6 shows side views of an actuator, a leg and nut assembly of @dhgtot in two



5.3 Working Principle 123

different positions. Here the gripper is engaged with thee bhe leg is coupled to the nut
as explained above with reference to Fag4. Furthermore, a constraining pin that is fixed
relative to the housing is disposed in the slot of the leg eHere constraining pin per leg is
provided. To move between the first (Fi§.6(a) and second (Fig5.6(b) configurations,
the actuator is actuated in order to move the rod so as to rheveit away from the actuator.
The leg is coupled to the nut by the pin and the leg is free tateahbout the pin subject
to the constraints of the constraining pin. The constrgpim is fixedly coupled to the
housing and passes through the slot in the leg. The moverhém aut draws the end of
the leg that is coupled to the nut inwardly towards the actuathe constraining pin rides
in the slot in the leg so as to cause rotation of the leg in thmty-clockwise direction as
illustrated. Thus the combination of the pin, the constragpin and the slot in the leg act
to translate linear motion of the actuator into rotationation of the leg.

Pin

Fig. 5.5 End view of a nut and pin assembly of a hybrid robot

Fig. 5.7 shows a rear end view of the actuator, leg, and nut assemhiich the pin
that connects the nut to the leg can clearly be seen. Furtrerrfig. 5.7 also shows the
gripper engaged with the rod to enable a legged mode of aperat

5.3 Working Principle

The hybrid robot has four modes of operation: legless matiode, legged motion mode,
hybrid motion mode and anchoring mode. Same actuatorsecneation in all the motion
modes.
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Movement
of the Leg

ripper

Movement of the rod

(a) Leg is closing from opening position

Movement of the Leg

L= Nut
B Pin

Gripper

Movement of the rod

(b) Leg is almost closed

Fig. 5.6 First and second configurations, a side view of aliaetuator, leg, and nut assem-
bly of the hybrid robot when configured for legged motion

Leg

Nut

Pin

Gripper
Actuator
Housing

Cylindrical
rod

Fig. 5.7 A rear end view of one of the linear actuator, leg, mndassembly in legged mode
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5.3.1 Legless Mode

This is the primary propulsion mode. In this mode the cylicalirods act as inertial masses
(IMs) to cause propulsion. The leg-sets are disengaged finencylindrical rods and re-
tracted inside the robot body. Thus the movement of the dsiltal rod does not cause
any movement of the leg-sets. By controlling the accelenatif the cylindrical rods, the
robot can i) move forward or backward and ii) rotate cloclems counter clockwise. In
legless mode the hybrid robot can be compared with the 2Dutapsiescribed in chapter
4. Thus the working principle in legless mode is same as de=stiin4.2.2 The mass of
the leg-nut-gripper assemblies are added to the mass dflvioé r

5.3.2 Legged Mode

This is secondary propulsion mode. This mode is only actvathen the robot can not
pass some path using legless mode. In legged mode &8y.the grippers are engaged
with the cylindrical rod and thus the leg-sets are connewgidiucylindrical rods through the
gripper-nut assemblies. When the cylindrical rod movesdity, the corresponding gripper-
nut assembly moves linearly with it. As the constrainingipifixed on the robot cover, thus
the legs rotate and slide with respect to the constraining.plhe repeated leg movement
can be utilized to move the robot forward. The closing anchagecan be controlled in the
following control sequences so that the robot only movelétforward direction.

» Cycle 1: At the beginning of the legged locomotion, bothldgesets are closed.

— Step 1: In this step the rear leg-set starts opening. Duhigystep the robot
experiences a small backward force and thus moves backward.

— Step 2: The front leg-set starts opening. The robot expeeea small backward
force. But as the hook of the front leg set locks the robot apploses any
backward movement, the robot remains stationary.

— Step 3: The front leg set starts closing. The robot expeeacforward force
from the reaction from the surrounding and the robot movesdad. Because
of the hook-like structure, the opened rear leg set creasslow resistance in
the forward movement of the robot.

* Repeated cycle: By repeating steps 2 and 3 the robot moxeario.
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Fig. 5.8 Leg and cylindrical rod movements in Legged mode

5.3.3 Hybrid Mode

In this mode one of the leg-set is kept always open and othgesdeis disengaged from the
cylindrical rod and retracted inside the robot body. The feglindrical rod is operated in
legless mode. Thus in hybrid motion mode one of the actuatased to ensure that one
leg-set is open to make path for the robot. The other actwaidts in legless motion mode
to provide force to move the robot forward. It helps to operoaalusion or to widen a
narrowing.

The hybrid motion can be divided into two types: 1) Hybridskation-anti-clockwise
rotation (Fig.5.9(a) and 2) Hybrid translation-clockwise rotation (Fig9(b).

Hybrid translation-anti-clockwise rotation

The first leg-set is kept open and second cylindrical rodrimemass/ inner massiMy)
follows the acceleration profile shown in Fig.2(a)in chapterd. The reaction force urges
the robot to move forward. Moreover as the reaction forcesdus go through the mass
centre of the robot, it creates a torque with respect to thesnsantre of the robot. The
torque urges the robot to rotate counter-clockwise.

Hybrid translation-clockwise rotation

The second leg-set is kept open and first cylindrical rodrimemass/ inner massiM1)
follows the acceleration profile shown in Fig.2(a)in chapterd. The reaction force urges
the robot to move forward. Moreover as the reaction forcesdus go through the mass
centre of the robot, it creates a torque which urges the robattate clockwise.
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with respect to the robot
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(a) Hybrid translation-anti-clockwise rotation (b) Hybrid translation-clockwise rotation

Fig. 5.9 IM movements in hybrid mode

5.3.4 Anchoring Mode

In anchoring mode (Fig.5.10 the robot stays in a certain position to do a certain task
e.g delivering treatments and taking video for longer timelfetter observation. Both the
actuators are used to keep both the leg-sets open. The @stugipose any movement
tendency of the legs by any external force e.g. viscerabtasis. Thus the features of the
anchoring mode are: i) the robot does not move and ii) bothefieég-sets are opened to
anchor the robot in certain position to do a certain taske(tadleo and deliver treatment).

Ns are stationary

IMs are stationary

/ / Robot is stationary

Fig. 5.10 Hybrid robot in anchoring mode
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5.4 Modelling of the Hybrid Robot

5.4.1 Modelling of the Legless Mode

In legless mode the hybrid robot can be compared with the PBudzot described in chapter
4. Thus the working principle and modelling in legless modgaisie as described in chapter
4. The mass of the leg-nut-gripper assemblies are added todks of the robot.

5.4.2 Modelling of the Legged Mode

By controlling the movements of the cylindrical rods the-sgs can be opened and closed.
The leg has good contact with colon while the opening of tgedel40 — 110° [48]. Thus
the working angle for the leg is kept 140110°. The closing of the leg is defined as moving
the leg-set from leg-opening 14@ 110 as shown in Figs5.12and5.13 The opening

of the leg is defined as moving the leg-set from leg-openir®y 1d 140 as shown in Fig.
5.14 In one cycle the leg performs closing and opening i.e. ménees 140 to 110 and
then returns to 140from 110. To help the reader to follow modelling of the legged mode
a notation list is provided in Table. 1

Table 5.1 Description of the notation used in this chapter

Notation| Description

Fact Force on the cylindrical rod by the Motor housing

Feg Force on the colon wall by the leg-tip

l1 Length of the first link of the leg

P Length of the second link of the leg

6 Angle between the first link and the robot body

6u Maximum leg-opening, 140

Om Minimum leg-opening, 110

o Angle between the first and second links-£5°

P Straight line distance between the constraining
pins (on the cover and on the nut)

q Straight line distance between the constraining pin on

the cover and leg-tip (contact point with the surrounding)
Xeg—tip | Horizontal position of the leg-tip

Yieg-tip | Vertical position of the leg-tip

(xe,Ye) | Position of the pin on the robot cover, F
(Xxm,Ym) | Position of the cylindrical rod (inertial mass)
(xm,ym) | Position of the robot
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When the leg-set is closing froml40° to 110° and leg-tips have no contact with the
surrounding

Fig. 5.12shows the scenario where the leg-set is closing front 1d@ 10 and leg-tips
have no contact with the surrounding. Here the cylindriodlmoves towards left from A
to A" position, 8 changes from 140to 110, the leg moves from red dotted to blue solid
position and the leg-tip moves from C’ to C" position. Theifios of leg-tip for Fig.5.12

1 ) /
Fieg = _E(Fact - fm)sm(ﬁ)%
Rcolon COS(C{)

“a
Rcolon lm}sm(a)
q
§
Robot Cover
!
P B

1

;(Fact - fm)/%
1 . fn
H(F“Ct = fm)sin() — :|

<_ Forces on the rod

F by the robot
act

Robot Cover

Fig. 5.11 Leg-opening 140 degrees - the robot is stationary

Xieg-tip = 11€090) + 12050 + &) 4 Xm, (5.1)
Yieg-tip = 118IN(6) +12SiN(0 + 8) + Ym, (5.2)

whered = —15°, |1 = 4mmandl, = 8mm These are constants for a specific leg.

1 l1sin(Bw)
l1co96m) — Xm’
xv = 0. (5.4)

0(xm) =tan” (5.3)

Thus:
« From ©.3) and 6.1) if 6 = By thenxy = 0 andXjeg—tjp = —7.6528mm

« Similarly from (5.3) and 6.1) if 6 = 6y thenxy, = —2.1284nmandXeg_tip = —4.1937mm
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q'=B'C"for blue solid leg Y
q'=B'C’ for red dotted leg

Robot Cover

Linear Motor Rod X

Robot Cover

—

0 X

Fig. 5.12 Leg closing: the leg (red dotted and blue solidwa positions (140 and 110)
when the leg is not facing any obstacle - the robot does noemov

When the leg-set is closing froml40° to 110° and leg-tips have contacts with tubular
surrounding e.g. colon wall

Fig. 5.11shows the force balance where the cylindrical rod tries toeneft. F5¢; force is
applied by the housing of the linear motor on the rod. The roditae robot are stationary.
Friction f,, opposes the movement tendency. The rod appheBact” reaction force on the
housing of the linear motor which is attached to the outeeco¥the robot. The rod applies
Feg force on the leg-tip of each leg by lever action - the pin on &a the robot cover) of
each leg works as a cram and forms a lever. The reaction bytbe wall on the leg-tip is

Reolon = —Feg- The rod and the robot are still stationary. The force on élgetip is:

1 o
Fieg = — - (Fact — fm)sm(e)%, (5.5)

WhereRco|on = _Fleg, fm - 5|n(xm>llmmg, pl - sin?e)’

q = \/(YIeg—tip - YF)2+ (Xleg—tip - XF)Z-
The forces considered i () are perpendicular to the lever arm. The foﬁcﬁéact— fm)
which is applied to the leg is not perpendicular to the leven.a Thus the component
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of %(Fact — fm) force is taken along the perpendicular direction of the leren which is
%(Fact — fm)sin(@). Thus the force on the leg-tip which is perpendicular to pteeer arm

is —%(Fact — fm)sin(e)%. Wherep' is straight line distance between the constraining pins
(on the cover and on the nut) agds the straight line distance between the constraining pin
on the cover and leg-tip.

When all parts and the robot are stationary, there is a foatanbe. As two forces are
acting on the leg horizontally (towards left in Fi§.11): one by the ro%(Fact— fm) and
another by the colon waR.oc05 a) and, the leg is stationary, thus the pin (cram) of lever
must apply%(Fact — fm) + ReoloncOg @) (towards right in Fig5.11) force on each leg. Each
leg applieS%(Fact— fm) + ReolonCOS @) reaction force (towards left in Fig.11) on the pin
(cram). The pin on each slot of the leg are fixed to the roboecawus the force by all
the legs(Fact — fm) + NReolonCOS &) are applied to the robot cover and tries to move the
robot. Again the cylindrical rod applidsq — fm force (towards right in Fig5.11) on the
robot. Thus the total force acting on the robotftgct — fm) + NReoionCOS A ) — (Fact — fm) =
NReolonCOS o) (towards left in Fig5.11). Initially the robot does not move a$.ojonCOS o)
is small. Alsoy ReoionsSin(a) = 0 as there are three pairs of legs and the legs in each pair
cancels each others vertical component of reaction forces.

Now if Fact on the rod is increased, it tries to move the leg; but the legnoamove as
the colon wall resists the movement. Frolg it is observed that iF,t increases, then
INReolonCOS )| also increases. Thus the robot starts moving when this fxceeds the
friction of the robot (fy| = |umFnm|, whereFyw is the normal force). To maintain this
InReoioncog a)| force, the leg-tip needs to have contact with the colon-atlthe time.
So the rod needs to move slightly faster to maintain the i@adbrce; thus the rod has a
relative velocity with respect to the robot.

To fulfill the above mentioned constraints: the robot moeds the rod moves left which
causes leg-tip to stay in the same horizontal position @stifevertical position changes.
Thus in one closing cycle the rod moves left so that the aégees from 140to 110 and
to keep the leg-tip in the same horizontal position the distaravelled by the robot in one
cycle is (from Fig.5.13:

xm = (I1cog0) +12c0960 + ) +Xxm) for By — (11cog0) +12c090 + d) + xm) for Bm.
(5.6)
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d;;FC’for blue solid leg
%, q'=BC for red dotted leg
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Fig. 5.13 Leg closing: the leg (red dotted and blue solidwa positions (140 and 110)
if the robot moves

When both the rod and robot moveéXxm, xm) is:

B l1Sin(6v)
0 (Xm, Xm) = tan* , 5.7
(xm Xa0) 11COSB1) — X+ X ®.7)
and the leg-tip position is:
Xeg-tip = 11€056) +12€06 + &) + Xm, (5.8)
Yieg-tip = l18IN(6) +128IN(8 + &) + Ym. (5.9)

Thus:
« From 6.7) and .8) if Xjeg_tip = —7.65mmand6 = 140" thenxy = 0 andxy = 0.

* From 6.7) and 6.8) if Xieg—tip = —7.65mmand6 = 110° thenxy = —5.59 andxy =
—3.46.

Thus in one closing cycle the rod moves frag= 0 position tox,, = —5.59mmposition;
the angle changes frol = 140° to 6 = 110°; the robot moves fronxy = 0 to xy =
—3.46mm However the horizontal position of the leg-tip remainshamged i.eXegtip =
—7.65mm
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The dynamic equations are:

NReolonCOS @) = fim + M,

l s - /
Raton = 1 (P~ M) SiNE) 6.10)
where
p/ = WF()G) q/ = \/(y|997tip - yF)2—|— (Xlegftip _ XF)Z,
_ 1 |1Sin(9|\/|>

0 (Xm, XM ) = tan ,
(m M> |1COE(6M)—Xm+XM

——1lisi P
Yr = p=11Sin(6v), XF—Xm+tan( )

Xieg-tip = 11€090) 412090 + ) + Xm,
o — tan-t Yieg-tip —YF 7_T,
Xeg-tip—XF 2
Xm = Xeg-tip — |1€096) —l2c0g 6+ 9),
l1sin(6
= 17<M)—|1005(6M)+Xm,

tan(0)
fm = sgnxm) umFnm, Fum = Mg.

Modifying (5.10), finally the dynamic equation is:

MXm = (Fact — fm — M¥m) cos(or)gl— fm. (5.11)

When the leg-set is opening fromL10° to 140°

At the end of closing cycle the robot is stationary, the friegtset is partially open (11D
and the rear leg-set is fully open (130 The rear leg-set maintains its open position. The
rod associated with the front leg-set tries to move in. Hbeeeforces are same as forces
during leg closing but opposite in direction. Unlike leg silay, here the leg faces little
resistance while trying to move and, thus the reaction fea@dso small. Thus the force
NReolonCOY @) is Not enough to move the robot. So the robot remains statiomaen the
leg opens from 110to 140 (Fig. 5.14).
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Fig. 5.14 Leg opening: the leg (blue solid and red dottedyvim positions (110and 140)
- the robot remains stationary

Repeated cycle

Thus to keep the robot moving the rear leg-set is kept opentaadront leg-set opens and
closes repetitively. The robot moves during the closindegnd remains stationary during
the opening cycle.

5.4.3 Modelling of the Hybrid Mode

In this mode the hybrid robot performs a hybrid translatiotation because of the reaction
force from the IM that moves using the acceleration profilevanin 4.2(a)in chapter4.

As the robot moves, the legs experience an external forces Wte actuator that is used to
keep the leg-set open, has to apply a force to balance thmekfterce so that the leg-set
remains open. Let us consider the external force on eack g iand the limiting friction

of each leg isfieg. Fig. 5.15shows the acting forces for one leg in hybrid mode. From Fig.
5.15the required force for the actuator is:

/

Fact = —Nncosa SinB (Fext — f|eg)% + fm. (5.12)
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The dynamic model of the robot and the IM which works in legle®de is as follows (from
chapterd):

Fn — fmy = Mi¥mi i = 1, 2, (5.13)
MX = (—Fm + fm — fm)cog@) i =1, 2, (5.14)
MY = (—Fm + fmy — fm)sin(@) i =1, 2, (5.15)
1@ = (—1)'[(—Fm + fm)di —Mg] i =1, 2, (5.16)

where X, y andp are generalised coordinates of the robot with respect td fira@me
O(Xo,Yo); m and M are théM; mass and robot mass respectivelyis the perpendicular
distance of the direction of forcds, and fy, and, the axis of rotationfy is the friction
force on the capsubadts is the frictional moment of the capsubot about z-axis thioting
mass centre of the capsubot.

Model for two hybrid motions are provided below.

Hybrid translation-anti-clockwise rotation

Here the first cylindrical rod is used to keep open the firstdeg The cylindrical rod

will oppose any radial movement of the leg-sets. Howeverdhet as a whole can move
forward. The extended leg will increase the friction. HEv® (second cylindrical rod) is

dis-engaged from the leg-set to perform legless motionsThul3-(5.16 become:

Fm, — fm, = MpXa, (5.17)
MX = —Fm, — (—fm,) — fum, (5.18)
19 = (—Fmy + fm,)d2 — M. (5.19)

Thus the robot moves forward and rotates anti-clockwise.

Hybrid translation-clockwise rotation

Here the second cylindrical rod is used to keep open the gelegaset. HerdM; (first
cylindrical rod) is dis-engaged from the leg-set to perfdegless motion. Thusb(13-
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(5.16 become:

| = —(—Fm, + fm)d1 +Ms. (5.22)

5.4.4 Modelling of the Anchoring Mode

In this mode each of the leg-set is engaged with the correbpgreylindrical rod by the
gripper and the leg-set is kept wide open all the time.

¢ (F £ )cosa

| ext leg
g a

ls
Fext

Robot Cover

P ]

/

-
cosasinG(Fext-f‘eg)q'/ p

COSO(Fext.f\eg)ql ] %fm
<_ Forces onthe rod

i by the robot

Robot Cover

Fig. 5.15 Acting forces for one leg whéty: exceeds the limiting value dfcg (applicable
to both hybrid and anchoring mode)

If any external force (e.g. peristalsis) try to move the iplioe friction of the legs will
stop the robot from moving. The external force is assumee tadbing uniformly on all the
legs. IfFext is working on each leg anfleg is the limiting friction of each leg then:

Fext < fieg- (5.23)

If the external force exceeds the limiting friction forcetbé leg, the actuators need to
provide force to stop the robot from moving. Fi§.15shows the acting forces for one leg
in anchoring mode. From Fid.15 the required actuator force:
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/

Fact = —Ncoxsind (Fext — f|eg)% + fm. (5.24)

5.5 Simulation Results and Discussion

Simulation is performed in Matlab/Simulink environmentlighe data in Tabl&.2is used.
Some of these parameters are design parameters sach.ds, 1>, m, M anduy,. They are
chosen by the designer. Some other parameters are opgratangeters such &g, and6y,.
They are chosen as 118nd 140 as the leg has good contact with colon while the opening
of the leg is 140— 110 [48]. The equations developed in modelling section are used for
the simulation. The Ode45 (Dormand-Prince) solver is usidd awariable step.

Table 5.2 Parameters for the hybrid robot

n g o) I lo m
6 9.8 | —15° | 4mm| 8mm| 25gm

M Hm | Hwm Om O
100gm| 0.2 | 0.3 | 110 | 140

5.5.1 Legless Mode

The simulation for legless motion is similar to that of cheapt

5.5.2 Legged Mode

The simulation results for legged motion for one closingleyare shown in Fig5.16 Fig.
5.16(a)shows the force on the IM required to generate robot moveinelegged mode
while the legs are closing. Fi$.16(a)shows that the force required to generate the motion
is —12.5N to —21N. Various parameters of the robot design can be modified toavethe
force requirement. One of the scope of improvement is the ¢atp (Fig. 5.11). It can be
done by increasing the length of the leg from constrainimgtpithe leg-tip. By decreasing
this ratio, the force requirement can be decreased.

Fig. 5.16(b)shows the angle of the leg with the robot body while the rolnot e IM
is moving. The angle decreases from 1#®110C. From Figs.5.16(a)and5.16(b)it can be
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concluded that as the leg closes the required force inGseagkreaches to maximum when
the leg-closing is 110

Figs. 5.16(c)and5.16(d)show the IM and the robot translation respectively. It can be
seen from the figures that the IM travels -5.5 mm whereas thetitoavels -3.4 mm in one
closing cycle. Thus the IM moves faster than the robot. Téisdcessary to maintain a
contact between the the leg-tip and the surrounding enwvie.

3 2 5 55
time (s)

(a) Force applied on the IM

] 3 5 55
time (s)

(b) Angle of the leg with the robot body in legged mode
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(d) Robot translation in legged mode

Fig. 5.16 Legged movement in one closing cycle -
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5.5.3 Hybrid Mode
Hybrid translation-clockwise rotation

The simulation results for hybrid translation-clockwiseation are shown in Fig5.17
Figs.5.17(a)and5.17(b)show the translation and rotation of the hybrid robot. Therkg
show the step-wise movement of the roboti.e. the robot mimvgrart of the each cycle and
remains stationary for the rest of the cycle. It is becaush®facceleration profile which
the IM followed. Fig.5.17(c)shows the hybrid translation-clockwise rotation in x-yn#a

It is also seen that the rotation performed by the robot ig gerall and it is less thar 2°

in one cycle. Thus in Figh.17(c)the translation in along y axis is very minimal compare to
the translation along x axis.

Hybrid translation-anti-clockwise rotation

The simulation results for hybrid translation-anti-cleg&e rotation are shown in Fi¢.17.
The figures are similar to that {17 except that the robot rotates anti-clockwise. Like the
Fig. 5.17(c) in Fig. 5.18(c)the robot translates smaller distance along the y axis campa
to along the x axis.

5.6 Summary

This chapter has presented the detailed design, workingiple, modelling and simulation
of a novel hybrid capsule robot. The designed hybrid robani®ffective solution for in-
vivo active locomotion for the diagnostic purposes. Thagiescorporates four operating
modes in a single unit. Moreover, the use of the same actioall four operating modes
reduces complexity. The most appropriate operating modebeaselected based on the
situation to minimize the chance to cause harm to interssiligs. The chapter has presented
the detailed design of the hybrid robot where it has desdrddethe components of the
robot and their usage in executing the modes of operatidradialso analyzed the working
principles of the hybrid robot in all the modes of operatidhis chapter has presented the
modelling of the robot for all the operating modes consiugall the internal and external
forces while the robot is within a tuber environment. Thewdation results has shown the
feasibility of the hybrid robot design and propulsion pipies. There is no existing robot
design in the literature which incorporates all the funadilities of the designed hybrid robot
iIn one unit.
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Fig. 5.17 Simulation results for hybrid translation-clagke rotation
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Chapter 6

Conclusions and Future Works

6.1 Conclusions

This research has performed the design, modelling ancctosjetracking control of un-
deractuated mobile capsule robots and has implementedajeetory tracking control al-
gorithm in a developed prototype. The proposed robots haegobtential to be used in
medical applications (e.g. capsule endoscopy and surgsistant).

This research has presented three underactuated capisats:ra@D capsule robot, 2D
capsule robot, 2D hybrid capsule robot. The 1D and 2D capsblets have been designed
and implemented in this thesis. Two new modified accelengtiofiles (utroque and con-
trarium) for the inner mass have been proposed, analysedrgiemented for the motion
generation of the capsule robots. These accelerationgsdfdve removed the limitations
of the previously proposed acceleration profiles presemig¢dl]. The 1D capsule robot
can move along a straight line (forward and backward) withiadde speed. The 2D cap-
sule robot can perform linear motion, rotational motion andhbining these can move on
a surface. This thesis has proposed a two-stage contrtdgyréor the motion control of an
underactuated capsule robot. A segment-wise trajectackitig control has been developed
for the 1D capsule robot. A novel selection algorithm for sleéection of appropriate ac-
celeration profile (i.e. utroque and contrarium) and aceélen profile parameters has been
proposed for 1D capsule robot. The simulation has been mpeeidin the Matlab/Simulink
environment and the algorithm has been implemented in thelalged 1D capsule robot
prototype. The experiments has been conducted where tbéetrabks a semi-circular tra-
jectory on a plywood table.

A trajectory tracking algorithm combining segment-wisel doehaviour-based control
has been proposed for the 2D capsule robot. Various basavioeis for the 2D capsule
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robot has been defined, a selection algorithm for the pragecton of the behavior-set has
been developed, the rules for implementing each behaviee been proposed. The effect
of uncertainty and disturbances on the trajectory trackiegormance has been analysed
by introducing friction variation. The simulation resutiave shown the feasibility of the
algorithm. As the propulsion mechanism is totally interti& capsule robot outer-structure
can be made according to the requirement of the applicatiohaso it is hermetically
sealable. These features are useful in the in-vivo appicat

A novel 2D hybrid robot with four modes of operation - leglesstion mode, legged
motion mode, hybrid motion mode and anchoring mode - has lzdem designed. The
methods of moving the robot in three different modes and @ha@img method have been
presented, all using a single set of actuators. Also the tiog®f the robot in various
operating modes has been presented. The legless mode rintlagypmotion mode and the
robot switches to legged mode if it is stuck within the Gl tgasntestinal) track. The robot
returns to legless mode when the robot rescues itself uselggged mode. The robot uses
anchoring mode when it needs to be stationary for longerrgagen in a suspected region,
overcoming the force from visceral peristalsis within thig(@astro-intestinal) track.

This thesis has demonstrated effective ways of propulsomgvivo applications and
presented three capsule robots. The designed hybrid eafpddt has combined the legless
and the legged motion. This thesis has addressed the tgjacacking of the capsubot-
type underactuated system for the first time. The theotedicalysis, simulation studies
and experimental results have validated the proposedtoajetracking control.

6.2 Aims and Objectives Revisited

This research aimed to design and analyse underactuateiternapsule robots. This re-

search also aimed to develop and implement the trajectackitig control for the capsule

robots. This research has successfully designed a hybrmhpBule robot with four modes

of operation. It has analysed three underactuated molpubarobots namely 1D capsule
robot, 2D capsule robot and 2D hybrid capsule robot. Thisaeh has developed the tra-
jectory tracking controls for the 1D and 2D capsule robdthak performed the simulation
and implemented the trajectory tracking control in a dewetbprototype.

The objectives of this research are revisited individubéiow.

 To identify the challenges of the miniature in-vivo robéas the medical diagnosis
and interventions: The challenges have been identified eggbpted in the section
2.2.20of the chapte2. Among the challenges this thesis has focused on the design
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and control of the robots, encapsulation (hermeticallyad®a feature) of the robot
and stopping/anchoring capability.

» To review designs and working principles of the miniature/ivo robots for the med-
ical diagnosis and interventions: The designs and workmgciples of the robots
for the medical diagnosis and interventions have beenweden the section2.5
(in-vivo laparoscopic robots) an2.6 (in-vivo endoscopic robots) of the chapt2r
Tables2.1- 2.5 have compared among various robot designs. The robots xteh-e
nal moving parts such as the wheeled robot and legged rolsetnmk of hurting the
internal soft tissue whereas the external magnetic dribeteosuch as MRI guided
robot require large operating room.

» To propose a design of the miniature in-vivo mobile robattfee medical diagnosis
and interventions: This research has designed a novel 2bdhgdypsule robot com-
bining the best aspects of the legless and legged motionddtads of the design has
been presented in the sectibr? of the chapteb. The robot design combines four
modes of operation namely legless mode, legged mode, hgtwae and anchoring
mode. Only one set of actuators has been used for all thetogeraodes. The robot
can switch among the modes based on the situation. The hydb@ operates in
legless mode in normal situation, switches to legged modlededs to travel through
narrow path, switches to hybrid mode if it needs to open atus@n and switches to
anchoring mode if it needs to stay stationary on a positioafonger period of time
for a detailed observation for diagnosis. These are theuent@pabilities of the de-
signed robot and existing robot designs in the literaturaatdhave these capabilities
together in one unit.

» To develop mathematical models of the underactuated maiipsule robots (cap-
subots): The mathematical models for the 1D capsule rolwtcapsule robot and
2D hybrid capsule robot have been developed and presentbe sectior3.2.1 of
the chapteB, the sectiot.2.10of the chapte#d and the sectio®.4 of the chapteb
respectively. The mathematical models have been used igndie control systems
for the capsule robots. The models have also been used topettie simulation.

» To propose a control strategy for the trajectory trackihthe capsubot-type under-
actuated systems: A two-stage control strategy has begroged for the trajectory
tracking control of the capsubot-type underactuated systeThe control strategies
for the 1D and 2D capsule robots have been presented in thers8@.20of the chap-
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ter 3 and the sectiod.4.20f the chapted respectively. In the first stage the desired
trajectory for the IM is generated from the desired trajpctaf the capsubot. In the
second stage the closed loop control of the desired IM ti@jgtracking is achieved.
The literature review of the chapt@rsuggests that no research was conducted to
address the trajectory tracking of the capsubot-type @utieated systems.

» To conduct the theoretical analysis of the working pritespof the capsule robots:
The theoretical analysis of the working principle of the D) and hybrid capsule
robots have been presented in the sec8dhof the chapte, the sectiord.2.2 of
the chaptert and the sectiob.3 of the chapteb respectively. Two new acceleration
profiles namely utroque and contrarium have been proposélddanotion generation
of the capsubot. The utroque profile is used for the normailangfeneration whereas
contrarium profile is used to change the direction of motiothe 1D capsubot. The
capsubot can move faster using these acceleration prafitepared to other profiles
proposed in the literature. The comparison with previowdiles has been presented
in the sectiorB.3.40f the chapteB.

» To conduct the theoretical analysis of the proposed cbatrategy: The theoretical
analysis of the proposed trajectory tracking control stygthas been presented in the
section3.4 of the chapteB and the sectiod.3 of the chapte# for the 1D and 2D
capsule robots respectively. A segment-wise trajectaigking control has been used
for the 1D capsule robot whereas a combination of the segmisetand behaviour-
based trajectory tracking control has been used for the pButa robot. The selec-
tion algorithms have been proposed for the selection of tbil@ parameters for the
capsubot.

» To conduct the simulation of the trajectory tracking cohtind to investigate the ro-
bustness of the trajectory tracking control with uncettas The simulation has been
performed in the Matlab/Simulink environment. The simlaistudies for the trajec-
tory tracking control for the 1D and 2D capsubots have beesgted in the section
3.5.10f the chapteB and the sectiod.3.30f the chapted respectively. To investigate
the effect of the segment time on the trajectory trackindguerance the simulation
has been performed for various segment timess 2& and ¥). The results of Ta-
ble 4.1 have shown that the tracking errors increases if the segtimeatincreases
(e.g. the mean absolute error for the x trajectory trackimggaases from.09%cmto
0.40cm when the segment time increases fromitd 4s). The simulation has also
been performed to analyze the robustness of the trajeataitibg with the friction
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uncertainty. The results of Tab#e2 has shown that the performance declines if the
uncertainty increases (e.g. the relative mean absolute ierthe x trajectory track-
ing increases from.@8% to 496% when the uncertainty in the linear and rotational
frictions increase from 0% te&-15%).

» To develop the capsubot prototypes and demonstrate themgéeneration of the
capsubot: One 1D capsubot prototype (FB10 and one 2D capsubot prototype
(Fig. 4.10 have been developed. Off-the-shelf components have tssehta develop
the prototypes. The secti@gh4 of the chapted has presented the experimentation of
the 2D capsubot where it has shown the linear and rotatiooabmgeneration of the
2D capsubot.

» To implement the trajectory tracking control in the deysd capsubot prototype:
The developed trajectory tracking control has been impigatkin the developed
prototype and presented in the sectib.2of the chapteB. The motion manager
[181] software has been used to program the motion contrdigd] [for the trajectory
tracking.

» To perform the experiments to demonstrate the performahtee proposed trajec-
tory tracking control: The sectidd.5.20f the chapteB has presented the experimen-
tation of the trajectory tracking of the 1D capsule robot.eTdapsule robot tracks
a semi-circular trajectory. A delay is seen in the experitaleresults. However the
experimental trajectory has similar pattern as the desiegectory.

6.3 Future Works

Future works along the direction of this research are desdrbelow:

Control Inthis research trajectory tracking controls for the 1D aBdcapsule robots have
been developed. The following future works can be conduttdachprove the trajectory
tracking performance of the capsubots.

» Optimally select and tune the segment time T.

» Feedback should be taken from the capsubot position ancbtiiteol input should be
corrected according to the error value for the tracking ef¢apsubot position more
accurately. This will make the trajectory tracking contiuly closed loop whereas
the developed trajectory tracking control is semi-closexpl
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» The motion controller provided by the Faulhab&8]] provides limited access to the
control design. A custom controller can be utilized to im@the performance of the
system.

» To improve the robustness of the control algorithms, itigasion of the impact of
the actuator dynamics, modelling uncertainties and otlstudances on the control
performance should be carried out.

» Adaptive control can be developed to enable the robot tagase through unknown
environments. Adaptive control would be able to adapt whenftiction coefficient
changes dynamically.

Miniaturization  The size of the developed stand-alone 1D capsubot protagygem in
diameter and 20 cm in length which includes the controllet batteries. The size of the
developed 2D capsubot prototype i8&nin length, €min width and 3 cm in height which
does not include controller and power supply. Off-the-sb@mponents such as Faulhaber
[181] linear motors and motion controllers have been used tallib#gse prototypes. Thus
the developed prototypes are bigger compared to the refsiee of an in-vivo capsule
endoscope or an in-vivo laparoscopic robot - the size of angeruially available capsule
endoscope is Iimin diameter and 2@&min length [L83. Custom-built components can
be used to scale the robot size down to the required size okFano capsule endoscope or
an in-vivo laparoscopic robot.

Prototype Development and Experiments In this research the 1D and 2D capsule robot
prototypes have been developed. A 2D hybrid robot prototgrealso be developed. To
develop a hybrid robot prototype Faulhab&B]] linear motors can be used as actuators
as have been used to develop the 1D and 2D capsule robotypesdh this research. The
legs, nut-gripper assembly of the hybrid robot can be d@eslaising a microwire electrical
discharge machine (EDM), a sink EDM and a micro-CNC maclgimenter as was used in
[40] to develop a legged micro robot.

More experiments can be performed using the 1D, 2D and hylapdule robot proto-
types such as:

* trajectory tracking of the robots on the surfaces withaasifriction coefficients.
* trajectory tracking of the robots in the tubular enviromtsee.g. gas and water pipes.

* trajectory tracking of the robots in an artificial Gl trackgntom and
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* trajectory tracking of the robots in the ex-vivo and in@environments.

3D Capsubot Design A 3D capsubot will be useful for in-vivo applications suchnasd-
ical inspection inside a stomach. It can be designed usheg tbarallel inner masses (IMs)
placed inside three parallel hollow spaces of a cylindriwalising. The IMs could be
solenoids or linear motors. By controlling the movementhefthree IMs, the 3D capsubot
can move in a fluid environment inside a liquid-distendednstoh. Fluid dynamics has to
be considered to model the environment and to design a dientiar the 3D capsubot.






Appendix A

A.1 Simulink Model of 1D Capsubot

AppendixA presents the Simulink model of the 1D capsubot. Fid. shows the complete
Simulink model for the trajectory tracking control of the Xapsubot. It consists of the
following subsystems:

* Trajectory tracking controller (FigA.2(a))

— Selection algorithm (FigA.3(a))
— Inner Mass controller (FigA.3(b))

» Capsubot model (FigA.2(b))

— Simulink model for equation (3.1) (Figh.4(a))
— Simulink model for equation (3.2) (FidA.4(b))
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Fig. A.1 Simulink model of the 1D capsubot trajectory tramki
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Appendix B

B.1 Simulink Model of 2D Capsubot

AppendixB presents the Simulink model of 2D capsubot. FB)1 shows the complete
Simulink model for the trajectory tracking control of the 2ZRpsubot. It consists of the
following subsystems.

» Trajectory tracking controller (FigB.2(a)

— Selection algorithm (FigB.3(a)
— IM1 controller (Fig.B.3(b))
— M5 controller (Fig.B.3(c))

» Capsubot Model (FigB.2(b))

— Simulink model for equation (4.1) (Fid3.4)
— Simulink model for equations (4.2) and (4.3) (F&®5)
— Simulink model for equation (4.4) (Fid3.6)
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Fig. B.1 Simulink model of the 2D capsubot trajectory traxckcontrol
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