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Chapter 1

Introduction

Over the past few decades, technological advances that have enabled the development of in-
novative medical devices and techniques [1], have drastically changed health-care procedures.
Endoscopy and minimally invasive surgeries, such as laparoscopy and natural orifice trans-
luminal endoscopic surgery [2] are the most successful examples of this. By using these devices,
surgeons can inspect patients’ bodies through natural orifices, leading to a reduction in blood
loss, recovery time, and postoperative trauma in comparison to procedures that involve cutting
the patient to provide a means to inspect inside the body. Nevertheless, the use of these kind of
instruments/procedures can be challenging from the surgeon’s perspective because of differences

in ergonomic control, sensory feedback, dexterity, and intuitiveness [3].

These limitations combined with the constant drive towards better and improved medical pro-
cedures, have pushed the research towards the development of robotic-assisted medical devices.
This has enabled physicians to perform surgeries with greater precision, flexibility and control,
speeding up procedure completion time and, at the same time, diminishing complications for
the patient [4]. Since their inception [5], medical robots have been continuously evolving and the
release of the da Vinci Surgical System (Intuitive Surgical, Inc. Sunnyvale, CA, USA) further

heightened the interest in this field.

One of the most recent developments in the field was the emergence of flexible and Continuum
robots (CRs). While the majority of medical robotic systems in use today rely on rigid instru-
ments with dexterous wrists at the tip, characterized by a low number of Degrees-of-Freedom

(DoF) [6] and a consequent restriction in movement capability, CRs are able to generate smooth
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curvilinear motions exhibiting infinite DoF's. Therefore, these innovative devices have the poten-
tial to reach further into the body with reduced tissue trauma for the patient [6]. In particular,
endoluminal procedures have proven effective in reducing the invasiveness of both the diagno-
sis and the treatment of diseases. These procedures have been successfully introduced in the
gastroscopy and colonoscopy (gastro-intestinal tract), bronchoscopy (bronchi), Ear Nose and

Throat surgery, intravascular and cardiac operations, to mention a few.

In the context of autonomous robotic systems, control, modelling and sensing stand at the core
of the design process whether it is standard rigid-link, flexible or CR. The lack of accurate or
appropriate sensing mechanisms, in certain situations, has led researchers to distinguish between
different types of control loops. Open-loop, which is based on model inversion, and closed-
loop, based on robot actuator feedback control and combined feed-forward control. The last
two classes differ in being model-based and model-free |7]. This dissertation presents different

classes of closed-loop controllers, which can be applied to both flexible endoscopes and CRs.

1.1 Gastro-Intestinal Endoscopy

Digestive diseases are numerous and potentially severe. The most common of these are the
Inflammatory Bowel Syndrome (IBS) and the Inflammatory Bowel Disease (IBD). Moreover,
according to the International Agency for Research on Cancer [8, 9], cancer is the leading
cause of death in the 21st century. Colorectal Cancer (CRC) is the third most common disease
worldwide. The CRC starts with a small, benign mass, named polyp which, if identified in
its early stages, can be removed with a survival rate of almost 90%. On the other hand, the
survival rate drops drastically to less than 10%, when CRC is diagnosed in its later stages. For

this reason early prevention is fundamental.

Several procedures are employed for examining the Gastrointestinal (GI) tract, such as gas-
troscopy for the inspection of the esophagus and stomach and colonoscopy for the colon. The
colonoscope is a Flexible Endoscope (FE), that allows for visual inspection of the colon, tissue
biopsies and polyps removal. However, the aged design of FEs requires lengthy and expensive
training for the clinicians which has led to a shortage of gastroenterologists with respect to the
high demand. In addition, issues around the invasiveness of FEs, due to the aged design and
the method of actuation, cause tissue stretching and, thus, discomfort for the patient. This

discourages patients from attending this potentially life-saving procedure [10]. Therefore, de-
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spite the widespread adoption of the conventional FEs, the demand for less invasive, innovative

procedures has increased [11} [12].

Robotic endoscope solutions claim to overcome the main limitation of conventional FEs. The
adoption of robotic endoscopic procedures, which aim to reduce pain and discomfort for the
patient, generally lead to a reduction in the need for sedation and recovery time. This results

in a increase in the number of patients inclined to undergo endoscopic procedures.

In particular, magnetically actuated robots have been investigated in the last two decades [12,
13| with the main advantage of potential miniaturization and minimal invasiveness. The concept
of magnetic endoscopy consists of using either coil-based systems [14-20], rotating permanent
magnet-based systems [21, [22] or permanent magnet-based systems [23-27]. The permanent
magnet-based devices have the advantage of compact size and low energy consumption. On-
the-other-hand, the lack of direct control over the intensity of the magnetic field and its gradient
leads to reduced controllability of the system. Therefore, the choice of suitable control tech-

niques, relative to the specific task to be performed, is crucial.

The work in this thesis makes use of a single permanent magnet attached to the End Effector
(EE) of a robotic manipulator. Magnetic forces and torques are used, in this context, to steer
and navigate a magnetic endoscope through the GI tract. However, due to the non-intuitive
nature of the magnetic fields, the implementation of an intelligent and suitable control approach

is necessary. The work in this thesis seeks to overcome this issue.

1.2 Motivation

The need to explore innovative, less-invasive technologies and autonomy in medical robots
motivated the work of different groups of researchers. In particular, in the colonoscopy field,
preliminary studies have confirmed the promise of new technologies [23], such as the magnetic
robotic colonoscopy [25]. However, performance of these new medical robots is limited by the
complexity related to the control of the robots. My research was therefore motivated by the
need to enhance the usability of the system by pursuing more sophisticated control techniques.
The development of these new technologies would improve the performance of these systems,

hopefully aiding their transfer into a clinical setting in the near future.

The first section of this dissertation presents a comprehensive literature review on the GI tract.
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Localization coil

KUKA LBR Med
manipulator

External Permanent
Magnet

‘ Soft-tether

Internal
Camera _Permanent
‘ Magnet

_LED

* Working ™
channel

Figure 1.1: Overview of the Magnetic Flexible Endoscope system.

This work was motivated to provide engineers in the field with a broad reference manual com-
prehensive of the main anatomical, biological, chemical and mechanical characteristics of the GI
environment. This literature review allows researchers to understand the challenges associated
with developing new and innovative devices for the GI environment. This work along with ma-
jor clinical needs in the field of medical diagnostics shaped the foundation of my research, which
was developed and tested on the Magnetic Flexible Endoscope (MFE) platform (Figure for
colonoscopy. The MFE platform is composed of a soft-tether endoscopic capsule containing an
Internal Permanent Magnet (IPM) actuated by employing a robotically manipulated External
Permanent Magnet (EPM).

In fact, the limitations of the inherited control strategy 29], implemented on the MFE
platform by the previous group, motivated the research into new and more suitable control

techniques to achieve better performance for each task. More specifically, my research was
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divided in two main topics, the navigation of the magnetic endoscope inside the colon and the
stabilization of the magnetic endoscope during interventional tasks, such as biopsy or polyp
removal. The former was carried out by achieving the magnetic levitation of the endoscope,

and the latter using a linear model-based control.

One limitation of inherited control techniques is the fact that the endoscope is in continuous
contact with the colon wall. This may cause the endoscope to remain trapped into the colon folds
and may hinder locomotion. Successful magnetic levitation of the endoscope would therefore
enhance the navigation of the endoscope inside the patient’s body by reducing contact with the
environment. This is particularly important in the case of patients with chronic diseases of the

colon whose colons are characterized by a fragile and delicate mucosa.

On-the-other-hand, the active stabilization of the endoscope during interventional tasks (i.e.
biopsies, polyp removal or clip placement) would help to improve the accuracy of the task and
to reduce the burden on the clinicians. To date, no examples of active endoscope stabilization

for magnetically manipulated endoscopes have been found in literature.

1.3 Contributions

This section details the contributions of this work to the field of robotic endoscopy. The main
contribution of the research presented in this dissertation is the development of advanced control
strategies for manipulation of magnetically actuated medical robots. The research has been

principally motivated by the main clinical need in the medical field of diagnostics.
The main research questions that formed the basis of the work presented in this thesis were:

e Would a suitable control approach enhance the navigation of the MFE inside the colon

and improve the overall patient colonoscopy experience?

e The integration of diagnostic and interventional tasks within the MFE would allow the
platform to be considered comparable to the standard colonoscopy. How could interven-

tional routines be integrated in the MFE platform?

e Would the stabilization of the MFE enhance the accuracy during precision tasks such as

biopsies or polyp removal?

e What are the next steps for improving the overall platform?
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During my three years as a PhD. student, I worked to find an answer to these problems and

contribute to their resolution.

In this thesis, Chapters and [p| correspond to the papers published during the three years

of PhD. The papers used for these chapters are summarized in the following.

Literature review

The inspection of the GI tract is fundamental for the early detection and diagnosis of GI
diseases, which are numerous and widespread. In the last decade, miniaturized robots for
gastrointestinal inspection have been investigated with the aim of developing innovative, more
sophisticated, and minimally invasive technologies to access this part of the body. Despite
significant progress, the need for innovation is stronger than ever due to the combination of
a growing disease prevalence and the harsh, difficult-to-access environment of the gut. To
address limitations and develop innovative and more sophisticated technologies for diagnoses
and therapy of the GI tract, researchers are pursuing novel designs and innovative strategies
to enhance the physician’s ability to treat GI diseases. Miniaturized devices with advanced
locomotion techniques and sensing technologies have been at the forefront in achieving this. In
order to develop new devices, capsule engineers need to understand the complex environment
of the GI tract. The purpose of this chapter is therefore to provide a summary of the critical
information regarding the anatomy, histology, physiology, mechanics, and chemistry of the gut
as it pertains to medical device engineers. Providing a comprehensive primer of the GI tract

can help engineers in this field to speed up the development of innovative technologies.

Relevant publications:

Barducci, L., Norton, J. C., Sarker, S., Mohammed, S., Jones, R., Valdastri, P., Terry, B. S. (2020).
Fundamentals of the gut for capsule engineers. Progress in Biomedical Engineering, 2(4), 42002.

https://doi.org/10.1088/2516-1091/abab4dc

Improving magnetic endoscope navigation

A satisfying closed-loop control approach allows the clinician to navigate the endoscope inside
the body, using only information from the camera, without knowing its pose. The main limi-
tation of the inherited closed-loop control [28| 29|, implemented by the previous group, is the

continuous attraction between the two magnets, due to the lack of control along the gravity
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direction. This may cause the endoscope to remain trapped in the anatomical environment and,

thus, hinder the locomotion of the endoscope.

In this scenario, magnetic levitation of the endoscope would overcome the main limitation
of the previous closed-loop control by adding the control of the 5 DoF, the linear position
along the gravity direction and an internal loop that aims at converging the actual force to the
desired one, intended to enhance the stability of the control system. Magnetic levitation of the
endoscope was achieved with two different control strategies, detailed in the following chapters.
The performance of the magnetic levitation was compared with the previous inherited closed-
loop control, in terms of contact with the colon wall and mean completion time to perform
a colonoscopy. Different experimental environments, free space and training simulator colon

phantom, were used to show the results.

Relevant publications:

Pittiglio, G., Barducci, L., Martin, J. W., Norton, J. C., Avizzano, C. A., Obstein, K. L., Valdastri,
P., "Magnetic Levitation for Soft-Tethered Capsule Colonoscopy Actuated With a Single Permanent

Magnet: A Dynamic Control Approach,” in IEEE Robotics and Automation Letters, vol. 4, no. 2, pp.
1224-1231, April 2019, doi: 10.1109/LRA.2019.2894907.

Barducci, L., Pittiglio, G., Norton, J. C., Obstein, K.L., Valdastri, P., " Adaptive Dynamic Control for
Magnetically Actuated Medical Robots,” in IEEE Robotics and Automation Letters, vol. 4, no. 4, pp.
3633-3640, Oct. 2019, doi: 10.1109/LRA.2019.2928761.

Enhanced diagnostic and interventional tasks

To date, the control of magnetic endoscopes for colonoscopy has mainly been focused on nav-
igation, with the aim of increasing the level of autonomy and reducing operator burden [30,
31]; however, interventional tasks such as biopsy, polyp removal, and clip placement are also
extremely common in colonoscopy. Of these, the most performed is biopsy, in which an en-
doscopic instrument is introduced through the operative channel of the endoscope and passed
into the colon, where a tissue sample is collected. Conventionally, during a biopsy routine the
physician maintains stability of the endoscope’s orientation while an assistant inserts the biopsy
forceps. Maintaining the correct alignment of the endoscopic instrument to the target is there-
fore necessary to obtain the tissue sample. The ability to autonomously control the endoscope’s

orientation during the biopsy procedure would allow the physician to perform a biopsy without
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the presence of another operator. This could potentially improve the technical burden of the

procedure and the accuracy of the biopsy.

A model-based control, able to actively stabilize the endoscope’s viewpoint at different inter-
magnetic distances between IPM and EPM, allows for the closed-loop system to be optimized for
each condition, achieving a general robust stability. Consequently, this permits the reduction of
orientation error of the IPM by enhancing the overall procedure. The strategy used to stabilize
the MFE was validated on a training simulator colon phantom and compared with the previous

inherited closed-loop control.
Relevant publications:

Barducci, L., Scaglioni, B., Martin, J., Obstein, K. L., Valdastri, P. (2022). Active Stabilization of
Interventional Tasks Utilizing a Magnetically Manipulated Endoscope. Frontiers in Robotics and Al, 9.
https://doi.org/10.3389/frobt.2022.854081

Clinical study

After years of research on the MFE platform, the research group has been awarded funding for
a pilot ”clinical study”. In this context, the platform must be revised and developed to meet
the standards required by the notified body in order to obtain the Medicines and Healthcare
products Regulatory Agency (MHRA) certification. This has led to a regulatory (Risk Analysis)
and developmental process. This means embedding development of the platform in a quality
control and assurance context and, thus, following codified development protocols. The quality
management of the system includes testing at high level the entire platform and its main parts.
The purpose of quality management is to guarantee that every time a process is performed, the
same information, methods, skills and controls are used and applied in a consistent manner. If
there are process issues or opportunities, this is then fed into the quality management system
to ensure continuous improvement. In this context, my work in collaboration with the software

team, mainly focused on developing and testing compliant medical code.

1.4 Thesis structure

The body of this thesis is organized into 6 chapters. Chapter [2] provides an in-depth literature
review of the main properties of the GI tract, aiming to provide a comprehensive reference

manual to engineers in the medical robotics field. Chapter [3| provides a complete description of
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the MFE platform and its main components. The main technical contributions of this thesis are
highlighted in Chapter [4|and 5| where new control techniques for the navigation and stabilization
of the MFE are presented in detail. Chapter [6] provides a brief overview of the work done
to transition the project into the first-in-human clinical trial. Chapter [7] then concludes by

discussing the results and future directions of this work.

Chapter 2 - Fundamentals of the gut for capsule engineers

This chapter contains an in-depth literature review on the GI tract, providing the fundamental
information regarding the anatomy, histology, physiology, mechanics, and chemistry as it per-
tains to engineers who wish to develop devices that operate within the GI region. The current
state of endoscopy is introduced, as well as their main limitations that robotics aims to improve.
The main aim of the review is to speed up the development of more effective and innovative

mechatronic devices that operate within the GI tract.

Chapter 3 - The MFE: Magnetic Flexible Endoscope Platform

Herein, the MFE platform is introduced and described in detail, as well as the clinical motiva-
tions that led to the development of this platform. The localization algorithm for the magnetic
endoscope is explained as well as the basics of the magnetic model used and the nomenclature

adopted in this thesis.

Chapter 4 - Magnetic levitation for soft-tethered capsule colonoscopy

In this chapter, a successful levitation of the MFE is achieved, implementing two different con-
trol strategies. The levitation of the MFE is, here, introduced to overcome the main limitations
of the pre-existing closed-loop control, such as the continuous attraction between the two mag-
nets which prevents the endoscope from a smooth navigation of the colon. The experimental
evaluation is done on bench-top and our methods are compared with the inherited control in
terms of force applied on the gravity direction and, thus, contact of the endoscope with the

environment as well as mean completion time to perform a colonoscopy.

Chapter 5 - Active stabilization for interventional tasks

Another important component of the colonoscopy is the ability to perform diagnostic and ther-

apeutic tasks, such as biopsy and polyp removal. In fact, the possibility of performing interven-
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tional tasks with magnetic endoscopes allows the MFE platform to be considered as a worthy
replacement for the standard colonoscopy. In this chapter, a model-based linear controller is
implemented in order to stabilize the endoscope in the presence of external disturbances, such as
the insertion of the biopsy instrument through the endoscope working channel. This approach

is again evaluated on bench-top and compared with the inherited closed-loop control.

Chapter 6 - Working towards clinical trials of the robotic colonoscopy platform

The next stage for the MFE platform is the first-in-human clinical trials. With this goal, the
software team has worked on the quality management of the platform and on developing, testing
and performing validation of software components. This is beneficial in obtaining the MHRA

certification and achieving a better clinical trial outcome.

Chapter 7 - Conclusion and future directions

The findings of the work presented in this thesis are summarized and discussed in this chapter,
along with limitations of the proposed solutions and possible future directions that could build

upon this research.
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Chapter 2

Fundamentals of the gut for capsule

engineers

Chapter source: Fundamentals of the gut for capsule engineers, by Lavinia Barducci, Joseph
C. Norton, Sunandita Sarker, Sayeed Mohammed, Ryan Jones, Pietro Valdastri, & Benjamin S

Terry, Progress in Biomedical Engineering volume 2, (2020).

2.1 Abstract

The Gastrointestinal (GI) tract is a complex environment comprised of the mouth, esophagus,
stomach, small and large intestines, rectum and anus, which all cooperate to form the complete
working GI system. Access to the GI using endoscopy has been augmented over the past several
decades by swallowable diagnostic electromechanical devices, such as pill cameras. Research
continues today and into the foreseeable future on new and more capable miniature devices for
the purposes of systemic drug delivery, therapy, tissue biopsy, microbiome sampling, and a host
of other novel ground-breaking applications. The purpose of this review is to provide engineers
in this field a comprehensive reference manual of the GI environment and its complex physical,
biological, and chemical characteristics so they can more quickly understand the constraints
and challenges associated with developing devices for the GI space. To accomplish this, the
work reviews and summarizes a broad spectrum of literature covering the main anatomical
and physiological properties of the GI tract that are pertinent to successful development and

operation of an electromechanical device. Each organ in the GI is discussed in this context,
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including the main mechanisms of digestion, chemical and mechanical processes that could
impact devices, and GI motor behavior and resultant forces that may be experienced by objects

as they move through the environment of the gut.

2.2 Introduction

The digestive system is made up of the GI tract, liver, pancreas and gallbladder. The GI
tract is a large, hollow, tubular organ system that extends from the mouth to the anus. It is a
complex environment that comprises the mouth, esophagus, stomach, small and large intestines.
These organs have specific functions and they cooperate in order to form a complete working GI
tract. The coordinated contractions of muscles, along with the release of hormones and enzymes
facilitate the digestion of food, the absorption of nutrients, and the elimination of waste so that

the body can carry out its functions of metabolism, growth, and repair [32].

The inspection of the GI tract is fundamental for the early detection and diagnosis of GI diseases,
of which there are many. In the last decade, miniaturized robots for gastrointestinal inspection
have been investigated with the aim of developing innovative, more sophisticated, and minimally
invasive technologies to access this part of the body. Despite the progress achieved so far, the
need for innovation is still present and stronger than ever due to the combination of a growing

disease prevalence and the harsh, difficult-to-access environment of the gut.

According to the National Institutes of Health, more than 34 million Americans are suffering
from diseases of the digestive system, 20 million of which have chronic disorders [33]. Digestive
diseases encompass more than 40 acute, chronic, recurrent, or functional disorders. The most
common digestive diseases are irritable Inflammatory Bowel Syndrome (IBS), Inflammatory
Bowel Disease (IBD) (i.e. Crohn’s Disease (CD) and Ulcerative Colitis (UC)), celiac disease,
diverticulosis, and acid reflux. It is estimated that 8% of the U.S. population have chronic
digestive diseases, 6% have acute episodes of digestive diseases, and 43% have intermittent
digestive disorders. Only 43% are unaffected. As a group, digestive diseases account for 8%-9%
of total U.S. mortality, of which 60% is due to malignant neoplasms and 40% due to non-

malignant causes [34].

According to the International Agency for Research on Cancer [35], cancer is the leading cause

of death in the 21st century. The statistics present some important data about the spreading of
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cancer worldwide in 2018. Regarding colorectal cancer, the percentage of new cases was 6.1%
and the percentage of deaths was 5.8%, while rectal cancer had a 3.9% incidence of new cases
and 3.2% of deaths. Considering the stomach, the percentages were 5.7% and 8.2% of new cases
and the number of deaths, respectively, while esophagus cancer counted 3.2% of new cases and
5.3% of deaths in 2018. The International Agency for Research on Cancer [35] also reports
statistics about the estimated number of new cases (incidence rate, IR) and estimated number
of deaths (mortality rate, MR) of each type of gastrointestinal cancer in different countries in
2018. These are reported in , where the estimated number has been rounded to the nearest
one hundred for the sake of clarity.

Table 2.1: Incidence and mortality of gastrointestinal cancer in 2018 [35].

North America Europe Asia Africa
IR MR IR MR IR MR IR MR
Colon 179 800 64 100 499 700 242 500 957 900 461 400 61 800 40 000
Stomach 29 300 13 400 133 300 102 200 769 700 584 400 31 100 28 700
Esophagus 22 700 18 200 53 000 45 100 444 600 397 700 28 500 27 700

Different procedures are used for examining the GI tract: capsule endoscopies are used to inspect
the entire GI tract because of their small size, while other types of endoscopic procedures are
used to inspect a particular organ. For example, gastroscopy is employed for the inspection of
the esophagus and stomach, colonoscopy for the colon, sigmoidoscopy for the sigmoid colon and
small bowel enteroscopy is used for the examination of the small intestine. The purposes of the
devices are typically for both diagnosis and therapy, however, some lack therapeutic capabilities
because of device size constraints. Despite the ubiquity of these procedures, they can be stressful
and painful for the patient [25, 32] due largely to the construction of the endoscopes, which
consist of semi-rigid tubes that are pushed and twisted through the body of the patient by the

physician, causing discomfort as the instrument deforms the sensitive GI tract.

According to the Center for Disease Control and Prevention [36], only 66% of Americans comply
with screening guidelines, and therefore, an estimated 23 million people in the United States
avoid these procedures. This lack of intervention increases the risk of developing a cancer [10].
Introducing a less—invasive procedure could increase patient compliance to the endoscopic proce-
dure by reducing procedural discomfort (and the associated anxiety), risk of adverse events, and
the potential need for sedation [11,|37]. This has motivated many to develop new technologies

to replace the standard flexible endoscope [12].
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To develop new and more sophisticated devices, capsule engineers need to understand this
complex environment. Therefore, the purpose of this paper is to provide a summary of the
critical information regarding the anatomy, histology, physiology, mechanics, and chemistry of
the gut as it pertains to medical device engineers. Providing a comprehensive primer of the GI

tract can help engineers in this field to speed the development of innovative technologies.

The paper will describe the characteristics of the esophagus, stomach, small and large intestines
— the regions of primary interest to engineers that develop Capsule Endoscope (CE) and similar
devices. Given that capsules are typically designed to travel the GI tract, the liver, pancreas
and gallbladder are not the main focus of our research but are described briefly since their
enzymatic secretions help with the digestion of the food. Although, focus is placed on providing
a comprehensive description of the healthy GI tract, the most common ways disease impacts

its properties and function is also discussed briefly.

The paper is organized as follows. In section we briefly summarize the current non-invasive
technologies and we discuss their main limitations. In sections [2.4] and we first provide
a general description of the anatomy and histology of the GI tract. In sections and
respectively, we present the chemical and mechanical properties of the GI tract, and in section
[2.8] we investigate the motor behavior of the gut. In section [2.9] we summarize all the forces
that act on an untethered device in order to understand the capsule dynamics within the GI
tract. Section[2.10|considers the possible physiological alterations to the GI tract from the most
common and severe digestive diseases. Finally, in section [2.11| we summarize the work, and we
briefly discuss open challenges about medical robotic devices; more detailed discussions related

to each topic of the paper are included throughout the article.

2.3 Current non-invasive endoscopic technologies

Conventional flexible endoscopy (e.g. colonoscopy) has been widely used to inspect the entire GI
tract. However, despite the widespread adoption of endoscopes, issues around their invasiveness
lead to limitation in their ability to diagnose and treat GI disease. Therefore, the demand
for new, less invasive and more sophisticated procedures has increased. In the last decades,
completely minimally invasive methods have become commercially available for diagnosing the
GI tract [38] and researchers have studied appealing non-invasive alternatives to traditional

diagnostic techniques. The new technologies are briefly discussed in the following, highlighting
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the major advantage and disadvantages of each technique.

Virtual endoscopy is a technique based on computed tomography (CT) or on magnetic reso-
nance imaging, and is used to inspect the GI tract [25, |39, 40]. Despite it being completely
noninvasive and almost comparable to standard endoscopy in terms of diagnostic yield, its
main drawbacks are an inability to biopsy, impossibility to deliver in-situ therapy and limited

accuracy, particularly with small or very flat lesions.

Similarly, in the last 20 years, swallowable CEs have been developed and commercialized to
facilitate minimally invasive exploration of hard—to-reach regions of the GI tract. To date, the

most prevalent clinically used CEs worldwide are reported in table [13, 25, |42), 43].

Despite encouraging results obtained by current CE technologies, their main limitation lies in
the fact that their sensitivity (the proportion of positive cases correctly identified) is not yet
comparable to the sensitivity of the standard endoscopes. For example, the sensitivity of the
PillCam, the most advanced capsule developed, is still less than 90%, while standard endoscopes

can reach in excess of 95% sensitivity |12, 44]. Other important limitations are [12} |13]:

e Passive locomotion: the physician is not able to control the pose of the capsule (or orien-

tation of the camera) which leads to inadequate inspection of the organ in some cases.

e Minor interventions (e.g. Biopsy collection) are the main advantage of standard endo-
scopes and are not currently possible with commercial CEs. This is largely due to a lack
of device position control, limited on-board space (or payload), and the absence of a stable

platform.

e No means of insufflation: the inability to distend collapsed tissue may lead to reduced

visibility, particularly in the cavernous environments of the stomach and colon.

Several solutions have been developed for enabling active locomotion capsules and thus overcome
the main limitations of passive locomotion. Fundamentally, two major solutions have been
exploited to address the active locomotion problem: onboard locomotion (generally this is
referred as a mechanical approach) and an external locomotion technique (whereby forces and
torques are transmitted to the capsule from outside the body, generally via magnetic fields) [12,

A1), [45], 146).

In the last decades, a new category of flexible endoscopes has been explored by researchers.
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2.3. Current non-invasive endoscopic technologies

Table 2.2: GI capsules in clinical use today [12|[41{{43].

PillCam ESO3 PillCam COLON2 Endo Capsule Capso Cam Miro Cam OMOM Navi Cam

Purpose Esophageal imaging Colon imaging Small bowel Small bowel Small bowel imaging Small bowel Stomach imaging
imaging imaging and navigation imaging and navigation

Dimension (mm) 26.0 x 11.0 31.5 x 11.6 26.0 x 11.0 31.0 x 11.3 24.0 x 11.0 27.9 x 13.0 28.0 x 12.0
Weight (g) 3.4 2.9 3.8 4.0 3.4 6.0 5.0
Frame rate Adaptive Adaptive 2 fps 4 high resolution 3 fps 0.5-2 fps 2 fps

Frame Rate Frame Rate camera: maximum

(AFR): (AFR): of 20 fps

2-6 images 2-6 images (5 fps per camera)

per second. per second.
Angle of view 160 deg 160 deg 160 deg 360 deg 170 deg 140 deg 140 deg
Illumination 2 x 6 white LEDs 2 x 6 white LEDs 6 white LEDs LEDs 6 white LEDs 6 white LEDs LED
Recording time 30 min 10 h 9h 15h 11h 7-9 h 8h
Regulatory approval Yes Yes Yes No Yes Yes Yes
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These advanced flexible endoscopes, or soft-tethered capsules, are designed to preserve the
major functionalities of conventional endoscopy that are familiar to physicians. At the same
time, the flexibility of the endoscope body permits it to conform to the shape of the bowel,

reducing tissue stretching and the associated discomfort for the patient [47, |48].

Advanced flexible endoscopes have the advantage of overcoming the main limitations related
to the CEs [49-51]. The advantage of an actuation mechanism, such as the magnetic field,
is the ability to pull and steer the endoscope inside the body and so completely inspect the
organ. Moreover, the tether (with cables and lumen) allows the physician to use the endoscope
both as a diagnostic or therapeutic instrument, and with all the typical auxiliary functions
such as insufflation, irrigation and suction. However, the presence of the tether (although soft
and flexible) creates friction in the environment and makes locomotion challenging [25]. Other
research has addressed the problem of drag on the soft tether by modifying the locomotion

strategy [52].

Aside from standard diagnostic routine, capsule robots are being used as a platform for ver-
satile applications such as drug delivery, biosensing, and active diagnostics and intervention
[53]. Researchers have measured pH, core body temperature, oxygenation, electric conductivity
and, also, blood inside the intestine via capsule robots. These have extended the boundary to-
wards intervention and therapeutic manipulation [54]. Clip deployment for stopping bleeding,
systemic and topical drug delivery, biopsy tissue collection and micro-ultrasound imaging are
some other applications being investigate. Even though interventional capsules are mostly at
the proof-of-concept stage of development, in-vivo animal studies, and benchtop experiment

results are encouraging [24} |55-57].

Despite the advance in current technologies the need for novel designs and innovative strategies
to enhance the physician’s ability to diagnose and treat GI diseases is still present. Miniaturized,
capsule-like devices with advanced locomotion techniques and sensing technologies have been
at the forefront in achieving this. For this reason, an adequate knowledge of the entire GI tract

is mandatory for all the engineers in the medical and endoscopic field.

17



2.4. Anatomy and physiology of the GI Chapter 2. Fundamentals of the gut for capsule engineers

2.4 Anatomy and physiology of the GI

The human GI tract is a series of multilayered, tubular organs which extend from the oral cavity
through the esophagus, stomach, small and large intestines and terminating at the anus (figure
. The GI tract has a total average length of 795 + 128 cm, it decreases with age and is
significantly longer in men [58]. The GI tract is one of the most dynamic organ systems [59];
muscular contractions, along with the release of hormones and enzymes, enable the digestion
process [60, |61]. In this section, the anatomy of the GI tract will be discussed, focusing on the
esophagus, stomach, small and large intestine and the mesentery. The liver, gallbladder and

pancreas, are not the focus of this work but will be discussed briefly for the sake of clarity.

2.4.1 Esophagus

The esophagus is an 18-25 cm long muscular tube that connects the oral cavity to the stomach
[61-63]. It is a dynamic tube which serves to propel food, via active peristaltic contractions,
toward the stomach for continued digestion and absorption of nutrients. When empty, the
esophagus is a collapsed lumen, but it can distend to approximately 2-3 c¢cm to propel a food

bolus [63, 64].

In general, the ease of passage of a body through the esophagus and into the stomach depends
on the length and diameter of the ingested object. Bodies longer than 60 mm and with a
diameter more than 25 mm make the passage difficult and objects can become lodged; in these
cases an esophagogastroscopy is necessary [65-H67]. However, the current swallowable capsules
approved by the FDA present smaller values for diameter and length and give a more ideal

target size. These values are presented in table

The passage of food through the esophagus is regulated by two principal high—pressure valves:
the upper and the lower sphincter. These two valves are located at the beginning and at the
end of the esophagus, but there is not a clear anatomic demarcation that defines the two zones
[64]. The upper esophageal sphincter controls the movement of food from the pharynx into
the esophagus, while the lower esophageal sphincter (also called gastroesophageal or cardiac
sphincter) lets food pass into the stomach; the latter can also contract to prevent stomach acids

from backing up into the esophagus [64].

The normal esophagus has a wall thickness of 4.7 mm (range 4.44-4.95 mm) during contrac-
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tion and 2.11 mm (range 2.00-2.23 mm) when the esophagus is dilated. The thickness of the

esophageal wall depends also on the sex and age of the patient .

< Esophagus

Liver
Gallbladder . <4+———— Stomach

Pancreas
Large Intestine

Small Intestine

Figure 2.1: Anatomy of the digestive system, showing all organs.

2.4.2 Stomach

The stomach is a dilated and J-shaped organ that rests on the left of the central region of the
abdomen at the level of the first lumbar vertebra . The main functions of the stomach are

the temporary storage, mixing, breakdown, and digestion of food .

As shown in figure the stomach has two openings (esophageal and the duodenal) and five
major regions, including: the cardia, fundus, body, antrum and the pylorus . The cardia
is the point where the esophagus connects to the stomach. The fundus is dome shaped and
locates inferior to the diaphragm, above and to the left of the cardia. Below the fundus is the
‘body’, the main part of the stomach. The pylorus is a funnel-shaped valve which connects
the stomach to the duodenum . The pylorus has two parts: the pyloric antrum, which
is connected to the body of the stomach, and the pyloric canal, which is connected to the
duodenum. The smooth muscle pyloric sphincter is located at this latter point of connection

and controls stomach emptying. The pyloric diameter is controlled by the contractions of the
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sphincter and this determines the flow resistance .

Each region of the stomach has a different function: the fundus can relax to accept large
volumes of collected digestive gases; the gastric chief cell in the stomach secretes pepsinogen
and hydrochloric acid, produced by gastric parietal cells, to break—down and mix the food and
liquid; the pylorus is responsible for mucus, protein—digesting enzyme (pepsin) secretion, and

handles the emptying of the stomach through the duodenum .

Stomach emptying is an essential factor that capsule engineers should consider. Although the
stomach volume is only 0.8 1 when empty, it can expand up to 1.5-2 1 for a typical male and up
to 0.9-1.5 1 for women and children. The emptying rate is affected by meal composition and
consistency , body position , smoking and gender . On average, women have a
slower gastric emptying compared to men (74 min vs. 63 min) and smokers have a significantly
faster gastric emptying compared to non—-smokers (56 min vs. 67 min). Age, body mass and

alcohol consumption habits are not known to affect gastric emptying times .

The mean thickness of the gastric wall was measured as 4 mm when distended and 5-10 mm
during fasting . In studies done by Huh et al endoscopic ultrasound was used to acquire
in-vivo data on wall thickness of the stomach when it was waterfilled (i.e. distended). The
measurements were taken in a group of ten and five measurements in different locations were

obtained resulting in a mean thickness of 3.92 + 0.16 mm.

Esophageal
sphincter

Cardia Fundus

Body
Pyloric
Sphincter
Antrum
Pylorus

Figure 2.2: The functional regions of the stomach.
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2.4.3 Small intestine

The small intestine (or small bowel) is a crucial component of the digestive system and is
responsible for the absorption of important nutrients [63]. Here, most of the chemical and
mechanical digestion is carried out [79]. It is a long, approximately 6 m, continuous, and highly
tortuous tube running from the pylorus of the stomach to the ileocecal valve where it meets the
large intestine. There are three main sections to the small intestine: duodenum, jejunum and

ileum [63]. These sections, described below, are shown in figure

Pylorus
Bulb Ascescending

Descending duo(;f:xojfiunal
Transverse .

Duodenum

Jejenum

[leum

{

Figure 2.3: Small intestine.

The duodenum is the first section of the small intestine and forms a ‘C’ shape around the head
of the pancreas. Its main function is to neutralize the acidic gastric contents (called ‘chyme’)
and to initiate further digestion [80]. Brunmer’s glands in the submucosa secrete an alkaline
mucus which neutralizes the chyme and protects the surface of the duodenum. It is about 25
cm in length in adults, beginning at the pylorus and ending at the ligament of Treitz, which is
the junction between the duodenum and jejunum (duodenojejunal flexure) [80} 81] (figure [2.3)).
The duodenum is largely retroperitoneal and has an anatomic relationship with the pancreas. It
has four sections: bulb, descending, transverse, and ascending. The bulb section begins at the
pylorus, which is approximately 5 ¢cm in length for adults and demarcated by the pre-pyloric vein.
The descending section is retroperitoneal and is approximately 10 cm in length. The transverse
section is also retroperitoneal and is bordered by the pancreas superiorly and the hepatic flexure

of the colon anteriorly. The fourth portion of the duodenum courses in a cephalad direction
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to the left of the aorta and inferior to the neck of the pancreas. The duodenum contains a
slender band of skeletal muscle and a fibromuscular band of smooth muscle in the horizontal
and ascending parts. These can contract to widen the angle of the duodenojejunal flexure and

allow movement of intestinal contents [81].

The jejunum and ileum lie within the peritoneal cavity and are the most tortuous parts of the
small intestine. Together, they are approximately 4-6 m long comprising approximately 40%
jejunum and 60% ileum [80] with no clear junction between the two sections. Generally, the
jejunum has a thicker mucosal lining (i.e. thicker wall), larger diameters, redder color, and less
fatty mesentery than the ileum. Moreover, the mesentery of the jejunum is attached to the left
of the aorta while the mesentery of the ileum is attached to the right [82]. The mucosa of these
sections is highly folded. These folds, called plicae circulares, slow the passage of the partly
digested food and increase the surface area (by 1.6 times) to aid absorption of nutrients [62].
The majority of plicae extends transversely around the small intestine for about 50%-65% of its
circumference while some of these form complete circles and others are spiral. The largest folds
are about 1 cm in depth at their broadest part and usually the large and small folds alternate

with each other [82].

Table 2.3: Mean and standard deviation values for the small intestine parameters (diameter, wall thickness,
fold number per 2.5 c¢m, fold thickness) |62} |83].

Diameter  Wall thickness Fold number Fold thickness Interfold distance

(mm) (mm) per 2.5 cm (mm) (mm)
Duodenum 24.8+£4.5 1.5+0.6 4.5+£0.7 2.1+£0.6 4.7+ 1.54
Jejunum 245+£4.2 1.5+£0.5 4.6£0.8 2.2+0.7 4.59 £ 3.56
Proximal ileum 19.5 £ 3.6 1.6£04 1.8+0.6 1.9+0.5 16.8 £ 6.75
Distal ileum 18.9+4.2 1.4£0.5 1.6 £0.5 1.8+0.5 185 +£7.18
Terminal ileum  18.7 £ 3.6 1.5£04 1.5£0.6 1.8+04 17.91 £ 7.86

The total length of the small intestine varies with age [84]. Mean length at 1 year is 3.8 m, at
5 years is 4.5 m, at 10 years is 5 m, and at 20 years is 5.75 m [62, |84, |85]. It becomes longer
when the bowel is empty and after death; thus, use of cadaveric tissue for capsule development
should consider this fact. It is approximately 15 mm in diameter after 35 weeks of gestational

age [86] and 25 mm in adults [62, [83].

The mean values of small intestine parameters are outlined in table [83]. There is no
statistical difference in these bowel parameters over an age range of 17-73 or between men and

women, while some pathological effects can cause changes in these parameters [83].
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As shown in table the duodenum and jejunum have similar bowel diameter, wall thickness,
fold number, and fold thickness. The interfold distance gradually decreases in size to its smallest
measurements in the terminal ileum. The bowel diameter, wall thickness, interfold distance and
fold thickness of the proximal ileum, distal ileum and terminal ileum are similar. The parameters

used in table are illustrated in figure [2.4

Fold thickness Wall thickness

/\/\M
Interfold Diameter
distance

Figure 2.4: Main parameters of small intestine.

2.4.4 Large intestine

The large intestine (colon or large bowel) is the last part of the GI tract and, like the small
intestine, is tubular and tortuous in shape. It is shorter at approximately 1.5 m, has more
pronounced folds and a larger diameter. By the time digestive products reach the large intestine,
almost all the nutritionally useful products have been removed; therefore, it does not play a
major role in absorption of nutrients. Instead, the main purpose of the large intestine is the
absorption of water (approximately 1.5 | of water arrive in the colon each day), Na+ and other

minerals, and the collection and excretion of waste (stool) via the anus 87).

The large intestine has six sections, as shown in figure the cecum, the ascending colon,
the transverse colon, the descending colon, the sigmoid colon, and the rectum. The first and
middle parts of the colon are called the proximal colon. This includes the cecum, the ascending
colon, and the transverse colon. The last part of the colon is called the distal colon and includes
the descending colon, the sigmoid colon, rectum and anus. The ascending colon, descending
colon, and rectum are retroperitoneal and fixed in location while the other two sections are

intraperitoneal and therefore mobile 87).

Eickhoff et al used a CT colonography in order to obtain more information about the number
of colonic flexures (defined as an acute angle < 90deg), and degree of tortuosity (judged on

a 10-point visual analogue scale (VAS)). They found that the average number of flexures in
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Figure 2.5: Large intestine.

a colon is 9.6 + 2.4, and the VAS was found to be 3.7 & 1.9. Cases with a major number of
flexures and an increased degree of tortuosity are difficult to access and increase the chance of
incomplete colonoscopy. Moreover, Alazmani et al demonstrated that the tortuosity of the

colon when the patient is in supine position is higher than in the prone position.

Table [2.4] reports the diameter of the large intestine described by Sadahiro et al [90], focusing
on the difference between male and female. The diameters of the descending colon, sigmoid
colon, and rectum are larger in males than in females.

Table 2.4: Diameter (cm) of distended large intestine .

Male Female
Cecum 4.7+09 4.8+0.8
Ascendant colon  4.8+1.2 5.0%+2.0
Transverse colon 4.24+1.2 4.2+0.7
Descendant colon 3.4+1.2 3.24+0.6
Colon sigmoid 34406 32406
Rectum 40+£1.0 35=£1.0
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Table 2.5: Comparison of the colon diameter (cm) in supine and prone positions [89].

Supine prone
Rectum 3.6+08 3.7£0.7
Sigmoid 2604 26+0.3

Descending colon 3.3+0.6 3.24+0.5
Transverse colon 3.7+0.4 3.6+0.5
Ascending colon  4.5+0.7 4.3+0.7

Cecum 44+0.7 3.840.6
Proximal colon 42404 39+0.5
Distal colon 3.1+05 3.1+£0.4
Total colon 47405 354+04

Table 2.6: Comparison of the colon length (cm) in supine and prone positions |62} |89].

Supine prone
Rectum 23.4+6.7 23.1+3.9
Sigmoid 50.6 = 13.9 49.9 +£11.7

Descending colon  24.2 4+ 7.8 26.0£7.8
Transverse colon 57.2+9.3 57.3£10.9
Ascending colon 21.7+4.2 19.7£4.0

Cecum 0.7.8+2.9 6.9+23

Proximal colon 86.6 9.7 84.0 £ 10.2
Distal colon 98.3 +14.7 99.0+11.8
Total colon 185.0 £ 18.3 183.0 +16.9

Table 2.7: Mean and standard deviation values of the length (cm) of the intestine [17, 21].

Men Women

Avg+tstd Min Max Avgtstd Min Max
Duodenum (1) 27.8 £6.8 17 56 25.2+5.4 17 48
Jejunume-ileum (2) 643.9 £110.8 365 1000 573.8+£97.1 280 840
Small Intestine (1+2) 670.7+113.1 390 1030 599.24+98.2 298 860
Right Colon (3) 74.1+174 40 146 71.9+16.5 40 125
Left Colon (4) 94.2 +27.2 33 220 82.9£20.1 34 123
Colon (3+4) 166 £ 36.2 80 313 155 £ 28.6 80 214

Whole Intestine (1+2+43+4) 836.7+132.1 550 1316 7542+ 111 378 1013

Tables and report the diameter and length of the large intestine, considering the supine
and prone position of the patient. The research by Alazmani et al [89] demonstrates that the
diameter is governed largely by intra-abdominal compression and pelvic motion. Therefore,
changing the position of the patient from prone to supine affects the position of the internal

organs, and thus, the compression of the colon [89].

The mean values of the length of the entire intestine are summarized in table The study
by Hounnou et al [58] shows the length of the whole intestine is longer in men than women and

the length decreases with age, and increases with weight while it does not vary with height.

Regarding the thickness of the colon wall, the studies conducted by Wiesner et al [91] report
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a correlation between wall thickness and colonic distention. A normal wall thickness is ranged

between 0.2 and 2.5 mm if the colon is distended and up to 6 mm if the colon is contracted.

2.4.5 Liver, pancreas and gall bladder

Cystic duct
Bile duct

@ Liver Pancreatic
@ Pancreas duct

(o) Gallbladder

Figure 2.6: Liver, pancreas and gall bladder.

One of the primary functions of the liver, pancreas, and gall bladder is to assist the GI tract
in breaking down food into its component nutrients by secreting enzymes. These organs are

illustrated in figure

The liver is situated in the right upper quadrant of the abdomen and is divided into two primary
lobes: a large right lobe and a smaller left lobe. The liver has an important role in digestion; it
produces bile, a thick fluid which contains enzymes that help to dissolve fat in the intestines,

and metabolizes nutrients that are absorbed by the intestines [92].

The gall bladder is a hollow, pear shaped, 8-10 cm long organ that is posterior to the liver. It is
composed of three sections: fundus, body, and neck. Its main function is storage of bile which
is then released via the cystic duct, a 1-2 ¢m long canal, into the biliary duct system linked to

the duodenum .
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The pancreas is a lobular organ that lies posterior to the stomach. It secretes fluid rich in
carbohydrates and inactive enzymes which become active once they reach the duodenum. The
hormone secretion is triggered by the duodenum in the presence of chyme. The fluids secreted
by the pancreas are then released into the duodenum via the pancreatic duct. The particular

enzymes produced by the pancreas are discussed in section 94].

2.4.6 Mesentery

Left

Right | () b X [ \ mesocolon
mesocolon

Mesosigmoid

Mesorectum

Figure 2.7: Colon regions where the mesentery is attached to.

The mesentery is a continuous set of ruffled and folded tissues that extends from the base of the
stomach down to the rectum. It suspends the intestines from the abdominal wall in multiple
regions [95]. Its main functions are to fix all abdominal digestive organs, connect them to the
other systems and to store fat. It also helps the lymphatic system to transport lymph (fluid

containing white blood cells) throughout the body [96].

Knowing how the mesentery is organized and attached to the abdominal wall is necessary in
order to understand how it may impact the mechanical properties of the bowel and to quantify
the sensitivity of each region of the GI tract. In the study of White et al the failure stress

values for the mesentery in porcine models was characterized.

Most of the small intestine is not attached to the abdominal wall and so is mobile; however,

the large intestine is more fixed (where the anchorage system is deficient, the organ is mobile
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and prone to twisting around the attached region of the mesentery). The right mesocolon
is the continuation of the small intestinal mesentery. The transverse mesocolon starts at the
hepatic flexure and it continues as the left mesocolon at the splenic flexure. The right and left
mesocolon are similar and both are attached to the posterior abdominal wall. The mesosigmoid
comprises two regions: the medial region is attached to the posterial abdominal wall while the
lateral region is mobile. The mesorectum terminates proximal to the pelvic floor . The main

regions of the large intestine where the mesentery is attached to are shown in figure

2.5 Histology of the GI

Histology is the study of the microanatomy of tissues. Knowing the composition of tissue is
necessary in order to understand how its characteristics can affect the function of a device (e.g.
the surface texture) and how specific cells (or regions) can be targeted for drug delivery. In
this section, the histological properties of the tissues of the GI tract will be summarized. The
most common layers of a digestive tissue are shown graphically in figure however, subtle

differences between organs are elaborated on in subsequent paragraphs.

Muscularis
propria

Villi

Mucosa

Submucosa

Serosa

Figure 2.8: The tissue layers of the GI tract.
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2.5.1 Esophagus

The wall of the esophagus is composed of four layers: mucosa, submucosa, muscularis propria,
and adventitia. With respect to the other organs of the GI tract, the esophagus is the only one
that does not have a serosa layer. The missing serosa layer allows esophageal cancer to spread
easily and for this reason the surgical treatment is more challenging. Without a serosa layer,

possible luminal disruptions are also more difficult to repair.

The mucosa is thick and red at the beginning and paler at the end of the esophagus. Longitudinal
folds are present in the mucosa but they disappear when the esophagus is distended. The mucosa
consists of three sublayers: mucous membrane, lamina propria and muscularis mucosa. The
submucosa is made up of connective tissue, cells such as lymphocytes and plasma, and mucous
glands. The secretion of these glands is important for the clearance of the esophagus and for
tissue resistance to acid. The muscularis propria, which is responsible for motor function, is
composed of striated (skeletal) muscle in the upper part and of smooth muscle in the lower part
of the esophagus. The middle area, called the transition zone, is a mixture of both muscles.
The adventitia is the external fibrous layer and connects the esophagus with the surrounding
environment. Therefore, it is composed of connective tissue, small vessels, lymphatic channels,

and nerve fibers [64].

2.5.2 Stomach

The wall of the stomach consists of four layers: mucosa, submucosa, muscularis propria (or
muscularis externa), and serosa [8]. The mucosa is relatively thick and contains numerous
gastric glands and pits. The mucosa of the stomach has a mean thickness of 1.26 +0.07 mm and
accounts for about 32% + 7% of the total thickness of the stomach [78]. It has a prominent layer
of smooth muscle called muscularis mucosa, which helps to expel the contents of the gastric
glands. The mean thickness of the muscularis mucosa is 0.17 £ 0.09 mm [98]. The submucosa,
made up of connective tissue and lymph vessels, separates the mucosa from the muscularis
externa. The muscularis externa consists of three layers of smooth muscle: inner oblique layer,
middle circular layer, and external longitudinal layer. The three layers are not always visible
but have different functions: the inner oblique layer helps to mechanically break down food; the
middle circular layer of the muscularis is thick and forms the pyloric sphincter; and the external

longitudinal layer is responsible for moving the bolus toward the pylorus of the stomach [98].
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The serosa is the outermost layer that covers all the stomach wall [8].

2.5.3 Small intestine

The small intestine also has four tissue layers: mucosa, submucosa, muscularis propria, and
serosa, as shown in figure 2.8 The mucosa secretes digestive enzymes and hormones, and has
many protrusions called villi. These dramatically increase the surface area of the small intestine
(by 60 — 120 times) helping the absorption of the digested food [62]. This layer is the thickest
and can make up 35%-40% of the overall wall of the small intestine. The submucosa is the
layer of dense, irregular connective tissue or loose connective tissue and contains mucous glands,
blood vessels, lymph vessels, and nerves. It supports the mucosa and joins the mucosa to the
underlying smooth muscle. The muscularis propria is a region of muscle nearby the submucosa
membrane. It usually has two distinct layers of smooth muscle (circular and longitudinal) and
is responsible for peristaltic movement. The serosa is the outermost layer of the intestine: it is
a smooth membrane consisting of a thin layer of connective tissue and a thin layer of cells that

secrete serous fluid [§].

The three main sections of small intestine are similar at a microscopic level. Therefore, it can
be assumed that the previously mentioned sections of the small intestine have layers of the same
thickness. The mucosa and the submucosa have a thickness of 0.4+0.1 mm while the thickness of
the muscularis propria is 0.4 £0.2 mm [99]. The three sections have slightly different functions.
For example, unlike in the jejunum and ileum, the submucosa in the duodenum has Brunner’s
glands whose main function is to produce a mucus-rich, alkaline secretion to neutralize the
acidic content of chyme introduced from the stomach and to provide an alkaline condition for
optimal intestinal enzyme activity for enabling absorption. On—the—-other—hand, the ileum has
Peyer’s patches in the mucosa whose function is the immune surveillance system of the intestinal

lumen [§].

2.5.4 Large intestine

The histology of the large intestine is similar to that of the small intestine. However, since the
function of the large intestine is to absorb water there is no plicae circulares or villi. Therefore,
compared with the small intestine, it is more uniform and flatter on the microscopic scale [8,
63]. The mean thickness of the large intestine wall is 10804239 um in which the mean thickness

of the mucosa is 499 £+ 104 um, the thickness of the muscularis mucosa is 62 4+ 32 um, and the
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submucosa is 519 4 234 pm [98) 100]. The mucosa is composed by a thin layer of epithelial
cells (epithelium), connective tissue (lamina propria), and muscle (muscularis mucosa). The
submucosa surrounds the mucosa, and it is made up of mucous glands, blood vessels, lymph
vessels, and nerves. The muscularis propria is a layer of muscle that surrounds the wall of the

colon and rectum. The serosa is the outer layer of the colon that it is not found on most of the

rectum [8].
2.5.5 Mucus
Two-layered Villi Microvilli
Mucus
Mucosa
Epithelial
cell

Figure 2.9: Mucus.

Mucus is an essential factor to consider in device development, having a direct impact on the
navigation of a device inside the GI tract and its interaction with the tissue for diagnosis and
treatment (e.g. drug delivery). Mucus is present on all surfaces of the GI tract and creates
a physical barrier between the epithelium and the object in contact with it. For navigation,
this can result in a slippage plane that facilitates the easy passage of the object through the
GI tract, protecting the tissue from mechanical wear. Alternatively, it can be utilized for the
opposite—leveraging muco-adhesion to gain traction for locomotion or anchoring. For diagnosis
and treatment, this layer can be a source of information on gut health, or a physical barrier

through which the tool, sensor or drug must penetrate.

Mucus (figure [2.9)) is a complex biological material and its main functions are the lubrication
of the tissue in order to transport the chyme from the esophagus to the colon [101], and the

creation of a barrier to protect the surfaces of the GI tract and control the bacterial interaction
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with the immune system 101} 102]. The mucus is a semipermeable barrier that enables the
exchange of nutrients, water, gases, and hormones, but at the same time, it is impermeable to
most bacteria and pathogens [103]. The mucus has an important role in drug delivery since it
behaves as a barrier to some molecules and thus, drugs. Its viscoelasticity and pH properties

can impact the delivery and absorption of drugs [104-106].

The composition of the mucus varies markedly along the GI tract. The mucus is normally
composed of water, and so, it becomes a viscous structure when dehydrated [102]. The mucus
is composed of mucins, a protein that gives gel-like properties to the mucus. In the mouth, the
salivary glands produce MUC5B and MUCY7, which lubricate the food in order to pass through
the esophagus. The stomach and colon have a two—layered system, and the major component
of the colon mucus is the MUC2 mucin while the MUC5AC mucin is the major component of
the stomach mucus. Both are produced by the goblet cells [102]. The small intestine has, in

contrast to the stomach and colon, only one type of surface mucus, composed of MUC2 [107].

The two—layered structure of mucus in the colon is noteworthy [102]: the outer layer is perme-
able, and therefore, is the typical habitat for bacteria; however, the bacteria in the colon do
not have any direct contact with the epithelial cells since the inner mucus layer is impermeable.
The inner mucus layer is continuously secreted from the goblet cells. The inner layer of both the
colonic and stomach mucus is attached to the epithelial cells and is not easily removed, while
the outer layer easily sloughs off. The outer layer of the colon is easier to remove compared
to the outer layer of the stomach. The mucus of the small intestine does not normally adhere
to the epithelial cells and it is easier to remove [102]. The mucus in the small intestine covers
the overall space between the villi, and since it is not anchored to the epithelial cells, it moves
with the peristaltic waves. However, new mucus is constantly produced from the goblet cells.
Here, the mucus is also formed by antibacterial proteins whose function is to limit the number

of intact bacteria that can reach the epithelium |102].

In humans the thickness of the colonic inner layer is about 200-300 pm |102]. The spontaneous
mucus growth is 240 £ 60 pumh~! and the final mucus thickness is 480 £ 70 pm in the colon
[108]. The mucus of the stomach has a mean value of 180 pwm with a range of 50-450 pum. The

thickness depends mainly on digestive activity in the small intestine [103].

The viscoelasticity of the mucus depends on the level of hydration and on mucin concentration

[103]. The slope of viscosity versus the shear rate for mucus is usually within the range of —1
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to —0.5, with an average of —0.85. The viscosity of healthy gastric mucus is about 0.085 Pa s
at a shear rate of 1.15 s~!, but this value can increase significantly during duodenal ulceration

[101].

2.6 Chemical makeup of the contents of each region

The chemical properties of the GI tract, such as the pH, the enzymatic composition and the
metabolic activity, are crucial for determining appropriate materials for the design of the device,

selecting sensors and for choosing a location inside the gut for targeted drug delivery.

2.6.1 pH

The pH has a crucial role in the digestive tract, helping to create a favorable environment for
the breakdown of food and controlling bacteria metabolism. The pH along a healthy gut is
presented in table [109-111]. The saliva has a near neutral pH, but the oral cavity pH may
be modified by food. Secretion of different enzymes and chemicals controls the overall pH profile
of the gut. Regarding the esophagus, the normal value of pH is between 6.0 and 7.0 but it can
drop down to 4.0 in the presence of gastroesophageal reflux [112| [113].

Table 2.8: The pH values at different locations of the human gut.

Location pH (mean + SD)
Stomach [109] 29+1.97
Duodenum [110] 6.6 £0.5
Jejunum [109] 7.1+0.6
Tleum [110] 75+04
Large intestine [110] 6.6 0.7

2.6.2 Chemicals and enzymes

Digestion is a complex process and consists of both mechanical and chemical mechanisms.
The former is relatively simple and involves physical breakdown of food through muscular
contractions. The latter is a more complex mechanism that reduces food into its chemical
components which are then absorbed. In healthy individuals a substantial amount of fluid and

ions, about 7 [, is secreted and reabsorbed daily by the GI tract.

Chemical digestion begins first in the mouth by means of the salivary enzyme amylase which
breaks down starches into glucose. The esophagus does not produce digestive enzymes but does

produce mucus for lubrication and protection as food travels to the stomach [114].
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The cells in the lining of the stomach wall secrete hydrochloric acid (HCI), potassium chloride
(KCl), and sodium chloride (NaCl). Combined, these are known as gastric acid. Bicarbonate, a
base, is located to buffer the gastric fluid and mucus, a viscous fluid, protects the stomach wall.
The gastric chief cells in the stomach release pepsinogen and gastric lipase that help to digest
protein and lipid, respectively. Also, amylase, produced in the oral cavity and transferred to the
stomach with food, helps to continue the digestion of starch. A healthy adult human secretes

about 1.5 1 of gastric fluids per day [114].

The intestinal gland, placed between the villi of the small intestine, secretes a solution almost
similar to interstitial fluid. The villi contain goblet cells that produce mucus. Intestinal ep-
ithelium produces various enzymes (i.e. enterokinase, disaccharidases, and peptidases). Daily
volume of total intestinal secretion is about 1.8 1. These enzymes are mostly secluded within the
cells and do not contribute to luminal flow. The exocrine enzymes produced in the pancreas,

along with sodium bicarbonate, are propelled into the duodenum.

The pancreatic enzymes consist of amylase, lipase, colipase and phospholipase, cholesterol es-
terase, trypsinogen, chymotrypsinogen, and carboxypolypeptidase. A total of 1.0-1.5 1 of fluid
are secreted each day. Also, about 1.5 1 of bile are secreted every day in the liver and the
excess is stored in the gall bladder. Bile flows to the small intestine in the presence of fats in
the duodenum. Bile contains water, bile salts, bile pigments, cholesterol, inorganic salts, fatty

acids, fat, and lecithin [114].

The large intestine secretes about 0.2 1 of fluid per day, mostly in form of mucus, as the primary
function is the absorption. It can absorbs a large amount of water, electrolytes and minerals

secreted from other regions, but no chemical digestion is carried on in the large intestine [115].

A summary of the key enzymes and chemicals are presented in table

Table 2.9: Summary of enzymes and chemical composition at different locations of the human gut [115].

Location Daily volume (cc) Enzymes Fluids and ions

Stomach 1500 Pepsinogen Gastric Lipase Hydrochloric acid
Potassium chloride
Sodium chloride Mucus

Small intestine 1800 Enterokinase Disaccharidases Peptidases = Mucus Intestinal fluid
Large intestine 200 - Mucus
Pancreas 1500 Amylase Lipase, Nucleases Sodium bicarbonate

Cholesterol esterase Tripsinogen
Chymotripsinogen Carboxypolypeptidase

Liver 1500 Lactate dehydrogenase aspartate Bile
and alanine aminotransferases
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2.6.3 Gut microbiota and metabolites

Gut microbiota play a major role in human physiology by producing vitamins, facilitating
digestion, modulating the mucosal immune system and contributing to host defense against
pathogens [116, 117]. A healthy human gut hosts trillions of microbes which are essential for

maintaining immune and metabolic homeostasis and protecting against pathogens |118§].

The esophagus is an environment that contains a consistent quantity of microbiota. The major
component of the microbiota in a healthy esophagus is Streptococcus [119]. The human stomach
has acidic conditions and other antimicrobial factors and has been viewed as an inhospitable
environment for microorganisms. However, a diverse community, as large as 128 phylotypes
among eight bacterial phyla, have been detected in the human stomach, such as Proteobacteria,
Firmicutes, Actinobacteria, Bacteroidetes, and Fusobacteria phyla [120]. The small intestine
microbiota contains a facultative and strict anaerobes mainly consisting of Streptococcus sp.,
Escherichia coli, Clostridium sp., and high G + C organisms [121]. These microbes have de-
veloped different survival strategies to survive the harsh environment of the small intestine. A
total of 395 bacterial phylotypes are identified in large intestinal mucosal and fecal samples,
consisting mainly of Firmicutes and Bacteroidetes phyla [122} 123]. Only a few sequences asso-
ciated with the Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia phyla were

found due to the strict anaerobic mucosal regions [123].

The GI tract is not only a food digesting and absorbing system; it is also an endocrine organ
which secretes hormones in control of various metabolic processes and a lymphoid organ which
modulates the microbial control of host metabolism. Dietary substrates metabolized by the gut
microbiota comprise carbohydrates, amino acids, fatty acids, and phytochemicals. Some outputs
of the microbiota metabolism are acetate, propionate, butyrate derived from carbohydrates,

valerate, and caproate derived from amino acid [124].

2.7 Passive mechanical properties

The mechanical properties generally describe the ability of a tissue to resist deformation. How-
ever, the stress—strain behavior is complex and understanding the hyperelastic nature of the
tissue is essential for the study of the locomotion of a device and the mechanical interaction

with the tissue. This can inform both the real-time control of the device and modelling during
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the early, conceptualization stage. In this section, the passive mechanical properties of the

hollow organs of the GI tract are summarized.

2.7.1 Stress—strain behavior

The multi-layer structure of the GI tissue results in a complex stress—strain behavior that not
only varies with strain rate, but also depending on the region of the GI tract and direction
of stress applied. This is due largely to the fact that each layer of the GI tract has distinct

mechanical properties which allow different tissue to bear different deformation and stress [125].

The mucosa is loosely adherent to the underlying structures in most areas and cannot withstand
large stress. The submucosa has a mobile lattice of collagen fiber bundles with two layers of
muscle lining: circular and longitudinal. This allows the submucosa to resist significant mechan-
ical stress, but for a short duration. The serosa is typically the thinnest layer of the wall and
hence contributes the least to the overall tissue wall strength [126]. In summary, the mechanical
strength of the bowel wall is determined largely by the submucosa and muscular layers while the
serosa and mucosa have no significant strength [127]. In table the values of maximal stress
and destructive strain are provided for longitudinal and circumferential specimens of different
locations of the gut. Herein, the values of longitudinal and circumferential testing of surgically
removed stomach specimens are practically identical. On-the—other—hand, stress and strain
characteristics for small and large intestines, and the esophagus, vary significantly depending
on direction of the load (i.e. are anisotropic) [125].

Table 2.10: Maximal stress and destructive strain for different locations of the gut.

Location Maximum ultimate stress (MPa) Ultimate strain (%)
Esophagus (cervical part) [128] 2.19 & 0.06 (Longitudinal) 70.0+£7

1.41 + 0.05 (Circumferential) 82549
Stomach [125] 0.67 £ 0.19 (Longitudinal) 93.3 £ 18.57

1.41 £ 0.05 (Circumferential) 103.12 + 20.23
Small intestine [125] 0.548 £ 0.329 (Longitudinal) 85.76 £ 18.6

0.92 £ 0.48 (Circumferential) 84.02 +19.73
Large intestine [125] 1.188 + 0.302 (Longitudinal) 40.94 £12.5

0.645 £ 0.165 (Circumferential) 87.85 £ 27.0

2.7.2 Viscoelasticity properties

A time—dependent mechanical test, performed on a excised porcine esophagus, showed that the
esophagus has quasi-linear viscoelastic properties [129]. Results showed that the stress relaxed

by 20%-30% of the peak within the first 10 s and stabilized at ~ 50% of the peak after 300 s.
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In a study of porcine stomach, it was shown that a higher stress relaxation rate appeared in
the first 100 s, and it was about 70% of the total [130]. An in—vitro porcine study found that
small intestine tissue relaxes a lot faster than stomach or esophagus. With an increased shear
strain from 50% to 200%, all stress curves decrease exponentially from their highest points to

some steady states at ~ 20% within 2 s [131].

2.8 Motor behavior of the GI

The muscle contractions due to peristaltic movement are described in this section. These
movements impact the navigation of the device inside the GI tract and must be taken into con-
sideration during design. This includes the study of appropriate materials, device dimensions,
device shape, and effective control strategies that ensure the device is able to cope with the

movement of the organs while navigating the GI tract.

2.8.1 Peristalsis and the migrating motor complex

Peristalsis in the GI tract comprises a series of propagating muscular contractions which help
with the digestion and transportation of food. Each part of the GI tract has a distinct type of

motility and these are described in the following.

The stomach can be divided into two functional regions: gastric reservoir and gastric pump. The
primary function of the gastric reservoir is to aid in digestion of the food [132]. The reservoir
stores the food and then this is processed through a series of acids and enzymes secreted from
the gastric wall. The secretions act as a non—immunological defense against invading pathogens,
and food is processed for a complex diet. The primary function of the gastric pump, which is
anatomically provided by the antrum and the pylorus, is gastrointestinal motility, or rather the

transmission of the food through the intestine [132].

The food bolus is transferred to the distal part of the stomach with the help of tonic con-
tractions as shown in figure Tonic contractions are sustained contractions lasting from
several minutes to several hours. In the distal part of the stomach, peristaltic waves—muscular
contractions initiated by spontaneous electrical waves—are generated in order to move chime.
These are generated from a particular type of cell called interstitial cells of Cajal (ICC) [133,
134]. These cells generate a potential within their membranes called the electrical pacesetter

potential [135]. This potential drives the electrical events within the smooth muscle of the
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stomach and also determines the frequency and velocity of the slow waves in the distal part of
the stomach [136]. In Cheng’s study [137], a laparoscopic device had been used to record these
values and found that, for humans, the frequency of the waves is 2.83 & 0.35 min~! and the

propagation velocity is 3.0-8.0 mm s~ L.

Phase of Propulsion ~ Phase of Emptying  Phase of Retropulsion

Distal Proximal

Figure 2.10: Different phases of gastric digestion.

Contraction

Figure 2.11: Segmentation motility inside small intestine.

Like the stomach, the intestines also have an ICC network between the tissue layers. The
ICC produces electrical pacesetter potential which generates slow waves inside the intestine.
Additionally, there are two types of motility in the intestines—segmentation and peristalsis.
Segmentation is a mixing type of motility. The chyme moves back and forth through successive
relaxation and contraction cycles of the stomach, as shown in figure In this type of

movement, the inner muscle mass aids in the contraction and in the constricting of the food
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bolus. In the distal part of the duodenum, the frequency of segmentation is approximately 12

contractions min~!, and for the ileum it is 3-4 contractions min~! 139).

Peristalsis moves the chyme from one segment of the lumen to the forward segment, as shown
in figure [2.12} it is called progressive movement. In order to generate this type of movement
there is a sequential contraction and relaxation just like the segmentation motility; however,
here the outer muscle layer contracts and shortens, while the inner layer relaxes and widens.
The motion waves are generated along the entire length of the GI—from the mouth to the anus.
There are two types of peristaltic waves: the basic peristalsis that moves only 10 ¢m along
the small intestine at each contraction of the intestine and the ‘peristaltic rushes’ that occur
occasionally and move along the entire bowel with a high amplitude. The average velocity of
1

basic peristalsis is around 1-2 e¢m min ™" and the peristaltic rushes are around 2 c¢m s~

[140].

Contraction Chyme
:\/:
Separation of \_l/\

— —

food bolus __’/“/T\m

Propagation

Figure 2.12: Peristalsis movement along the lumen.

The chyme, after passing the ileocecal valve, reaches the large intestine. Here the motility
action is not as active as the stomach or small intestine. Colonic motility consists of three types
of contractions: the rhythmic phasic contractions (RPCs), the giant migrating contractions
(GMCs) and the tonic contractions. The first causes slow net distal propulsion, the second
occurs infrequently but produces mass movements, and the third aids RPCs in their motor

function [141]. According to Sarna et.al [141], the average frequency of GMCs is around 6-10
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per day and each contraction lasts, on average, for 20 s. The propagation velocity at the distal

part of the colon is about 1 e¢m s—1.

In a study by Rao et al [142] the number of peristaltic contractions occurring in healthy humans
during 24 h was considered. The frequency of contractions increased after waking and a meal,
while it decreased in the colon during sleep, when motor activity is reduced [142].

Table 2.11: Frequency and propagation velocity of different motilities in the human GI tract.

Region Motility pattern Frequency velocity
Stomach [137, [143] Tonic Contraction 2.83+£0.35 min~ ! 3.0-8.0 mm s~ !
Small intestine Segmentation in Duodenum [139] 12 min~! 12 em min~?!
Segmentation in Ileum [139) 8 min~! -
Segmentation in Jejenum [140] - 6 cm min~1
Peristalsis [46] - 1-2 em min~!
Rush peristalsis [140] 1.4-2.8 cm s71
Colon [141}|142,|144] Strong peristaltic movement 6-10 d—! lem s~1

The frequency and the velocity of propagation in different sections of the GI tract are summa-

rized in table 2111

2.8.2 Transit time through the various regions

Transit time is the time that it takes food to travel from the mouth through the digestive system
to the anus. This can vary greatly between individuals and depends also on the composition of

the meal.

Fryne et al [145] measured the transit time through various regions of the GI using a magnetic
tracking system. The observed gastric time was 35.5 min (range 4-73 min) and the transit
time for the small intestine was 261 min (range 241-402 min). They also measured the motility
data of the small intestine due to peristalsis. The propagation velocity was reported as 2.2 cm
min~! during post-prandial state and 2.3 ¢m min~! during fasting phase. In addition, they
measured the contraction frequency of the stomach and intestine. The measured value for the
stomach was 2.85 £ 0.29 min~! and for the intestine was 9.90 & 0.14 min~! post-prandial and
10.53 4 0.29 min~! during fasting. In a study by Degen and Phillips [146] it was demonstrated
that there is not a substantial difference between the transit time in men and women. The

gastrointestinal emptying time, measured with different techniques, is shown in table

40



Chapter 2. Fundamentals of the gut for capsule engineers 2.8. Motor behavior of the GI

Table 2.12: The gastric and intestinal emptying time.

Author Device Gastric (min) Intestinal (min)
Fryne et al [145] Pillcam 57.5 275
MTS-1 56 255
Magnetic Pill 35.5 260.5
Maurer et al [147] Radiolabeled meal - 231
Miller et al [14§] Lactulose Breath test - 234
Camilleri et al [149] Resin pellets 164 168

Most of the devices that have recorded data for transit time have been used in fasting states.
In real-life scenarios, the diet has to be taken into consideration. Krevsky et al [150] used
a different approach to measure the transit times through different sections of the GI tract.
Human volunteers ingested food containing indium pellets and the transit times through various
sections of small bowel were determined by measuring the radioactive signal. The data showed
that the transit time to fully empty the stomach was 120-180 min and for emptying 50% of
the small intestine was 150-180 min. The transit time through the colon was about 300-360
min. Cummings et al [151] performed a study in which 12 human subjects were fed, after each
meal, with radio—opaque pellets for several weeks of controlled diet and measured the transit
time. There were three different types of diet: Ad libitum diet (i.e. free—feeding or feeding
on demand), standard diet, and high fiber diet. The mean transit time for each diet of the 12

individuals is shown in table 2.131

Table 2.13: Mean transit time (days) calculated from marker size [151].

Ad libitum diet (studies 1-6) Standard diet (studies 7-12) High fiber diet (studies 7-11)

Mean Range Mean Range Mean Range
2.1 0.7-3.1 2.8 1.9-3.6 2.3 2.0-2.7
3.1 2.3-4.0 2.1 1.3-2.6 1.8 1.5-2.3
2.1 1.4-2.7 2.1 1.2-2.6 1.6 1.3-2.0
2.1 1.2-2.6 2.9 2.1-3.7 1.7 1.3-2.1
2.2 1.3-3.5 2.5 1.9-3.3 1.0 0.7-1.6
2.4 1.7-3.2 3.5 2.5-4.8

2.8.3 Post-prandial and fasting states and their effect on motor behavior

The peristaltic motion still pertains during fasting, but it is different in action and timing
than during the post-prandial state. The movement is propulsive—originating from the pylorus
up to the ileum—and is called the migratory motor complex (MMC) [152]. It is a kind of
‘housekeeping’ movement in which the MMC sweeps away any leftover food inside the lumen.
This is a critical activity as a stagnant bolus can cause bacterial growth inside the lumen. The

MMC is generated by a hormone called ‘motilin’ which is secreted during the fasting state.
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This state lasts over a period of 90-120 min [152]. During fasting, the MMC occurs in repeated
cycles. This cyclic pattern, as shown in figure 2.13] is divided into three phases. Phase I is the
motor quiescent period lasting 40%-60% of the cycle length and when slow waves are rarely
associated with spikes. Phase II presents irregular contractions in the small intestine and lasts
20%-30% of the cycle length. Phase III is the MMC characterized by spikes and contractions

and lasts for 5-10 min [153].

Phase I11: Stomach

Force Peristalsis Phase I
Phase II
Phase II:

Irregular Peristalsis
Phase III Phase 1

Phase I: A\ 4

) Phase II
Motor quiescence Phase 111 Ileum

Figure 2.13: The three phases of interdigestive motility pattern.

During the fasting and post-prandial states, the proximal and distal colon experience two dif-
ferent motor activities, namely: ‘tonic’ and ‘phasic’. The former consists of long contractions
lasting for several minutes up to hours; the latter comprises brief periods of relaxation and con-
traction. During fasting, the motility is similar between the proximal and distal colon. On the
contrary, during the post-prandial, the distal colon experiences an increase in the phasic motor
activity. In addition, the tonic activity, due to the meal, causes immediate tonic contraction in

the proximal and distal colon [154].

2.9 Forces on objects moving through the GI

The motion of a device through the GI tract is strictly related to all the forces acting on it in
the environment, of which there are many. The forces are highly variable and often too complex
to predict. Although they are derived from a variety of sources, they can be interdependent.
These are separated here into passive forces—those that are not generated as a result of the
movement of the object (e.g. muscular contractions in the bowel wall) and active forces—those

that are (e.g. friction). These are summarized in figure

The aim of this chapter is to summarize all these forces applied to the object and provide the
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@ Gravity @ Friction (Tribology interaction)

@ Buoyancy @ Environment deformation

@ Fluid drag Intra-luminal pressure

@ Adhesive force @ Muscular + Intra-abdomninal Pressure
@ Actuation force Direction of motion

©

@

v

Figure 2.14: The forces acting on an object moving through the GI tract.

key factors affecting their magnitude. While it is challenging to predict them all accurately, it
is useful to have a broad understanding of them during the mechatronic design of a device for

this environment.

2.9.1 Passive forces

The passive forces acting on an object are shown with black arrows in figure They include
gravity, buoyancy, muscular contractions generated by the GI, abdominal pressure, intraluminal

pressure, and mucosal adhesion.

Gravity and buoyancy

The most constant and simple forces to define are gravitational force and buoyancy. The
magnitude of gravitational force is proportional to the mass of the object, and the direction is
always downward in the world frame. Buoyancy opposes gravity and is calculated as Fj, = pVg,
where V' is the volume of the object and p is the density of the fluid surrounding it, which varies

slightly along the GI region. In general, the fluid can be assumed to be a Newtonian fluid with

a density of 1 kg 7! [155].
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Since the directions of gravity and buoyancy are always along the vertical axis, how they impact
the object’s dynamics depends on the orientation of the object and the surrounding environment.
For example, if the lumen and object are horizontal, they can align with and impact object—tissue
contact forces; if the lumen and object are vertical, they align with and can impact propulsive

force for locomotion.

Abdominal pressure

The GI tract runs through the core of the body and as such, passes by other organs and
soft tissues, all having mass and some of which are moving. The abdominal pressure exerted
on an object is the summation of the mass of tissue above the object (assuming bones are
self-supporting) and the forces generated by muscular contractions in the environment. The
former could be approximated by knowing the volume and density of the tissue above the
object. Densities of soft tissues range from 0.95 to 1.05 g em ™3 [156], and volumes can be
approximated by medical imaging and device localization. The latter include sources such as
the beating heart, contracting diaphragm and skeletal muscle movements. This component is
challenging to quantify, as it is dependent on the individual’s physiology, level of activity during

the procedure, the orientation of the body, and the pose of the object within the body.

A simpler approximation can be made by considering the abdomen as a whole and measuring the
intra-abdominal pressure (IAP) — a clinical parameter that is typically measured by monitoring
the pressure in the bladder. In a healthy adult, the pressure ranges from 5 to 7 mmHg but
can vary considerably, particularly in ill and obese patients, where values can be > 25 mmHg.
Body posture can also have a significant impact on IAP, especially if the individual is lying
prone or if the individual is inclined (or standing) [157-159]. Muscular contractions can greatly
alter IAP, with one study showing that during coughing and forced expiring, values of 46 and

36 mmH g respectively can be seen [160].

GI muscular contractions

GI muscular contractions are described in chapter 6 and are mostly prominent in the small
intestine. They are primarily generated by the myenteron (muscular layer of the intestine),
which creates pendular movements, segmental contractions, peristalsis, and gradual reflexes
[161) [162]. To estimate their effects on the object dynamics, it is necessary to understand the

magnitude, shape, and frequency of the contact force [163]. A general theoretical model of a
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solid bolus transported by peristalsis was formulated by Bertuzzi [163]. Miftahof et al described

bolus transport models specific to the GI tract to predict contact forces [161}, 164, [165].

Intraluminal pressure

Gases and liquids in the GI tract can become pressurized and exert forces on the surrounding
tissue and object. These can be artificially generated (e.g. insufflation from an endoscope) or
naturally generated (e.g. as a result of chemical processes in the gut). The primary impact of
intraluminal pressure is a reduction in contact pressure on the object as it counteracts the other
surrounding contact pressures, including those mentioned above. This is an important factor to
consider as the net contact pressure greatly impacts the degree of object—tissue contact, tissue

deformation, and therefore, both adhesion and the active forces on the object.

Summary—Net contact pressure

This subsection gives an indication of the expected contact pressures experienced by a capsule
in the small intestine—the region with the highest expected contact pressure due to its muscular
contractions and small lumen diameter. In other words, this gives a practical example of the
summation of pressures described in previous section. A device called the migrating motor
complex force sensor was used to measure the force per centimeter of length exerted by the
small bowel on a capsule-like object |[166-169]. The contact force depends on the position of
the body, and the distal small bowel exerts 92% more contact force against the capsule than the
proximal small bowel, with the primary reason being that the distal small bowel has a smaller
diameter than the proximal small bowel [167]. In table the mean values of the contact
force measured with different techniques in different works are summarized.

Table 2.14: The contact force on capsule.

Author Length of capsule Contact force
Calio et al |170] 33 mm 0.25 N em™!
Terry et al [167] 35 mm 0.9-29 N em™!
Miftahof et al |164] 35 mm 0.15-1.9 N cm™!

Adhesion

Mucus, described in section lines the inner surface of the GI and is continually secreted by
goblet cells [102]. The glycoprotein molecules in the mucus have an ability to adhere to solids

because of their hydrophilic and viscoelastic properties. Mucosal adhesivity is the interfacial
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ability to bond with a solid surface. It is measured by the energy required to separate the
two adhered surfaces and can be affected by several factors, such as hydration, mucus surface
tension, wettability, temperature, and dwell time (the amount of time the mucosa is in contact
with the solid surface prior to separation) [171]. Mucosa adhesivity can be useful in device
design; for example, it can be a solution to increase static friction to avoid migration of the

capsule inside the GI tract.

The inherent adhesivity between a capsule and mucosa was investigated by changing the factors
of adhesive modality (peel and tack), material (polycarbonate, micropatterned polydimethyl-
siloxane, stainless steel, and mucosa), and bowel region (proximal, middle, and distal). The
results show the mean tack strength of the mucosa to engineering materials was 0.198 + 0.070
m.J em~2. The mean peel strength was 0.0554+0.016 m.J cm =2 [172]. As the results suggest, the

adhesive tack strength between the mucosa and other material is larger than the peel strength.

Mucus thickness has some influence on mucoadhesion performance which is an important factor
to consider given the varying thickness throughout the GI tract. Varum et al |[173]. performed
experiments on pigs, which is the closest model to human mucosa, in order to evaluate the
mucoadhesion. The experimental results showed the mean detachment forces are dependent on
mucus thickness: 0.084 + 0.025 N for the stomach, 0.0575 + 0.0125 N for the small intestine
and 0.066 £ 0.009 N for the colon [173].

Other tests were conducted by Kern et al [174] to find a nonlinear empirical model to describe
the adhesion that includes the load (Fjsqq), dwell time (Tyyen), and separation rate (vgep). The
main important parameters taken into consideration are the maximum stress (042 ), defined as
the ratio of the maximum measured force and the total capsule contact area achieved during the
adhesion response, the total vertical probe displacement (d4¢4;) during the adhesion response,
and total effective adhesion energy (F.ys), defined as the total area under the force displacement
curve. The empirical equations are reported in table As the table shows, Fj,qq is a
significant factor only for 0y, and Ecyy while Ty, has no observed effect. Moreover, it has

been noticed that as Fj,qq increases oy, and Eqry decrease.

Table 2.15: Adhesion model [174].

Critical design parameter Model equation
Maximum stress Omaz = 972.4911}2;]’01 — 7.711Flzoad — 9.57TFoadVsep
Total displacement Ototar = 0.7 91v§’ep

Effective adhesion energy Eefs = (0.15505¢p — 0.010F}pqqVsep)®.583
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Numerous studies have exploited mucoadhesion further by developing mucoadhesives to chem-
ically bond to the mucosa to improve traction and/or adhesion. This can result in significantly

higher adhesive forces while, in some cases, maintaining the ability to repeatedly reattach to

the mucosa [175-178§].

2.9.2 Active forces

The active forces on an object as it moves through the GI are shown with red arrows in figure
[2.14] and encompass the tribology of the contact, the drag of the object moving through a fluid,
and tissue deformation during object motion. They depend largely on the properties of the
GI tract and the object, as well as the properties of the surrounding tissue and fluid. These
forces are applicable to all devices, including those with contact—based actuation, where the
device must maximize traction against the tissue; passive locomotion, where the device must
minimize frictional resistance to facilitate smooth passage through the lumen; and anchoring
requirements, where the device must secure itself, through high friction or adhesion, to the

lumen.

Tribology

Bowel deformation )
\ Device texture
/

Figure 2.15: Factors affecting the tribology of an object moving through the GI tract.

Figure aims to summarize the primary factors affecting the tribology of an object moving
through the GI tract, including the size and shape of the object, its velocity, the properties of
the mucus, the properties of the tissue, the contact force, the texture of the object, and the
texture of the tissue. This is a complex interaction, with the mucosa and underlying tissue being

viscoelastic, inhomogeneous, and nonlinearly deformable (chapter [2.6). Additionally, the con-
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tact pressures—described in the previous section—vary considerably, as does the macro—and
micro-scale morphology of the tissue. The tissue also continually excretes a non-Newtonian mu-
cus (section [2.5.5)) which, depending on the velocity and scale of the device, can either increase

or decrease total frictional resistance.

Understandably, it is complicated to create an all-encompassing and accurate model that con-
siders all the factors mentioned above. However, an understanding of the tribological properties
is useful to design functional surfaces and appropriate control techniques for this unique envi-
ronment. Sliker et al developed a model to predict the resistance force on a capsule which was
validated by performing drag force experiments [179]. Kim et al developed an analytical model
based on a hoop stress analysis, and compared it to finite element model results [180]. A similar
model was developed by Woo et al [181], using a hoop stress analysis and tensile properties
reported by Baek et al [182], but including an empirical model for a propulsion force due to

electrical stimulus of the bowel.

Perhaps the most intuitive is a study by Zhang et al, where a velocity—dependent model is
presented [183]. In this scenario, the total friction acting on a capsule can be written as a
summation of the environmental resistance, Coulomb friction, and viscous resistance (or drag)

[182, [183]

F=F+F,+F, (2.1)

where Fe is the environmental resistance, F;, is the viscous resistance and F is the Coulomb
friction. The environmental resistance F, is the amount of force required to deform the tissue

in contact with the object and is related to an elastic restoring force as

F. = PSsinf (2.2)

where 6 is the slant angle of the object-tissue contact patch, P is contact pressure and S is the
contact area. Tissue is viscoelastic, and so P increases with an increasing shear rate. This is
shown to be the dominant component of resistance during an object’s interaction with the GI
tissue and has other names, including ‘edge effects’ [184]. The viscous friction or drag is related

to the rheological properties of the fluid in the contact patch and can be expressed as
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F, = v (2.3)

where the apparent viscosity coefficient, 6 = 11.24(%)_0‘7552 + 0.1148, d is the mean value of
intestinal mucus thickness and v is relative velocity |183]. In other words, this is the resistance
of the mucus during shear and is velocity dependent. While static, resistance comes from the
adhesive bonds and, during shear, from the viscosity of the fluid [185] |186]. The Coulomb

friction is decided by

F. = puPScosb (2.4)

where p is the coulomb friction coefficient and the normal force has been replaced by P.S cos @
to account for the hoop stress. The friction coefficient is influenced by the texture of the capsule

and intestinal surface.

Equations - are all velocity dependent, and other literature supports this, while also
showing a total resistance dependency with object diameter, length [180, 181} 187, 188], and
normal force [189,190]. The key factors affecting the friction are the capsule dimensions, surface
geometry and the speed, while the effect of the weight is trivial. Ignoring the factor of weight,
the diameter affects the friction more than the length [191]. Wang et al [191] describe how

resistance changes with capsule size and velocity as

F(v) = Kvi + C (2.5)
where K and C > 0 are related to the R and L, radius and length of the capsule, respectively.

Fluid drag

While there may not always be high volumes of fluid in the GI tract, it is important to consider
any impact of drag as an object moves through a fluid—filled environment. In these cases, the

drag opposes motion and is equal to

Fp = 5pvQCDA (2.6)
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where p is the density of the fluid, v is the velocity of the object, Cp is the drag coefficient, and

A is the contact area of the front face of the object.

2.10 The impact of disease on GI physiology

Throughout this work we have described all the properties and characteristics of the GI tract in
its healthy state, which can be considered as the generic and most common condition. However,
having some knowledge of the possible GI alterations in the presence of digestive diseases is
useful, and in—depth investigation can be done as required for the application. Therefore,
here, we discuss the most common changes that can be seen from cancers and other diseases,
including IBS, IBD and celiac disease. IBD includes UC and CD, both characterized by chronic
inflammation of the gut [192]. Although UC and CD are grouped under IBD, they have different
characteristics. UC is an inflammation condition of the mucosa of the large intestine and is
related to the presence of bacteria in the colon, which produce colitis. However, CD usually
occurs in the ileocaecal region [193]. Both present an irregular mucosal surface and transmucosal
inflammation [193, 194]. Here we consider how these diseases impact GI transit time, pH,

microbiota and wall thickness [192].

Regarding the GI transit time, Bai et al [192] report that there is no significant difference in gas-
tric emptying time and small intestine transit time between healthy subjects and IBS patients.
However, they report that the IBS patients have a longer colonic transit time. Regarding UC
and CD patients, Bai et al report a slightly longer orocecal (mouth—cecum) transit time [192,
195]. On—the—other—hand, celiac patients show a longer orocecal transit time but no alteration

in small intestine transit time [195].

Gastric and small intestine pH profiles in patients with IBD are similar to those in healthy
samples, while the pH of the CD colon is much lower (5.3 +0.3 in the right colon and 5.3 +£0.7
in the left colon) [196]. Regarding celiac disease, a higher pH in the small bowel and unaltered
pH value in the stomach have been reported by Effinger et al [195]. Digestive diseases could
also mutate and reduce the intestinal concentration of bile salts, which affect the luminal pH

and, thus, the digestion of food (i.e. transit time) [192].

There is a strong correlation between gut microbiota, IBD, IBS and digestive diseases in gen-

eral. IBD has been shown to lead to a decrease of bacteria with anti-inflammatory capacities
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(Proteobacteria) and an increase of bacteria with inflammatory capacities (Faecalibacterium,
Helicobacter species) [117,195]. Regarding celiac patients, the microbiota was found to be rich
in potentially pathogenic bacteria and poor in species such as Lactobacilli and Bifidobacteria
[195]. Regarding colorectal cancer, a study by Tojo et al [197] shows that the alteration of
composition and function of the microbiota is correlated to the presence of colorectal cancer as
well as IBD or IBS. Sample of colorectal tumor have shown many bacterial such as Bacteroides
vulgatus, E. coli and Enterococcus faecalis [197]. Other microbial systems have been reported
in association with gastroesophageal reflux (Veillonella, Prevotella, Haemophilus, Neisseria,
Campylobacter, and Fusobacterium) and adenocarcinoma in the esophagus (Campylobacter)
[119]. Moreover, gut microbiota alterations may contribute to pancreatic diseases including

pancreatitis, chronic pancreatitis, and pancreatic cancer [116].

Wall thickness is a common indication of disease as it is proportional to the resulting inflamma-
tion. With UC the small intestine is characteristically thickened and presents with ulceration
of the mucosa [193], while the colon wall can thicken up to 8 mm in the presence of CD [194].
With regard to GI cancers, it has been proven that wall thickness is a good approach to evaluate
and target the presence of a tumor. For example, in the esophagus a thickness above 5 mm
is considered abnormal [198]. Similarly, Suk et al [77] classify gastric diseases with respect to
wall thickness. In particular, diseases have been classified as normal or benign disease (BD),
early gastric cancer (EGC), and advanced gastric cancer (AGC). BD presents a thickness of the
gastric wall of 4.9 £ 1.6 mm, the EGC shows a thickness of 5.6 4+ 2.4 mm while a thickness of

10.3 £ 4.7 mm is an indication of AGC.

2.11 Conclusion and future developments

Considering that digestive disease can significantly impact the normal function of the GI tract
and that GI cancer is one of the leading causes of death in the 21st century, the early diagnosis
and subsequent treatment of GI disease is essential to reduce patient morbidity and mortality.
Despite numerous technological advances in diagnosing and treating these diseases, the need
for innovation still exists. This is partly due to the harsh, difficult—to—access environment that
presents significant engineering challenges, but also to the increasing demand on health services
by a growing population that has increasing disease prevalence. Therefore, there remains sig-

nificant motivation for engineers in the biomedical field to find innovative, more sophisticated,
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and minimally invasive technologies to access the GI tract. In order to develop effective devices,
engineers need a broad spectrum of knowledge on the GI system, and so in this review, the
fundamental properties of the GI system — focusing on the esophagus, stomach, small and

large intestines — were described with the goal of presenting key information.

Developing disruptive medical devices for this region still has a number of major and open
challenges. Firstly, the mechatronic design needs to be considered from the shape, dimensions,
and materials of the device, to the research of innovative navigation strategies. The shape
and dimensions must ensure safe and efficient passage through the tortuous and unstructured
environment, while the material should be tailored to meet the friction, chemical resistance,
and biocompatibility requirements (i.e. pH and microbiota of the environment). An innovative
strategy for the device navigation is essential to ensure effective and real-time control and
reduce the mean completion time of the procedure, which should at least be comparable with
the existing procedure. This must be robust in an environment with numerous disturbances
(i.e. respiration of the patient, peristaltic movements) and high variability between patients.
To achieve this, localization, registration, and an effective locomotion mechanism (i.e. internal
anchoring locomotion, external magnetic coupling locomotion or a novel hybrid combinations
of internal and external locomotion) should be carefully considered depending on the context.
Lastly, to bring added benefit, the device should provide effective diagnosis and or treatment.
This should be accurately controlled with the device navigation and may be facilitated by
context specific sensing, for example, combined time and pH measurements. In this context,
the possibility of performing therapeutic functions, such as biopsy tissues, polyp ablation or
drug delivery, is necessary. Therefore, enhanced and innovative devices have the potential to
improve all these features, and thus, advance in the next decade, the medical and endoscopic

field.
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Chapter 3

The MFE: Magnetic Flexible

Endoscope platform

This Chapter focuses on the lower GI tract, i.e. the large intestine. Herein, the clinical motiva-
tion for developing a robotic system for colonoscopy is explained and an overview of the main

components of the MFE platform is provided.

3.1 Clinical motivation

Colonoscopy is an endoscopic procedure and, at the moment, the most important screening
test employed for the inspection of the large intestine. The exam is performed by inserting a
colonoscope from the anus through the entire colon to the ceacum (the end of the large intestine).
In this first phase, the endoscopist focuses on reaching the ceacum as fast as possible. Upon
reaching the ceacum, the scope is slowly withdrawn to visually inspect the colon wall, perform

tissue biopsy or remove polyps.

The traditional colonoscope is a FE characterized by high stiffness and rigidity. This allows the
clinician to push the colonoscope inside the patient’s colon and navigate the bowel. However,
the stiffness of the colonoscope causes a deformation of the shape of the colon which results in
pain and discomfort for the patient. As a consequence of a painful and unpleasant procedure,
patients are more reluctant to participate in prevention strategies which leads to an increase in

the risk of tumor development [10].
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Figure 3.1: Overview of the Magnetic Flexible Endoscope platform.

3.2 MFE System overview

The Magnetic Flexible Endoscope (MFE) platform (Figure is an alternative to the tradi-
tional FE [25]. The platform is composed of a highly flexible endoscope (MFE) guided by a

robotic manipulator.

The MFE consists of an Internal Permanent Magnet (IPM) mounted in a 3-D printed shell and
placed at the tip of the endoscope, which also contains a camera and LED to visualize and
illuminate the colon. The IPM is a NdFeB N52 permanent magnet with a 11.10 mm diameter
and 22.20 mm length. A flexible circuit, composed of an array of magnetic field sensors and
Inertial Measurement Unit (IMU), is glued around the IPM and is used for the Localization
algorithm described briefly in

A soft and flexible tether contains cabling for on-board electrical components and channels for
air and water, which permit the easy passage of the endoscope by insufflating the colon and
the cleaning of the camera lens, respectively. A working channel is then used for inserting
the instrument (i.e., forceps or needles for performing biopsies and snares for polyps removal)

allowing the clinician to perform diagnostic and therapeutic tasks; this allows for the same
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functionalities of a standard FE to be maintained.

A KUKA LBR Med R82(T] a collaborative 7-DoF robotic manipulator is used to control the
6-DoF of an External Permanent Magnet (EPM) (NdFeB N52 permanent magnet, 100.00 mm
diameter and length), mounted at its EE. The control system is implemented using the Robotic
Operating System (ROS) in Python, combined with an open-source KUKA to ROS integration
package. A joystick is used by the clinician as input to impart a new pose to the endoscope

given a visual feedback from the camera, embedded in the tip of the endoscope.

In the following, a summary of the major clinical needs and requirements for the MFE plat-
form. The pose accuracy is the deviation between the required and current pose and, in this
scenario, is a fundamental parameter to ensure the safety of the system. This is discussed in
detail in Chapter [6] and is related to the localization accuracy detailed in Since no estab-
lished benchmarks were reported for accuracy in magnetic capsule endoscopy applications, the

localization accuracy was based on two fundamentals [199]:
e the localization accuracy must be inferior to the well-known mean diameter of the colon.

e the performance of the localization algorithm needed to be proven competitive with respect

to prior methods.

Regarding the maximum pressure that can be applied to the colon wall without causing any
damage (e.g. perforation of the bowel) this has been reported to be 3 bar [200]. A colonoscopist
usually applies a force in a range of 13.9 — 27.9 N during a standard colonoscopy [201]. No
detailed studies where conducted on this topic during the experiments reported in this thesis,
however it was proven that during the retroflexion procedure [202], which is the procedure that
induces more stress on the colon wall with the MFE, the maximum applied tissue stress was

0.249 bar, which is only 8.3% of the maximum applicable pressure.

3.2.1 Limitations of basic control

As briefly mentioned in Chapter [I], magnetic devices can be controlled using either coil-based
systems [14-20], rotating permanent magnet-based systems |21} 22] or permanent magnet-based
systems [23-27]. Herein, the main advantages and disadvantages of each actuation system are

briefly considered. These play an important role in the choice of the controller.

"https://www.kuka.com/en-gb/industries/health-care/kuka-medical-robotics
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Coil-based Systems The usage of multiple coils within a predefined workspace is one of the
most investigated approaches. In fact, these systems generally have high controllability and
accuracy, therefore, they can achieve accurate control of the magnetic field and gradient inside
the workspace. On-the-other-hand, they are often more bulky, have a confined workspace, a

high energy consumption and produce heat.

Rotating Permanent Magnets This approach employs the magnetic field generated by
permanent magnets and solves the issue related to heating in coil-based systems. However,
these systems are very similar to their coil-based counterparts and, therefore, they share the

same limitations in terms of workspace.

Single Permanent Magnet Permanent magnet-based devices are actuated by a single per-
manent magnet, manipulated by a robotic manipulator. The main advantages of using per-
manent magnet-based devices over coil-based and rotating permanent magnet-based systems
are the compact size and reduced energy consumption. However, this gain comes at the cost of
reduced controllability, related to less accuracy in controlling the magnetic field and its gradient
over the workspace. Therefore, efficacious control of the IPM is less trivial and the choice for

suitable control techniques is crucial.

The MFE platform makes use of a single permanent magnet attached to the EE of a KUKA
manipulator. Magnetic forces and torques are employed, in this context, to steer and guide
the magnetic endoscope through the GI tract. However, due to the unintuitive nature of the
interaction of the magnetic fields, the implementation of an intelligent and appropriate control

technique is critical.

The inherited control strategy, developed from the previous group at the beginning of the
project, was a standard Proportional-Integral-Derivative (PID) control which lacked two main

elements:

e control over the 5th DoF i.e. the linear position of the endoscope along the gravity

direction;

e control over the magnetic force which would guarantee the convergence of the force and

improve the control properties.

Therefore, the main disadvantage of the inherited closed-loop control algorithm was that, if
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placed in a realistic colon simulator, it would cause the MFE to get stuck in the folds of the
colon tissue, as a consequence of not having control in the direction of gravity. Hence, a control
approach able to levitate the endoscope, controlling the 5th DoF of the system i.e. the gravity

direction, would solve the problem and achieve a smoother navigation of the endoscope.

Magnetic levitation is a phenomenon that can be achieved by counteracting the effects of the
gravitational force by means of solely magnetic forces and torques. Moreover, since forces and
torques are control inputs for magnetic agents, it is particularly efficacious to consider a quasi-
static |14} 16] or a dynamic control approach [47]. Consequently, a dynamic control approach,
that relates the IPM pose in the workspace to the magnetic forces and torques due to the

magnetic field of the EPM, can be considered a suitable choice.

In this work the magnetic levitation has been achieved with two different approaches:
e Gravity compensation PID control
e Adaptive Backstepping control.

Both approaches, in contrast to the standard PID control, add an internal loop that aims to
converge the actual force to the desired one. The latter, unlike the former, takes into account the
dynamics of the IPM and is able to cope with parametric uncertainties and unknown bounded

external disturbances.

On-the-other-hand, no control suitable for performing interventional tasks, such as biopsy or
polyp removal, has been developed so far. Interventional tasks require precision and accuracy
in order to be performed. Therefore, a model-based controller, which takes into account the
main characteristics of the system and its dynamics, seems to be the best choice for these type
of tasks. As a matter of fact, a model-based controller permits the analysis and synthesis of
a control system based on a specific plant. Therefore, linearizing the plant on different and
specific equilibria would enable the synthesis of different and effective controllers for each point

of equilibrium, enhancing the overall performance of the controller.

3.2.2 Magnetic endoscope localization

Herein, the localization algorithm [199], inherited from the previous group, is briefly explained.
In order to develop closed-loop control, a real-time localization algorithm must be incorporated

into the control system. The following localization system is used in this thesis as the method
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by which the real-time 6 DoF pose of the MFE is estimated. As a matter of fact, magnetic
localization of the endoscope is essential to enable work on closed-loop control for navigation

and stabilization of the magnetic endoscope, shown hereafter in the following chapters.

The following localization algorithm introduces a hybrid method that combines static and time-
varying magnetic field sources. This approach has been introduced for solving the singularity
of the problem. In fact, due to the symmetry of the cylindrical geometry of the EPM, the
magnetic field creates a singularity plane normal to the magnetic moment of the EPM in which

the system presents more than one solution and, thus, the endoscope pose cannot be estimated.

The information provided by the IMU, composed of an accelerometer and a gyroscope placed
inside the endoscope, is fused by means of a Mahoney filter to compute roll and pitch angles.
The yaw angle and the linear position are inferred comparing the information provided by the
six Hall effect sensor, placed inside the endoscope, with a predefined map of the EPM magnetic

field. The result is a probability distribution processed with a Particle filter.

Unfortunately, on the singularity plane, the system solution is not univocal. Therefore, the
presence of an electromagnetic coil, orthogonal to the magnetic moment of the EPM, which
generates an additional, orthogonal, time-varying magnetic field at 300 Hz is essential. The coil
is treated as a permanent magnet and is considered separate from the EPM’s magnetic field
by means of a Goertzel’s filter and the result is fed into the particle filter. This augments the

dimension of the system, solving the singularity.

The current localization algorithm permits the estimation of the endoscope’s pose with a posi-

tional accuracy of 5mm (£+1 mm), and rotational accuracy of 5° (£0.8°), at 100 Hz.

3.2.3 Magnetic model and nomenclature

In the following, we discuss some basic concepts about magnetic actuation and define some of
the variables used in this thesis. We consider IPM and EPM modeled as dipoles. We show how

to compute the magnetic field B,, and magnetic force, f,,, and torque, 7,,.

Consider the vector between EE position (pg) and IPM position (pr), referred to as p = pg —py.

According to the dipole model, the magnetic field B,,(p) € R® generated by the actuator magnet

lmell - . . >
B, = D(p)m
<4w|\p|13 D)
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and the force and torque between EPM and IPM is

fu = fots(hpi] + i+ (m] Zig)I)p
Tm = qyEiiu X Ding
where M = W with m; = |[|mg||/h; and mp = ||mg||mge magnetic moments of IPM

and EPM, respectively; po = 47r10*7% permeability of vacuum, p = ﬁ, Z =1 —5ppl and
D = 3ppT — I. Herein, I € R3*3 is referred to as the identity matriz and || - || is the Euclidean

norm.

It is well established that approximating the system with a dipole model leads to errors, which,
in this scenario, are mainly related to the inter-magnetic distance between the two magnets.
Following a trial-and-error process, the minimum and maximum inter-magnetic distances were
determined to be 15 ¢m and 20 cm, respectively. The minimum value is the safest minimum
distance of the EPM from the abdominal wall, the maximum is the distance at which the
magnetic force and torque exerted on the MFE is still appreciable. However, the error on the
dipole model at the mean distance can be consider negligible since was estimated to be less

than 10% for both the IPM and EPM.
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Chapter 4

Magnetic Levitation

This chapter presents the magnetic levitation of the MFE, a technique that aims to facilitate the
inspection of the colon by reducing contact with the colon walls and, thus, achieve a smoother
navigation of the endoscope, by avoiding to get stuck in the colon folds. Two different non-linear
backstepping approaches are taken into account to achieve a successful levitation. Both control
techniques were implemented by controlling the position of the endoscope along the gravity
direction and adding a further internal loop, a force control aimed to converge the actual
magnetic force to the desired one, guaranteeing the overall convergence of the entire system.
Initially, a gravity compensation PID control was implemented to prove the feasibility of the
magnetic levitation. In fact, counteracting the gravity allows the endoscope to levitate and
maintain the center of the lumen, reducing the contact with the environment. The feasibility of
this approach was theoretically proven with the Lyapunov approach. Therefore, a more suitable
and sophisticated control approach, Adaptive Backstepping control strategy, was considered in
order to provide confidence of stability and performance of the levitation technique. This second
approach adds a further control loop which estimates the dynamics of the IPM considering
the parametric uncertainties of the system and the possible external disturbances due to the
interaction of the tether with the external environment. A theoretically proof of stability was

provided with the Lypunov approach in order to strengthen the work.

Chapter source: Adaptive Dynamic Control for Magnetically Actuated Medical Robots, by
Lavinia Barducci*, Giovanni Pittiglio*, Joseph C. Norton, Keith L. Obstein, & Pietro Valdastri,

IEEE Robotics and Automation Letters volume 4, pages 3633-3640 (2019).
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Other related papers: Magnetic Levitation for Soft-Tethered Capsule Colonoscopy Actu-
ated With a Single Permanent Magnet: A Dynamic Control Approach, by Giovanni Pittiglio*,
Lavinia Barducci*, James W. Martin, Joseph C. Norton, Keith L. Obstein, & Pietro Valdastri,

IEEE Robotics and Automation Letters volume 4, pages 1224-1231 (2019).
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4.1 Magnetic Levitation for Soft-Tethered Capsule Colonoscopy
Actuated with a Single Permanent Magnet: a Dynamic

Control Approach

4.1.1 Abstract

The present work investigates a novel control approach for magnetically driven soft-tethered
capsules for colonoscopy - a potentially painless approach for colon inspection. The focus of
this work is on a class of devices composed of a magnetic capsule endoscope actuated by a
single external permanent magnet. Actuation is achieved by manipulating the external magnet
with a serial manipulator, which in turn produces forces and torques on the internal magnetic
capsule. We propose a control strategy which, counteracting gravity, achieves levitation of the
capsule. This technique, based on a nonlinear backstepping approach, is able to limit contact
with the colon walls, reducing friction, avoiding contact with internal folds and facilitating the
inspection of non-planar cavities. The approach is validated on an experimental setup which
embodies a general scenario faced in colonoscopy. The experiments show that we can attain
19.5 % of contact with the colon wall, compared to the almost 100 % of previously proposed
approaches. Moreover, we show that the control can be used to navigate the capsule through a

more realistic environment - a colon phantom - with reasonable completion time.
4.1.2 Introduction

KUKA Med

|

Figure 4.1: Schematic representation of the platform.

Over the last decade, magnetically actuated robotic platforms have had a significant impact
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in the field of medical robotics, providing new tools to facilitate minimally invasive diagnosis
and therapy in different regions of the human body. The main advantage of magnetically
actuated robots is the application of functional forces and torques without the need for the
alternative, often complex and bulky on-board locomotion mechanisms. Due to this advantage,
these devices have been investigated for several endoscopic procedures such as colonoscopy [12,

23, 24), gastroscopy (26|, cardiac applications |15, 203-206], surgery [20] and bronchoscopy |207].

In general, magnetically actuated endoscopic robots can be subdivided in terms of external
actuation, between coil-based |14-19} 208|, rotating permanent magnets-based |21} 22] and per-
manent magnet-based [12, 23] 24, |26, 209] devices. The first ones generate a magnetic field,
generally, based on the usage of multiple coils within a predefined workspace. The second ones
make use of rotating magnets instead of coils. Permanent magnet-based devices are actuated

by a single permanent magnet, manipulated by a serial robot.

Systems that use multiple coils generally have higher controllability owing to the fine control
over the magnetic field within the workspace. However, these systems are often more bulky,
have a confined workspace, are expensive and have a high energy consumption that may hinder

their practical use.

Rotating permanent magnets-based devices, permit 6 DoF's steering, when employing multiple
magnets [22]. This approach avoids heating normally associated with using coils, but shares

the same limitations in terms of workspace.

The focus of the present work is MFE actuated with single EPM [12, 23], shown in Fig. 4.1
This has been investigated as an alternative to standard colonoscopy, with the main advantages
of being ease-of-use and reduced patient discomfort - two significant drawbacks with the current
procedure. Standard colonoscopes, pushed from outside the body, advance through the colon
by exerting pressure on the bowel wall. This environmental interaction is needed to steer the
device and conform its shape to the tortuous lumen. On-the-other-hand, soft-tethered magnetic
capsules are controlled by an externally applied force focused at the tip of the device. Therefore,
in order to advance the capsule, there is no need to exert stress on the lumen; the forces are

applied in the required direction only and the soft tether follows passively.

However, a potential limitation of this platform is the continuous attraction of the capsule

to the EPM and lack of gravity compensation [29]. This may cause the capsule to become
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trapped in the anatomically complex and unstructured environment of the colon and may
hinder locomotion through a steeply sloping lumen. The method in [29] is able only to control 4
DoFs: 2 DoFs on the plane, pitch and yaw. However, magnetic coupling between 2 single-dipole
permanent magnets inherently permits the actuation of 5 DoF's; due to the cylindrical symmetry
of the magnetic field, capsule roll is not possible. Therefore, the goal of our contribution is to
enhance current practice by adding the actuation of the 5th DoFs: the one along the gravity
direction. This aims to reduce contact with the environment and facilitate locomotion. However,
the fundamental challenge of the proposed approach is that the equilibrium between magnetic

force and gravity is highly unstable and, therefore, the control design is nontrivial.

While levitation is technically easier to implement in coil-based systems [210], in this work we
aim to show that accurate control can be used to counter the limited controllability of systems
with a single EPM. We show that levitation (controlling the capsule in the gravity direction)
is feasible and can be done in free-space, i.e. without the need for a fluid medium [4]. This
is relevant in the context of colonoscopy because the lumen is routinely distended with a gas
medium. This control strategy can bring significant benefit as it facilitates the avoidance of
obstacles (eg. tissue folds), a reduction in contact force and therefore, a reduction in both
friction and risk of trauma or discomfort. It may also assist with navigating sloped regions of

the colon.

This work is organized as follows: in Section [£.1.3] we provide a general overview of the method,

which is explored further in Section Sections [A.1.5] and [4.1.6] present the experimental

data, which aims to prove the strength of the proposed approach; the former discusses free space
levitation in a L-shaped acrylic tube, the latter reports the results obtained in a more realistic

colon phantom. Section draws our main conclusions and discusses future work.

4.1.3 Method

In the following we aim to describe a general approach for magnetic capsule levitation using a
single EPM. The EPM is controlled by a serial manipulator and the capsule contains a magnet,
referred to as IPMEL This is shown in Fig. Achieving accurate control with robotically
actuated permanent magnets [26] is challenging, due largely to the high inertia related to the

movements of the large EPM and serial manipulator, compared to current flow. Moreover,

'In the following we use the name Internal Permanent Magnet also in reference to the magnetic capsule.
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when considering only a single magnetic source, point-wise control of the magnetic field and its

gradient is not as straightforward as in using multiple coils.

In order to achieve levitation we need to guarantee that the force on the IPM counteracts
gravity, in an equilibrium state that is highly unstable. The approach taken can either be to
design a controller aware of the dynamics of the IPM or to design a suitable trajectory planner
that does not require the dynamic equilibrium to be considered. Our initial approach was to
purse the latter and avoid the use of the system dynamics. As is shown in subsequent sections,

this is a feasible approach that achieves asymptotic stability.

The overall control strategy is based on the backstepping technique and the global stability is
formally proved by means of a Lyapunov-based approach [211]. This is guaranteed under the
assumption that the desired trajectory of the IPM is a piecewise-constant function of the time.
This means that desired velocity and acceleration of the IPM can be neglected. In this condition,
a PD controller can be designed to steer the IPM and achieve asymptotic convergence. The
assumption made does not interfere with the design of the controller, nor is limiting in any case

when a smooth planning can be achieved.

This control technique uses capsule localization (100 Hz, 4 mm accuracy) |[199], where the pose

and inferred force and torque are known.

4.1.4 Dynamic Control

We take into account a back-stepping approach [211] on two levels (or loops): pose loop (Section
4.1.4)) and force loop (Section [4.1.4]). The latter, considered as an internal loop, is designed to
guarantee the convergence of the actual force on the IPM to the desired one, while the former
aims to steer the IPM. The presence of the internal force loop improves the control properties,
compared to previous approaches [26, 29], and it is fundamental for levitation. Given the
unstable force equilibrium, it is essential to guarantee the stability of this internal loop before

attempting to steer the IPM. This control strategy is summarized in Fig. |4.2]

In this work, we only consider the dynamics of the capsule subject to forces and torques exerted
by the EPM. These forces and torques, embedded in the vector 7,,, € R™, depend on the relative
position between the IPM and EPM. In general, n = 5 for single external magnetic source and
n = 6 for multiple magnetic sources [16]. We consider that the two permanent magnets can be

approximated with the dipole model, which is enough accurate given their geometry and relative
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distance. Possible errors related to dipole modelling are discussed along with the experimental

data provided in Sections [4.1.5

In the present work, the presence of a tether is considered an unmodeled disturbance. In the
specific case under analysis, the tether is beneficial as it acts as a stabilizing damper on the
dynamics along the gravity direction, improving stability in the system. There is no limitation
in applying the proposed method to untethered capsules, but we expect the need for a faster

control loop to handle the less damped dynamics.

Consider the nominal dynamics of the capsule
B(x)i + C(x, )i + G(x) = Tm(z, q), (4.1)

where x € R™ is the capsule pose (position and orientation) and ¢ € R™ embeds the robot joint
variables; matrices B(z), C(x,%), G(z) are the respective inertia, Coriolis matriz and gravity

[212]. Our aim is to find ¢ such that = approaches a desired value .

The relationship 7,,(x, q) is the magnetic dipole force and torque exerted by the EPM on the
IPM. This relationship is highly nonlinear, confounding computation of ¢ given the desired force
and torque on the IPM. Therefore, we consider a time derivation of this function [29], which
reads as

_ or(z,q) n ot(x,q)

. ) — ;. 49
7, D z 94 G = Jo@+ Jyq (4.2)

and turns 7, into a state variable for the system we aim to control and ¢ into the control input;
matrices J, and J; are derived in [47]. The variables ¢ can be integrated to control the robot
through its DK [212]. The novelty of our control system, compared to [29|, is that we apply a

closed-loop control on 7.

The overall dynamics we aim to control reads as

Bx)t+Cx,2)t+G(x) = 7T

(z) (z, %) (z) 7 (4.3)
T o= Jex+Jyqg+v

where v models the tether interaction with the environment, for example: drag, elastic behaviour

and friction; 7 is the actual force and torque on the capsule. The localization method [199]

ensures that x and & can be measured. The robot joints are measured by the embedded
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Figure 4.2: Control scheme.

encoders.

In the following sections we describe the main steps in the derivation of the controller and
conclude by proving the stability of the controlled system, using Lemma and Theorem
Pose Control

Defining a pose controller that attempts to steer the IPM to a desired trajectory (z4) is the
first step and is achieved by first considering that 7 can be deliberately set as a control input
for the upper dynamics in [4.3] Because of the nonlinearities we attempt to find a set of desired
forces and torques (referred to as 74). Afterwards, as described in the next section, we aim to
control the actual torque (7) to 74. The stability of this backstepping approach, as shown in

Section 4.1.4] guarantees the overall convergence.

We want to prove that the PD with gravity compensation

Td = G(Q?) =+ Kpi‘ =+ Kdi‘, (4.4)

with & = x4—x, guarantees x — x4 as 7 — 74. This is achieved under the following assumption.
Assumption 1. The steering of the IPM is achieved by considering that:

e the force control, described in Section[].1.3), is faster than the system dynamics in [{.1}

o the desired trajectory is a piece-wise constant function of the time.

The former leads to assume that there exists an instant 7', 0 < 7" < 1, such that 7(t) =
74(t), t > T. In other words, we consider almost instantaneous convergence of force and torque.

This simplification is used to prove the first step of the backstepping; Section discusses the
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case of a weaker assumption. The need for this assumption is justified by the following lemma,

on which the final proof of this work (Theorem is based.

Lemma 4.1. Under Assumption [, the pose controller in[{.4] achicves asymptotic stability of
the error &, for any positive definite design gains K, and Kg.

Force Control

The second step in the design of the controller is to ensure that 7 converges to 7y and do
so almost instantaneously (according to Assumption . The magnetic force and torque are

computed from z and ¢ by employing the localization data and dipole model.

In order to design an asymptotically stable controller for force and torque, we take into account

and search for ¢ such that the dynamics for 7 = 74 — 7,,, evolves as
7=-K*, (4.5)

with K positive definite design gain. This leads to asymptotic stability of the force and torque

error dynamics.

By substituting [£.2] into we obtain

Ty = fm = —K7

Tqg— Jo@ — Jgg = —KT
whose solution, with respect to ¢, is
G = Ji(ta+ K7 — J,). (4.6)

Here (-)7 stands for the Moore-Penrose pseudoinverse [212]. Note that the derivative of the

desired torque 74 can be analytically computed from the localization data.

Lemma 4.2. Under the assumption that the disturbance v ~ 0, any positive definite gain K

achieves stability of the torque dynamics.

Proof. Under the drawn assumption, 7 >~ 7, — 74. ]
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Assuming the tether interactions to be negligible is justified by the fact that the tether used
in our platform interacts with the environment with a very low friction coefficient - the tether
and colon are both smooth and lubricated. Furthermore, considering that the tether is signifi-
cantly stiffer than the colon, the elastic restoring forces would have minimal impact on capsule
dynamics and any deformation would be seen primarily in the wall of the colon.

Overall Control

In the following, we describe the overall control strategy by considering the above results. In

particular, we show that with the choice of ¢

e = G(a)+ Kyi + Ky
! )+ By K , (4.7)
i = Ji(a+ KT~ Jpi— i)

we can weaken Assumption [Il The new choice of ¢ leads to

F=—-Kf+i,
which achieves overall convergence, as discussed in Theorem Therefore, the assumption
under which we guarantee the overall convergence of the controlled system is the following.
Assumption 2. The desired trajectory xq is piece-wise constant function of the time and v ~ 0.

We can prove the convergence of the controlled dynamics, as in the following theorem.

Theorem 4.3. Under Assumption[3, the controller defined in[].7] achieves asymptotic stability

of the dynamics@ for any positive definite design gains Kp, K4 and K.

This is elaborated in the Appendix section in [47].

4.1.5 Experimental analysis: Free space Levitation

The aim of the experimental work was to show that we can achieve levitation, including steering
the capsule through inclined trajectories. This could be an essential tool for facilitating effective

locomotion in the presence of obstacles and complex colon geometries.

The IPM was first placed into an acrylic tube with a realistic inner diameter of 60 mm [89],

bent at an angle of 90 degrees in the center. Each half of the tube was 250 mm long. The
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tube was inclined by approximately 20 mm over its length. This was chosen to show our
controller performance when moving the capsule along the gravity direction (x3). The referenced
trajectory was computed off-line, via a trial and error technique, with a step size of 0.01 m. At
half of the tube, where the trajectory rotates by a 90 degree angle, the orientation step size was

chosen as 0.1 degree.

The IPM (axially magnetized, 21 mm diameter, 19 mm length, 15 g mass) is actuated using
an EPM (axially magnetized, 101.6 mm diameter and length, 1.48T, N52) at the EE of a
serial manipulator (KUKA LBR Med R82(ﬂ). Localization [199] and control loop both run
at approximately 100 Hz. The error in the dipole models were computed by considering [213]
and the conditions during experiments. For the EPM, the maximum and mean error were
13 % and 3 % respectively. Whereas the corresponding errors for the IPM were 0.2 % and
0.06 % respectively. Magnetic interference was minimized by keeping the workspace free from

ferromagnetic materials.

To show the efficacy of the control strategy, we commanded the capsule to traverse the acrylic
tube in 10 trials. We report the 3D trajectories of the IPM and EPM in Fig. In Fig.
we report the desired and actual IPM trajectories with a focus on the z direction and on
the x-y plan The mean force along the gravity direction (73), measured throughout the
trajectories, is shown in Fig. The mean distance between the capsule and the center of
the tube (D), is shown in Fig. These give an indication of the levitation performance;
in-other-words, how effectively the system prevents the capsule from touching the surrounding

walls.

We controlled the capsule to be in the center of the lumen on the x; —z2 plane while maintaining
the minimum height on the axis x3 which achieves levitation - i.e. where 73 counteracts gravity.
In the first part of the tube, this objective translates directly into levitating the capsule, as
shown in Fig. and [£.4 On-the-other-hand, in the second half of the path, the stiffness
of the tether and acrylic tube leads to capsule-tube contact because of their large resistance
to deformation, as shown in Fig. In this case the EPM is not able to exert
enough force to counteract this resistance, in fact Fig. shows force oscillations in the
final part of the graph. Although the tether properties negatively impact simultaneous steering

and levitation, the experiments show that the control strategy can resume capsule levitation

*https://www.kuka.com/en-gb/industries/health-care/kuka-medical-robotics

71


https://www.kuka.com/en-gb/industries/health-care/kuka-medical-robotics

4.1. Gravity compensation PD control Chapter 4. Magnetic Levitation

after moving past the corner.

Fig. [4.5(b)| quantifies the amount of contact with the internal wall. The event of the capsule
touching the wall is quantified by geometric constraints and real-time localization. The latter
provides information about the position of the capsule inside the acrylic tube (upon an initial
registration). The result is that, on average, the capsule is in contact with the tube 19.5 % of the
time, compared to almost 100 % for previous methods [29]. Less contact with the environment

can be equated to smoother locomotion.

4.1.6 Experimental analysis: Colon Phantom

In the following we describe an experiment performed on the M40 Colonoscope Training Sim-
ulatOIH in standard configuration. The aim was to show that the proposed method is able to
control the IPM in a more realistic environment that is deformable, unstructured and contains
obstacles. While quantitative feedback on capsule-environment contact could not be measured

in this setup, the results show the feasibility of pursuing this control strategy.

These tests also validate our assumption of considering the tether dynamics as a disturbance, as
the capsule is able to successfully traverse the complex environment despite tether-environment
interaction. The colon has a low stiffness and provides little resistance to deformation from the

comparatively stiffer tether.

We performed 5 trials in which the user (an individual with no prior endoscopic experience,
but knowledge of the system) was tasked with traversing the colon phantom from sigmoid to
ceacum. The user was provided with visual feedback from the capsule’s on-board camera and
could manipulate the capsule pose using a 3D mouse. The input from the user, via a 3D mouse,
is discretize with respect to the maximum step size (0.01 m) to ensure a piece-wise constant
trajectory. This setup is shown in Fig. In Fig. [4.7 we show the colon phantom with all 5

trajectories overlaid.

The overall task had a mean completion time of 346.78 s with standard deviation of 119.37 s,
for a path of approximately 0.85 m. This would equate to exploring a typical human colon
in approximately 13 min, assuming an average colon length of 1.85m [89] and a mean capsule
velocity of 2 mm/s seen in these experiments. In order to investigate the real performance

of the proposed approach, a deeper analysis will be performed with expert users, as in [23].

3https://www.kyotokagaku.com/products/detail01/m40.html

72


https://www.kyotokagaku.com/products/detail01/m40.html

Chapter 4. Magnetic Levitation 4.1. Gravity compensation PD control

~ Splenic Flexure @
wi //y,{’.’.,”» 4“

o
]
o
°
.
[
[
L

an
an
an
an
an
an
an
an
0

Hepatic Flexure Ceacum

Figure 4.6: Experimental setup: colon simulator.

Increasing the velocity is related to two factors: the frequency of the control loop and the
need for Assumption The current localization frequency (100 Hz) is not fast enough to
guarantee the capsule dynamics are handled completely and so increasing this would have a

direct impact on system performance. Assumption [2]can be overcome by performing techniques

which consider the system dynamics. These will be explored in future work.

4.1.7 Conclusions

The present work discussed a novel control technique for capsule levitation in magnetically
driven capsule colonoscopy. This was motivated by the potential benefits of reduced friction,
and obstacle avoidance, for improved locomotion in complex environments such as the colon.
This is important as locomotion in this context is extremely challenging; devices are prone to
becoming trapped in the soft folds of tissue and friction/drag can hinder progress. Although the
magnetic system is inherently gentle, deforming the environment very little, the proposed control

strategy improves this further and so may reduce clinical risks and patient discomfort. The
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Figure 4.7: Trials on the colon simulator.

control strategy is based on a gravity compensation approach which attains capsule levitation

and fine control along the gravity direction, while also permitting capsule steering.

The asymptotic stability of the proposed technique was proved by employing the Lyapunov
approach and supported in the experimental results from tests in an acrylic tube. These results
show that, while levitating, we are able to handle slopes and, compared to previous solutions,
reduce contact with the cavity from approximately 100 % to 19.5 %. On the base of these results,
we can conclude that the control approach is a promising technique for general application in

magnetically driven capsule colonoscopy.

In order to strengthen this inference, we also performed colonoscopy on a phantom simulator
for colonoscopy training. These results show that we can perform colonoscopy by employing
the levitation technique. Due to the encouraging results obtained in the colon phantom, we aim
to confirm our findings in more realistic experimental settings (i.e. animal and cadaver models)
in the near future. Moreover, we will investigate the possibility of using the solely levitation or

any combination of it with other control techniques.

One of the current limitations of the present work is assuming that tether-environment interac-
tions are negligible disturbances. In our future works, we will also investigate how to integrate
these interactions in out control scheme, possibly by embedding real-time shape sensors inside

the tether.
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4.2 Adaptive Dynamic Control for Magnetically Actuated Med-

ical Robots

4.2.1 Abstract

In the present work we discuss a novel dynamic control approach for magnetically actuated
robots, by proposing an adaptive control technique, robust towards parametric uncertainties
and unknown bounded disturbances. The former generally arise due to partial knowledge of the
robots’ dynamic parameters, such as inertial factors, the latter are the outcome of unpredictable
interaction with unstructured environments. In order to show the application of the proposed
approach, we consider controlling the Magnetic Flexible Endoscope (MFE) which is composed of
a soft-tethered Internal Permanent Magnet (IPM), actuated with a single External Permanent
Magnet (EPM). We provide with experimental analysis to show the possibility of levitating the
MFE - one of the most difficult tasks with this platform - in case of partial knowledge of the
IPM’s dynamics and no knowledge of the tether’s behaviour. Experiments in an acrylic tube
show a reduction of contact of the 32% compared to non-levitating techniques and 1.75 times
faster task completion with respect to previously proposed levitating techniques. More realistic
experiments, performed in a colon phantom, show that levitating the capsule achieves faster
and smoother exploration and that the minimum time for completing the task is attained by

the proposed approach.

4.2.2 Introduction

Magnetically actuated robots have been investigated during the last decades, particularly in
the field of medical robotics. The main advantage of magnetically actuated robots is the poten-
tial miniaturization; this approach permits to overcome complex and bulky actuation system,
achieving minimally invasiveness. This is generally equated to a reduction of patient discomfort
and post-operative recovery time. Miniaturization is also feasible because functional forces can

be maintained by balancing an arbitrarily small IPMs with a sufficiently large EPM.

Due to these advantages, this class of robot has been investigated for application to several
fields of medicine, from endoscopic procedures, such as colonoscopy [23H25|, gastroscopy [26]
and cardiac applications |15, 203-206] to microrobotics [214]. Magnetic external actuation

can vary from coil-based systems [14-20], rotating permanent magnet-based devices [21} 22]
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and permanent magnet-based systems [23-27]. All these actuation mechanisms share similar
control properties, in fact, actuation is based on employing the previously mentioned actuators
for generating forces and torques focused on magnetic agents. Since the control inputs for these
robots are forces and torques, it is particularly effecacious to consider a quasi-static |14, 16] or a
dynamic control approach [47]. The latter has the advantage of considering the overall physical

properties of the robots and permits faster and more accurate control.

We propose an adaptive dynamic control approach [215], able to cope with parametric uncer-
tainties, such as inertial factors, and robust towards the presence of unknown bounded external
disturbances. The former are, generally, related to partial knowledge of the robots’ mechanical
properties, the latter may be related to unstructured forces arising from the interaction with
an unknown environment. This control technique employs the knowledge of the IPM pose,

achieved by using an appropriate localization technique such as [199] or [216].

In order to discuss the application of the proposed technique, we focus on the control of the
MFE [23], a innovative minimally invasive platform for colonoscopy. We consider the case of
actuating a single soft-tethered IPM by employing a robotically manipulated EPM. Moreover,
we consider partial knowledge of the mass and dimensions of the IPM and no information about
the tether. While we focus on one platform, this proposed method could be applied to other

actuation systems and untethered capsules [21].

Herein, we show successful magnetic levitation [47] which helps overcoming the major issue of
previously proposed control techniques [29]: continuous attraction between the IPM and EPM.
Successful levitation can encourage obstacle avoidance and a smoother navigation. It can also
result in a reduction of pressure applied to the environment which will reduce discomfort for

the patient and risk of adverse events.

This paper is organized as follows: in Section we provide a general overview of the method,
which is utilised and explored further in Section Sections [£.2.5] and [£.2.6] present the

experimental results, comparing the proposed approach with the ones discussed in [29, 47]; the
former discusses free space levitation in a L-shaped acrylic tube, the latter reports the results
obtained in a more realistic environment (a colon phantom). In Appendix we discuss the
basic concepts of the magnetic actuation, while Appendix reports proofs of lemmas and

theorems employed in the paper.
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Capsule (IPM)

Figure 4.8: Schematic representation of the platform.

4.2.3 Control Overview

The dynamic control approach discussed in the following is achieved using a single EPM con-
trolled by a serial manipulator. Another magnet, referred to as IPMH is housed within the

capsule. This is shown in Fig. [4.§

In this scenario, the most unstable equilibrium is the one along the gravity direction. In fact,
we need to guarantee that the force on the IPM counteracts gravity in an equilibrium state that
is highly unstable. A dynamic control approach takes into account all forces that act on the
system. In particular, the coupling between magnets is directly expressed in terms of interaction

(generalized) forces; levitation is the outcome of the equilibrium of these forces with gravity.

In our previous work , we proposed a dynamic control approach that allows the IPM to lev-
itate in a realistic environment, such as a colon phantom. The main drawback of this technique
lies in two main assumptions: the desired trajectory was considered as a piece-wise constant
function of the time and IPM-tether interactions were assumed negligible. The former restricts
velocity of the IPM movements, while the latter does not guarantee convergence in a general
scenario. In this paper, we aim to weaken both assumptions by employing an adaptive dynamic

control and by proving ultimately uniform bounded stability of the proposed approach.

Compared to the previously proposed solution [47], we present a novel approach which takes

4In the following the soft-tethered capsule is also referred to as Internal Permanent Magnet.
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Figure 4.9: Control scheme.

into consideration the dynamics of IPM and deals with possible parametric uncertainties. The
proposed technique is an adaptive control, which considers uncertainties such as the mass,
dimensions of the IPM and the dynamics of the tether. In particular, the IPM mass is strongly
affected by the tether. In fact, during levitation, a consistent section of the tether is lifted. The
proposed control strategy autonomously modifies its parameters in order to adapt them to the
actual system dynamics. Therefore, a further control loop has been inserted in the dynamic

control in order to achieve convergence of the estimated dynamic parameters.

This control technique uses capsule localization (100 Hz, 4 mm accuracy) [199].

4.2.4 Dynamic Control

The control strategy proposed herein is based on the backstepping technique which, compared
to |26l 29], adds a control loop on the force. This improves controller stability, as discussed in
[47]. Moreover, as an advancement of [47], we added a further internal loop which estimates the
dynamics of the IPM and takes into account the effect of the tether. The scheme in Fig.
shows the proposed control strategy (solid lines). The external loop (dashed lines) represents

the user interface which is not investigated in the present work.

Therefore, the control has three key components: pose control (Section , parameters
estimation (Section and force control (Section . Pose control, considered as the
external loop, aims to steer the IPM to the desired pose. The parameter estimation improves
the controller properties, since this allows the assumptions to be weakened by the knowledge
of the system dynamics. Force control, referred to also as “internal loop”, aims to converge
the actual force to the desired one. The stability of this backstepping approach, as shown in

Section [4.2.4] guarantees the overall convergence.
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Fundamentally, the dynamics of the IPM is subjected to the magnetic interaction between EPM
and IPM. The magnetic fields are approximated by the dipole model and are considered accurate
for our purpose: given the geometry and relative distance between the two magnets, we can
infer that the error does not significantly affect the control of the IPM. Possible errors related
to dipole modelling are discussed in Section The magnetic force and torque, exerted by

the EPM on the IPM, can be written as a vector 7,,,(z, q) € R™.

Consider the nominal dynamics of the IPM

B(z)i + C(z, %)t + G(z) = (2, q), (4.8)

where z € R" is the IPM pose (i.e. position and orientation) and ¢ € R™ embeds the robot
joint variables; B(z), C(z, ), G(x) are referred to as inertia, Coriolis matriz and gravity [212]

of the IPM, respectively. Our aim is to find ¢ such that x approaches a desired value 4.

This is achieved in two steps: first the value of the desired torque (74) is found for x — x4,
considering the dynamics of the unknown parameters, then we define ¢ for which 7, — 74,

according to the dynamics of the force and torque

_ o), Or(e0)

_ . n
D 94 = JoT+ Jyqd (4.9)

Tm

The analytical computation of the matrices J, and J; is thoroughly explained in Appendix @
The variables ¢ can be integrated to control the robot through its DK [212]. The novelty of
our control system, compared to [29], is that we apply a closed-loop control on 7,,, as in [47].
Compared to [47], we introduced a further control loop in which we guarantee the convergence

of the unknown parameters of the dynamic system.

The proposed approach takes into consideration how the tether can affect the dynamics of
the IPM. It is herein considered an unmodelled disturbance on the IPM dynamics, in order
to underline the robustness of the proposed approach. However, we show the stability of the
proposed technique (Theorem also in absence of the tether, as in the case of untethered
capsules [26]. We do not consider the case of known tether properties since, even in the case
tether dynamics can be predicted, interaction with the environment would confound them.

Therefore, we consider the most general case of dynamic control of a single IPM.
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In order to consider possible parametric uncertainties, embedded in the parameters vector m €

RP. we rewrite the dynamics in [4.8| as

B(x)i + C(x, )i + G(x) = Y (2, &, &), (4.10)

where Y (x,2,%) € R" P is the dynamic regressor, computed as in [217]. The update law of
7w allows the unknown parameters to converge to their real values, guaranteeing the robust

asymptotic stability of the overall system. Appendix describes this in more detail.

The overall dynamics of the system we aim to control reads as

Y(z,2,2)m = 7T
: (4.11)

Fo= Jpi A e+ v

where v models the tether interaction with the environment (such as: drag, elastic behaviour,
friction and colon motions) and 7 embeds the uncertain parameters of the IPM, such as the
mass, the length and the diameter. The localization method [199] measures x and &, while the

robot joints are measured by the embedded encoders.

Pose Control

As a first step, we define a pose controller that attempts to steer the IPM to a desired trajectory
rq. We aim to find a set of desired forces and torques, referred to as 74, that steer the IPM
to the desired pose. Compared to [47], we consider partial knowledge of the dynamics of the

system, using the Adaptive Backstepping Control |211] [215].

The control law can be determined directly through a standard Lyapunov approach, by defining

14 = B(2)i, + C(x, &)ir + G(z) — Kgs — &
(4.12)

=Y(x,&, &, & )T — Kgs — &

where B, C and C are the estimated dynamic matrices, whose parameters are embedded in 7.
The position error of the IPM is defined as & = 4 —x and s = £+ A% = 4 — (tg—AZ) = & — &y,
with A symmetric, positive definite design matrix; &, is referred to as the reference wvelocity,

being the velocity the IPM is controlled to.

The present control loop guarantees * — x4, as 7 — 74. This statement holds under the
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following assumption.

Assumption 3. The steering of the IPM is achieved under these conditions:
e the force control, described in Section[{.2.]], is faster than the system dynamics in[{.8;
e the unknown parameters vector w in[{.10 is constant.

The former leads to consider almost instantaneous convergence of force and torque; in fact, we
assume there exists an instant 7, 0 < 7" < 1, such that 7(¢) = 74(t), for any ¢ > T. This
assumption is needed to prove Lemma on which the final proof of this work (Theorem {4.6)
is based. Furthermore, the need for m = const is not limiting, since the inertial, Coriolis and

gravity parameters do not generally vary over time.

Lemma 4.4. Under Assumption |3, the pose controller in[{.13 achieves asymptotic stability of

the error T, for any positive definite design gains K4 and A.

Appendix [4.B] includes further details on this.

Parameters Estimation

This internal loop estimates the unknown parameters of the IPM dynamics, such as the mass
and the dimensions of the IPM; this allows us to adapt our controller to the real dynamics of

the system.

The control law is derived from the Lyapunov theory, defining 7@ = 7 — 7t = —7 = uy, under the

assumption that the unknown parameters vector 7 is constant. The control law reads as

ur = R (2, &, &, i) s (4.13)

where R is a positive, definite designed gain. The choice for u, is justified by the proof of

Lemma [4-4] reported in Appendix [£.B]

Force Control

As the third step, we design a controller that ensures the magnetic force (7,,) converges on
the desired force (74). According to Assumption (3] this loop is required to converge almost
instantaneously. The magnetic force and torque are computed from z and ¢ by employing the

localization output and dipole model.
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According to the choice for

G = J}(ta+ K7 — J,i). (4.14)
yields to

T =14 —tm=—KF7, (4.15)

with K positive definite design gain [47]. This leads to asymptotic stability of the force and
torque error dynamics.
Lemma 4.5 (from [47]). Any choice for the positive definite gain K achieves stability of the
torque dynamics, if v = 0.
Overall Control
In the following, we describe the overall control strategy by considering the previous sections.

We show that the new choice of ¢

Ta = Y(x,&,&p, 3 )T — Kgs —
i = Ji(Ga+K7—Jui—i) (4.16)
ur = R1YTs

leads to
F=-K7+1,
which achieves overall convergence. This is is discussed in the following theorem.

Theorem 4.6. Under the assumption m = const, the controller defined in[{.16 attains, for any

positive definite design gains Ky, Kq and K,
(a) asymptotic stability of T if v ~ 0;
(b) ultimately uniformly bounded error T if v is piece-wise constant.

This is discussed in Appendix , where we underline that, even in the presence of unknown
unmodelled disturbances related to the tether dynamics, stability of the error is ensured. More-

over, in the absence of disturbances (e.g. untethered IPM), asymptotic stability is guaranteed.
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Table 4.1: Mean error of the dipole model.

Adaptive Gravity PD
Backstepping | compensating PD
EPM 3% 3.04% 2.5%
IPM 28.08% 27.8% 23.05%

4.2.5 Experimental analysis: Free space Levitation

The goal of this experimental work is to validate the control strategy and show that IPM height
(i.e. levitation) can be controlled and compare its performance with the two previous control

strategies mentioned in this paper [29, [47].

The IPM is a cylindrical permanent magnet with an axial magnetization of 1.48 T (N52),
diameter and length of 10.16 mm and a mass of 15 g. The EPM is a permanent magnet with
a diameter and length of 101.6 mm and an axial magnetization of 1.48 T (N52). The EPM is
attached to the flange of a serial manipulator (KUKA LBR Med robo‘ﬂ). The mass, the radius
and the length of the MFE are considered as the parameters to model in order to estimate the
actual system dynamics. Previously reported data on these parameters are used as an initial
estimate. Localization [199] and control loop both run at approximately 100 Hz. So far, no

studies have been conducted on the speed of the system dynamics.

Table reports the errors related to the dipole model, considering the mean distance between

the two magnets during the experiments, described in [213].

To show how our control performs, we chose to navigate the IPM through an acrylic tube (Fig.
with an inner diameter of 60 mm and a 90 degrees bend in the middle. Each half of the
tube has a length of 250 mm and the first part is inclined by approximately 20 mm over its
length. In this case, the desired trajectory is a pre-planned path since we aim to objectively

evaluate the levitating performance, without the user in the loop.

We compared this control approach with the techniques proposed in [47] and [29]. The latter
imposes a continuous force along the gravity direction to maintain the magnetic coupling be-
tween the two magnets and therefore, imposes continuous contact with the environment; the
former is able to levitate the IPM, but with limited velocity, due to the drawn assumptions.

We performed 5 trials inside the tube with each method.

Shttps://www.kuka.com/en-de/industries/healthcare/kuka-medical-robotics
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Figure 4.10: Sensorised platform. a. EPM, b. IPM, c. Environment (acrylic tube), d. Force/Torque sensor, e.
Top acrylic sheet (constrained in negative z) and f. One of the ball transfer units

During the tests, we controlled the IPM to stay in the center of the lumen on the x — y plane
and to maintain levitation on the z axis. In the first tract of the tube, the main challenge for
the controller is levitating the IPM, while in the second half of the tube, the stiffness of the
tether and tube causes the IPM to maintain contact with the wall of the tube. However, the
experiments show that the current control technique and the technique used in are both

able to resume IPM levitation after the disruption of moving past the corner.

To give a quantitative indication of the IPM’s contact with the environment and, crucially, be
able to compare the three control strategies, a custom sensorised force platform (Fig. was
used. The force sensor (6 axis Force/Torque sensor, Nanol7, ATI) was secured between two
acrylic sheets, with the top sheet constrained in the negative z direction but allowed to move
freely in x, y and positive z due to the ball transfer units used to support it. The sensor was used
to precisely record (via a National Instruments cDAQ 9171, 1kHz sampling frequency) all forces

acting on the acrylic sheet through the environment (i.e. acrylic tube). This setup was chosen
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(a) Adaptive backstepping control. (b) Gravity compensating PD control [47].
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Figure 4.11: 3D tracking.

to allow flexibility in the tube layout and the use of an extremely precise sensor (resolving down

to approximately 0.003N) that could be damaged if connected to an unconstrained platform.

In Fig. we report the 3D trajectories of the IPM for each approach, while in Fig.
we report the force on the z direction (gravity direction), the norm of the lateral force (along x
and y axis) and the overall contact between the IPM and the tube wall, expressed as norm of

the force vector.

The results show that the amount of contact with the current method is comparable to the
results obtained with the gravity compensating PD approach, but is reduced with respect to
the amount of contact achieved with the PD method. In fact, the force along the gravity
direction is significantly lower with the first two approaches. Fig. |4.12(a)| shows a negative
mean value for the force with the Adaptive backstepping control and the Gravity compensating

PD control. This is due to the force transmitted by the tether on the negative z axis. In general,
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Figure 4.12: Overview of the IPM-tube contact. A. Adaptive backstepping control. B. Gravity compensating
PD control. C. PD control.
we can infer that the IPM does not have contact with the tube wall; the limited contact with

the tube is indicated from the standard deviation.

Moreover, due to the stiffness of the acrylic tube and the interaction of the tether, the norm
of the overall force (i.e. taking into account force in the z and y direction) is significantly
larger than the force in the z direction with the Adaptive Backstepping control and the Gravity
compensating PD control approaches. This also underlines the robustness of the proposed
approach towards significant interaction between the tether and the environment. On-the-
other-hand, this issue is likely to be less significant in a more flexible environment, such as the

colon. Therefore, the method is expected to attain a more satisfactory performance.

Moreover, in Fig. [f.11] we can notice that, with respect to the Gravity compensating PD control,
the Adaptive backstepping control is able to maintain a better levitation also after the corner

(where the rigidity of the tube and the stiffness of the tether affect the behaviour of the IPM).
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Figure 4.13: Setup for colon phantom experiments.

The gravity compensating PD control, instead, has more difficulty to exert necessary force to

levitate the IPM while trying to reduce the IPM-tube contact.

Concerning the time to travel the tube and to resume the IPM levitation after the corner, we
can infer that the Adaptive Backstepping control is faster than the gravity compensating PD
method: with the Adaptive Backstepping control the IPM was able to traverse the tube in a
mean time of 72 s with a standard deviation of 9.1 s, while the PD controller reports a mean

time of 126.2 s with standard deviation of 23 s.

4.2.6 Experimental analysis: Colon Phantom

To show the practical feasibility of this approach we provide experiments in a more realistic
environment. For this purpose, we used the M40 Colonoscope Training Simulatorﬁ in standard
configuration. As the previous set of the experiments in Section [£.2.5] we compared the current

approach with the method used in and the PD control computed in |29].

We performed 5 trials with each approach to compare all techniques. The user (with no prior
endoscopic experience, but knowledge of the platform) was able to guide the IPM to traverse
the colon from the end of the sigmoid to the caecum. The IPM is equipped with a camera that
provides a visual feedback to the user, which manipulates the IPM’s desired pose (z4) with a

3D mouse, as shown in Fig.

In Fig. [4.14] we report the fastest trial with each approach. These experiments show that

Shttps://wuw.kyotokagaku.com/products/detail01/m40. html
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Figure 4.14: Trials on the colon simulator.

the current approach is able to reduce the mean completion time for the overall task (a path of
approximately 0.85 m). The Adaptive Backstepping control achieves a mean completion time of
248.5 s with standard deviation of 31.8 s; the mean time achieved by the gravity compensating
PD control was 306.3 s with a standard deviation of 69.6 s; the PD control , instead,
had a mean completion time of 551.9 s with standard deviation of 138.4 s. Moreover, since we
set a maximum time for each trial of 600 s, the PD control failed two times over all five trials -

the ceacum was not reached on time.

In order to levitate the capsule, the force exerted on the IPM along the z axis is reduced,
compared to ; this leads to a lower functional steering force and the need for feeding the
tether (i.e. assistance with overcoming tether drag). However, since the capsule is levitating, the
friction related to environmental interaction is reduced and feeding the tether is more effective.

A video of the experiment performed with the Adaptive backstepping control is reported in the

88



Chapter 4. Magnetic Levitation 4.2. Adaptive Dynamic Control for Magnetically Actuated Medical Robots

attached media of the paper.

Regarding the user learning curve, it was noted during the experiments that it varies depending
on the technique used to perform colonoscopy. In particular, levitation techniques were observed
to be easier to use, perhaps because of the ease and smoothness of guiding the endoscope inside
the intestine, while levitating. On the other hand, the PID technique, which is unable to reduce
contact with the environment and prevent the endoscope from being trapped in the folds of the
colon, was considered more challenging by the user. However, no studies have been conducted

on this aspect, so no data are reported here.

During these experiments, the sensorised platform was not used to measure the force that the
IPM exerts on the environment. This was because the transmitted forces (from the IPM in-
teractions to the sensor) were sufficiently low to be comparable with background noise. The
attributing factor being the highly deformable environment that absorbs (dissipates) the low
(<1IN) contact forces. In the future, to investigate the real performance of the proposed ap-

proach, a deeper analysis will be performed with expert users.

A supplementary video shows the robustness of the control technique in the presence of external

disturbances.

4.2.7 Conclusion

The present paper discusses a dynamic approach for the control of the magnetically actuated
medical robots. In particular, we show the application of the proposed technique to the MFE
[23]. We prove that proposed method is enough accurate to achieve levitation of the IPM,
which is one of the most complex tasks with this type of platforms. Moreover, levitating the
IPM leads to reduced contact with the environment, avoiding obstacles and folds. This can aid

locomotion and reduce tissue stress (i.e. patient discomfort and risk of trauma).

The control strategy is based on the Adaptive Backstepping Control, which facilitates IPM lev-
itation. The novelty of the current approach is the fact that we take into account the dynamics
of the IPM, considering all the uncertainties the system is subjected to. This overcomes some
of the assumptions drawn in [47]. In particular, the assumption that the desired trajectory is
a piece-wise constant function of the time is weakened. This allows an increase in the velocity
of the IPM, even if this is always subjected to the limitation of the IPM localization algorithm.

In fact, the current localization frequency (100 Hz) is not fast enough to guarantee that the
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IPM dynamics is handled completely and so increasing this would have a direct impact on sys-
tem performance. Moreover, further studies on the dynamics of the system would help better

understand the actual requirement on the localization and control loop.

To prove the strength of the current approach we performed two sets of experiments. The
first set of experiments was developed in free space, using a sensorised platform to measure the
forces the IPM exerted on the environment. The measured force can be read as a measure of
the amount of contact between the IPM and the tube wall. The results demonstrate that our
method is able to reduce the contact with the surrounding and increase the velocity of the IPM

respect to the previous solutions [29, 47].

To prove the feasibility of our approach in a more realistic environment, we performed the
second set of experiments in a colon phantom. These proved that with the current strategy the
IPM was able to traverse the colon from the sigmoid to the caecum with a reasonable completion
time. Prior work using a latex phantom and Olympus colonoscope demonstrates a median cecal
intubation time (i.e. travelling from anus to cecum) of 150.19 s (115.68, 197.48) for 4 experted
physicians [218]. Even if the proposed method is slower compared to the standard technique,
it is worth mentioning that the lower invasiveness of the MFE has the potential for eliminating

the need for anesthesia and so achieve an overall shorter procedure and recovery time.

In the future, we will investigate the performance of the current approach in a more realistic
experimental setting (i.e animal and cadaver models). Moreover, we aim to investigate the

application of the proposed control approach to multiple IPMs.
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Appendix

4.A Magnetic Actuation

Consider the vector between EE position (pg) and IPM position (pr), referred to as p = pg —py.

According to the dipole model, the (generalized) force between EPM and IPM is

e (g + iy + (i Zing)1)p

Tm =
M A A
i1 % Die
where M = W with m; = |[|m||/; and mp = ||mg||mge magnetic moments of IPM

and EPM, respectively; po = 47T10*7% permeability of vacuum, p = ﬁ, Z =1 —5ppl and
D = 3pp? — I. Herein I € R3*3 is referred to as the identity matriz and || - || is the FEuclidean

norm.

We consider the time derivative of 7, [47]

5 T
Trm = OTm OTm p — [ OTm OTm P
dp Omg 2 dp Omyj 2

I 0 I 0
— | Otm Omm 33 Jq — OTm OTm 3,3 T
(9p 8mE T Bp am[ A T
X 0373 (mI)x

= qQ+ J:Ema

with J manipulator’s Jacobian matrix.

4.B Proofs of Lemmas and Theorems

In the following we provide the proofs of Lemma [4.4 and Theorem
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Proof of Lemma 1. Consider the positive definite Lyapunov function

with R is a positive definite gain. Since the unknown parameters are assumed constant, their

def

error dynamics iS T = T — T = —T = —U,, for some choice for the update law u,. The time

derivative of the chosen Lyapunov function reads as

. . 1 .
W =312+ s"B(x)s + isTB(a:)s — 7T Ru,

= 317 + sT(B(2)# — B(x)i,) + §STB($)S — 7T Ru,

Summing and subtracting sT C's we obtain
. . 1 )
W =3z + s (-B(z)#, — C(z,4)d, — G(z) + 1) + §ST(B(:U) —2C(x,%))s — 7! Ruy.

Due to the skew-symmetry of B(x) — 20(x, ), 57 (B(z) —2C (z,%))s = 0 [214]. We define the
generalized forces as

T = B(2)i, + C(x, &)@, + G(z) — Kgs — .

thus

W=sTY7—sTKys — iTA% — 7 Ru,.

The update law uy = R™YYTs, for the parameters dynamics, yields to
W =—s"Kys — iTAZ

and leads to conclude for, at least, uniform stability of the origin.

According to La Salle-Yoshizawa’s theorem [219], since limy_yoo W(Z,s,7) = 0, limy_y00 Z = 0

and asymptotic stability of T is guaranteed.

Proof of Theorem 1. Consider the positive definite Lyapunov function

where W (Z, s,7,t) is the Lyapunov function defined in the proof of Lemma and T =1Tqg—T.
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The time derivative of the chosen Lyapunov function is

V(w, 5,7,t,7) = —sT Kgs — 3T Ai + (F + v)T7

=—sTKys —#TAz — 7T K7 — VT K7,

under the assumption v ~ 0.

First, we prove statement (a). In absence of disturbances, i.e. v =0, by applying the La Salle-
Yoshizawa’s theorem [219], we can conclude for asymptotic stability of &, as in the proof of

Lemma 4.4

We can also investigate the uniform ultimate boundedness of & (statement (b)), by showing that

forany 0 <0 < 1,

V(& s,7,t,7) = (1 —0)(—s' Kgs — 3T Az — 7T K7) +

0(—sT Kgs — #T Az — 7T K7) — 0T K7,

therefore,
V(#,s,7,1,7) < MEq, A, K)[[E][V0 < 0 <1,
if
HEH _ :A(K)HVH d:ef
ONK g4, A, K)
Here € = (sT#T7T)T and N(A1, Ag, ..., Ay) is referred as the mazimum eigenvalue of the ma-

trices Ay, As, ..., A

Therefore, the ultimate bound is L.
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Chapter 5

Active Stabilization of Interventional
Tasks utilizing a Magnetically

Manipulated Endoscope

Chapter source: Active Stabilization of Interventional Tasks utilizing a Magnetically Manip-
ulated Endoscope, by Lavinia Barducci, Bruno Scaglioni, James W. Martin, Keith L. Obstein,
& Pietro Valdastri, Frontiers in Robotics and Al volume 2, (2022).

5.1 Abstract

Magnetically actuated robots have become increasingly popular in medical endoscopy over the
past decade. Despite the significant improvements in autonomy and control methods, progress
within the field of medical magnetic endoscopes has mainly been in the domain of enhanced
navigation. Interventional tasks such as biopsy, polyp removal, and clip placement are a major
procedural component of endoscopy. Little advancement has been done in this area due to the
problem of adequately controlling and stabilizing magnetically actuated endoscopes for inter-
ventional tasks. In the present paper we discuss a novel model-based LPV control approach
to provide stability during interventional maneuvers. This method linearizes the non-linear
dynamic interaction between the external actuation system and the endoscope in a set of equi-
libria, associated to different distances between the magnetic source and the endoscope, and

computes different controllers for each equilibrium. This approach provides the global stability
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of the overall system and robustness against external disturbances. The performance of the
LPV approach is compared to an intelligent teleoperation control method (based on a PID
controller), on the MFE platform. Four biopsies in different regions of the colon and at two
different system equilibria are performed. Both controllers are asked to stabilize the endoscope
in the presence of external disturbances (i.e. the introduction of the biopsy forceps through the
working channel of the endoscope). The experiments, performed in a benchtop colon simulator,
show a maximum reduction of the mean orientation error of the endoscope of 45.8% with the

LPV control compared to the PID controller.

5.2 Introduction

CRC is the third most common cancerous disease worldwide 220} [221]; therefore, prevention
and early diagnosis of CRC are crucial. Although FEs have been at the forefront in detection
and treatment of CRC [222], their main disadvantages are patient discomfort and complexity of
use, both associated to the stiffness of the endoscope shaft [223,224). This leads to limitations

in their ability to diagnose and treat CRC [12].

The demand for new, less invasive and more sophisticated technologies in the prevention of
CRC has increased significantly in the last decades |13] 225]. Minimally invasive technologies
(i.e. virtual endoscopy, WCEs) have become commercially available [12} 39, 226]. Albeit their
encouraging results, their main limitation lies in the inability to perform interventional tasks

such as biopsy and polyps removal |11 |12].

In the last decade, new advanced flexible endoscopes (or soft-tethered capsules), have been
investigated to overcome WCEs limitations. The presence of a soft-tether enables the use of the
endoscope as diagnostic and therapeutic instrument [41] and, thus, permits the use of advanced
flexible endoscopes as a complete replacement for conventional endoscopes. Moreover, the soft-

tether reduces the tissue stretching and, consequently, the discomfort for the patient.

In order to control and navigate an advanced flexible endoscope, an external or internal actuation
mechanism is required; this has led to investigating magnetically actuated endoscopes [227].
These have major advantages of potential miniaturisation, avoiding complex and bulky internal
actuation and achieving minimal invasiveness, leading to a reduction of patient discomfort and

potentially decreasing post-operative recovery [11].
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The control of magnetic endoscopes for colonoscopy has mainly been focused on navigation,
with the aim of increasing the level of autonomy and reducing the operator burden [31, 47];
however, interventional procedures such as biopsy, polyp removal and clip placement, common
in clinical colonoscopy |24} |57, 228], did not receive the same interest in the robotic community.
Among interventional tasks, the most common is biopsy. In this procedure, an instrument is
introduced through the operative channel to the endoscope tip, where a sample of tissue is

collected thorough a pair of forceps.

For tethered devices, performing a biopsy involves passing a flexible instrument through the
working channel, aligning the forceps to the target and grasping a portion of the tissue. Biop-
sies can be categorised in random sampling and targeted procedures [229]. Random biopsies
are performed in multiple colon regions and at specific intervals, while targeted biopsies are
performed on suspected lesions. Herein, we focus on targeted biopsies, which, having a precise

positional target, requires greater accuracy in endoscope positioning and disturbance rejection.

Conventionally, an assistant inserts the forceps while the clinician stabilizes the endoscope.
Maintaining a correct alignment between the biopsy forceps and the target is challenging be-
cause the endoscope stability is affected by the disturbance caused by the instrument insertion.
Autonomously controlling the endoscope orientation during the biopsy procedure would enable
the physician to perform a biopsy without the support of an assistant, accelerating the process,

improving the accuracy and decreasing the burden on the team.

Few papers focus on robotic biospy: [230-232] propose different approaches in wireless devices,
while [228] 233] developed semi-autonomous routines for performing biopsies, [228] focused on
a crawler robot and [233] on a magnetic endoscope. However, no previous work could be found
in literature on the topic of active stabilization of tethered robotic endoscopes. The task of
active stabilization has been addressed only in the content of wireless capsules [234-236] and
in the context of robotic surgery, by means of image-based algorithms that rely on the horizon
stabilization principle. In this paper we propose an approach to control magnetic endoscopes
during targeted biopsies based on localization sensors, capable of autonomously stabilizing the
endoscope in the presence of external disturbances, with a focus on the disturbances created by

the instrument insertion.

Magnetic manipulation is based on the interaction between magnetic fields, which is non-linear

and varies significantly with the inter-magnetic distance (i.e. the distance between the actuating
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Figure 5.2.1: Overview of the MFE system. The magnetic endoscope (bottom right) contains a camera,
LED, and a working channel. A KUKA LBR Med robotic arm actuates the MFE via manipulating an external
permanent magnet mounted to its end-effector.

source of magnetic field and the driven magnet). To provide satisfactory results with a task
such as stabilization at different distances, classical techniques like PID and linear controller
synthesis would not provide sufficient performance: the PID controller, which needs to be tuned
manually, is difficult to adapt to varying parameters and cannot manage multiple controlled
variables simultaneously, on-the-other-hand, a classical linear regulator would not guarantee

the stability of the overall system when far from the chosen linearization point.

Therefore, the Linear Parameter Varying (LPV) control strategy is considered here. This
control strategy involves obtaining linearized dynamic models for the non-linear system at dif-
ferent operating points, described by parameters which slowly vary with respect to the dynamics
of the system; then, a LTI control law is designed to satisfy local performance objectives for
each operating point. Tuning a controller for each point of equilibrium permits to optimize
the closed-loop system in each condition and consequently achieve a general robust stability for
the original non-linear system. As the parameters change, the control action is discontinuously
switched between the various controllers. Under the condition of slowly changing parameters,

the nonlinear system is guaranteed to be globally stable [23§].

The technique is experimentally validated on the Magnetic Flexible Endoscope (MFE) [31], an
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innovative magnetic colonoscope shown in Fig with the aim of stabilizing the magnetic
endoscope to perform biopsies. A single soft-tethered endoscope equipped with an IPM is actu-
ated by means of a robotically manipulated EPM. Herein, a localization algorithm is embedded

to localize the endoscope with respect to the base of the robotic manipulator [199].

This paper is organized as follows: in Section [5.3] we provide the theoretical formulation of the
LPV method. Section [5.4] presents the experimental results and in Section [5.5| we discuss the

results obtained and further developments of this approach.

5.3 Materials and Methods

u= Cmﬂ—-@% (p, mi, me) |—>| t=Hi+Kx |7—>y= x!

ou LPV
controller

Figure 5.3.1: Control scheme. du is the linearized input computed with the LPV controller and °m? and ¢m?

are the current and desired EPM magnetic moment, respectively.

The dynamics of the endoscope is described as a family of parametrized linear systems as in Eq.
where p(t) is the parameter, A, B,C, D are the matrices describing the system dynamics,
x(t) is the system state, u(t) is the input and y(¢) is the output. The separation distance
between the EPM and the endoscope plays a relevant role in the ability of the EPM to impart
a meaningful torque on the IPM and stabilize the endoscope, therefore, it is chosen as time-
varying parameter. The closed loop LPV system is described in Fig. where the input u
is the EPM magnetic moment and the controlled variable y is the IPM orientation. Herein, we
consider the rotational part of the IPM dynamics, while the positional part is controlled by a

PID controller since this plays an irrelevant role on the orientation of the MFE.

@) = Alp(t))x(t) + B(p(t))u(t)
y(t) = Clp(t)z(t) + D(p(t))u(t)

(5.1)

The dynamics of the IPM (and therefore of the endoscope) is subjected to magnetic interaction,
approximated by the dipole-dipole magnetic model which assumes point-shaped sources and
correctly approximates the real fields at a distance from the sources equal at least to the diameter

of the magnets. In this context, the focus is on the magnetic torque exerted by the EPM on
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the IPM, which can be written as a vector 7, (p, z;, ) € R3:
M .
Tm (P, Tiy Te) = Wml X Dimpg (5.2)

where z; € R3 is the IPM orientation, z, € R? is the orientation of the EPM and p = p; — pe
is the relative distance between the IPM and EPM, all expressed in the world reference frame.
M = W with my = |[|m||m; and mg = ||mg||/E are the magnetic moments of IPM
and EPM, respectively; ug is the magnetic permeability of vacuum, p = II%H’ Z =1—5pp! and
D = 3pp? — I. Herein I € R3*3 is referred to as the identity matriz and || - || is the Fuclidean

norm.

Consider the rotational term of the nominal dynamics of the IPM
H(zi)i; + K (i, 23) i = Tin (D, Tiy Te ), (5.3)

H(x;), K(x;,4;) are referred to as inertia and Coriolis matriz [212] of the IPM, respectively.

The goal is to find x. such that z; approaches a desired value x4, even in the presence of
external disturbances (i.e. respiration of the patient or insertion of the biopsy forceps inside the

instrument channel).

The Inertia matrix, referred to the IPM frame, is inferred as the Inertial tensor of a cylinder

with mass m = 0.023 Kg, radius » = 0.01 m, and height A = 0.035 m.

L (3mr? +mh?) 0 0
I= 0 LBmr?+mh?) 0 (5:4)
0 0 %mr2

The Inertia matrix is determined w.r.t. the world frame as H = JZ1.J where J is defined as the
Jacobian that links the angular velocity to the derivative of the angular orientation computed

in the local frame.

The Coriolis matrix, K(z) is derived from the Christoffel symbols, hence, each component can

be written as:

1 |:8sz 4 8bzk _ 8bjk

=9 0w, T Oz O (5:5)
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with the addition of a damping factor to the diagonal of the Coriolis matrix which takes into

account the damping provided by the tissues interaction.

Therefore, considering the vector of the state variable as x = [x;,4;]7 = [21,22]7, the overall

system, showed in Fig. [5.3.1] is modelled by:

i‘l = X9
(5.6)
iy = H Y1y — Kiy) = H Y7 — Ka)

Subsequently, the system is linearized with respect to the state variable z and the input u =

ml = RImIFPM  the direction of the magnetic moment of the EPM, where R{ is the rotation

EPM

- is the direction of the EPM magnetic moment

matrix of the EPM in world frame and m

in EPM frame. Eq. shows the linearized matrices of the system.

A=92= 0! € ROX6, B = 9% ¢ R6x3
0 =K
H

(5.7)
10000 0

C=100 00 0 0f, D = 0343
001000

The system is linearized around more than one operating point with the aim of finding a
controller corresponding to each equilibrium. No a priori information on the parameter is
required other that its range of variation, which is assumed to vary with limited velocity. This
assumption does not hinder the design of the control and guarantees the stability of the overall
system [238,,1239]. The relative orientation of the two permanent magnets is maintained constant
and only the inter-magnetic distance on the z axis, expressed in world frame, is considered as
a DoF of the system. This is a reasonable assumption, considering that it is always possible to
bring the EPM on top of the endoscope before starting the procedure. The system is linearized

in these equilibria:
e m.=[0,—1,0]

o vy =[—7/2,0,—7/2]
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® T2 = [0,0,0]

e p=10,0,p]

As result, an array of systems, linearized in a different value of p, is obtained. The extremes of
the parameter range are chosen as follows: the minimum value as the safest minimum distance
of the EPM from the abdominal wall, the maximum as the distance at which the magnetic
torque exerted on the MFE is still appreciable. At the minimum relative distance, the magnetic
torque and, thus, the steerability of the endoscope are high; when the relative distance is at its
maximum the magnetic torque decreases and in order to maintain the same performances, a
controller that provides more energy is required. Therefore, employing different controllers at

different points of equilibrium is essential.

> Vo

Controller

Figure 5.3.2: Control scheme represented as Linear-Fractional transformation (LFT) system.

To simplify the control system synthesis, the array of systems is expressed in the Standard form
model, LPV LFT, as in Fig. [5.3.2l The LFT form enables to highlight the transfer functions
between the disturbances and the system output and consequently synthesize a controller that
modifies the effect of disturbances on the output. Here, d is referred to a piece-wise constant
disturbance that needs to be attenuated and 7y, the output, has to be controlled. ClLg is
the closed-loop system computed given the parametrized LTI systems (defined as P) and the
controllers Cj is tuned with a non-smooth optimization algorithm [240, 241], available in the
Matlab Control System Toolbox. The controllers gain-scheduled on the rho values are matrices
3 x 3, which multiplied to the output of the system (the MFE orientation), compute the desired

input (EPM orientation) to reduce the orientation error of the endoscope.
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In yo, the orientation (pitch and yaw) of the IPM is considered. Due to the axial symmetry of
the EPM [29], the roll angle is not controllable and, thus, is not considered. As a consequence,

the new matrices B and C are computed as:

1 0 0 0 0O
00 0O0O0O

1 0 0
001 00O

Bnew: 0 0 O B Cnew: (58)

1 000 0O

0 0 1
00 0 0 O0O0
001 00O

All the conditions for the stabilization of the system and the attenuation of the disturbance d are
defined appropriately. The disturbance, herein, is defined as a piece-wise constant disturbance.
This means that velocity and acceleration of the disturbance can be neglected. The assumption
made does not interfere nor limit the design of the controller. Considering the type of distur-
bance tackled in this work, associated with instrument insertion, this assumption is reasonable.
In fact, considering a defined amount of time, the instrument insertion can be described as a

locally constant disturbance.

Requirement 1: Maximum gain as a function of frequency
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- Principal gains
- = = ={lax gain
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Figure 5.3.3: Magnitude Bode diagram of the transfer functions of the MIMO system. Simulation in Matlab
with Systune.

The non-smooth optimization algorithm [241], implemented in the MATLAB-based tool SYS-
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TUNE, is used to find a parametrized controller capable of achieving the required performances
on the whole range of parameters. This means maintaining the response between the disturbance

and the output of the system under a certain threshold specified by the following high-pass filter

(s+1)

(+100) which ensures the attenuation of all low frequency signals. The

transfer function g = 100
response of the closed loop system is shown in Fig. The blue lines represent the transfer
functions of the closed loop MIMO system between the disturbance and the IPM orientation
(Euler angles) of the endoscope. For each value of the parameter, considered herein as the
inter-magnetic distance, different behaviours are shown in the diagram. It is worth noting that

the Bode diagram of the input-output channels of the closed loop system is below the high-pass

filter threshold and, thus, the overall non-linear system results as stabilized.

5.4 Experimental Validation and Results

The control strategy is validated on the MFE platform in a benchtop colon simulator. The
platform is shown in Fig. and a detail of the setup is shown in Fig. The system is
composed by a soft-tethered endoscope (the MFE) and a robotic manipulator to which an EPM
is attached as the end-effector. The IPM is embedded in a 3D printed shell which comprises
a LED, a camera and an instrument port. The soft-tether contains channels that provide
insufflation, irrigation and a lumen dedicated to endoscopic instruments. The latter permits
to insert tools such as biopsy forceps or polypectomy snares through the instrument port on
the tip. The magnetic actuation is achieved by moving the EPM, attached to the flange of a
serial manipulator (KUKA LBR Med R820) and, thus, imparting magnetic forces and torques
on the MFE. The IPM is a cylindrical permanent magnet with an axial magnetization of 1.48
T (N52), diameter of 10.16 mm, length of 35 mm and a mass of 23 g. The EPM is a permanent
magnet with a diameter and length of 101.6 mm and an axial magnetization of 1.48 T (N52).
A flexible circuit, embedded in the MFE tip, is used for endoscope localization [199]. The
localization algorithm estimates the MFE pose in real time (100 Hz) with a positional and

rotational accuracy of 5+ lmm and 5 £ 0.8° [199].

We compared the control strategy described in Section[5.3]to the intelligent teleoperation control
method (based on a PID controller) used in [31]. This control approach was used to successfully
navigate the same endoscope in-vivo and represents the state of the art. Herein, the distur-

bance is proposed as the introduction of the biopsy forceps through the instrument port of the
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endoscope; the control is asked to actively stabilize the endoscope, counteracting any negative

effects on the orientation of the tip.

Figure 5.4.1: Experimental setup. The overall system is composed by an EPM, which actuates the MFE
(placed inside the colon simulator), and a joystick to steer the endoscope. On the top left, the on-board camera
shows a biopsy target inside a latex colonoscopy training phantom (M40, Kyoto Kagaku Co.).

We performed four biopsies on a Kyoto Kagaku M40 Colonoscope Training Simulator in stan-
dard configuration, Boston Scientific Single-Use Radial Jaw™ 4 Biopsy Forceps were used as
endoscopic tool, as shown in Fig. The target polyps were simulated with a blue colored
polyvinyl acetate glue in different parts of the colon phantom (i.e. sigmoid, descending, trans-
verse and ascending colon) and at different angles w.r.t. the MFE orientation. This setup aims
to show that our approach can stabilize the endoscope and maintain a stable point of view of
the MFE in a range of orientations that replicate the most commonly occurring cases in clinical
practice. The experiments were repeated at two different inter-magnetic distances (15 cm and
20 cm), showing that at higher distances a more advanced controller is required to effectively

stabilize the endoscope properly.

We performed 5 experiments at each inter-magnetic distance. At each experiment the user
(with no prior endoscopic experience, but knowledge of the platform) was asked to perform
four biopsies in four different regions of the colon. The endoscope was placed at the end of the
ceacum and the user was instructed to withdraw the MFE and perform a biopsy every time a
polyp was detected. Before performing the biopsy, the user was required to align the endoscope
to the target by means of a joystick, using teleoperation algorithm . The IPM orientation at

the beginning of the biopsy procedure was recorded and used as the desired target orientation
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in the stabilization phase.

Figure 5.4.2: Targeted biopsy routine. (A) The polyp is detected by the user. The green dot is an estimated
projection of the biopsy tool given an average distance of the endoscope from the target . (B) The insertion
of the biopsy forceps through the working channel leads to a deviation of the tip of the endoscope to the target.
(C) The control algorithm generates a torque on the MFE to minimize the error between the target and the
tool-tip.

In Fig. [5.4.2] the three main phases of the targeted biopsy routine are shown. When a polyp was
detected, the user switched to the biopsy controller (i.e. LPV control) on the Graphical User
Interface (GUI) and a green dot was visualized on the screen. This was an estimated projection
of the biopsy tool given an average distance of the endoscope from the target tissue (this should
be read as an indication of the position of the tip of the biopsy forceps when this is extruded from
the tip of the endoscope, but it does not have any role in the control). While the instrument
was inserted in the working channel a deviation of the tip of the endoscope from the target was
induced. The control algorithm actuated the EPM, which was translated into a torque imparted
on the MFE (based on the orientation error of the endoscope) that minimized the error between
the target and the tool-tip. A video describing the experiments is attached. The experiments,
showed in the video, are performed in the most similar possible conditions; this means same
section of the colon and same position of the polyp inside the colon simulator. However, other
factors such as the EPM position or the position of the tether influence the orientation of the
endoscope. The video shows the PID controller is not always able to counteract the disturbance,

which induces a deviation on the tip of the endoscope, resulting in fluctuation of the real IPM

magnetic moment around the desired value.

Fig. A and Fig. show the mean error (defined as 1/n>"" | &;, where Z; is the MFE

orientation error at each cycle and n the number of cycles) along each axis, Fig. and
the Euclidean norm of the error. In both figures, we compare the LPV approach with
the algorithm discussed in . In Fig. the EPM is placed at the minimum height (0.15
m), while in Fig. [5.4.4] the inter-magnetic distance is set to the maximum (0.2 m). These values

have been chosen as extremes of a safe window in which a possible collision with the patient

105



5.4. Experimental Validation and Results Chapter 5. Active Stabilization for Robot-Assisted Biopsy

is avoided and simultaneously the transmittable torques are still significant. As expected, the
inter-magnetic distance is correlated with the error in both cases. At the maximum distance,
the steerability of the MFE decreases, especially when the biopsy tool is inserted inside the
working channel. The tool increases the stiffness of the tether and, thus, the magnetic torque
occasionally ineffectively orientates the MFE. However, although the mean error increases with
the relative distance, our approach is able to effectively reduce the error compared to the PID
controller. In particular, we observe a reduction on the norm of 18.1% and 45.8% at the lowest
and the highest inter-magnetic distance, respectively. The difference is larger at higher inter-
magnetic distance (Fig, showing that control adaptation with respect to distance can
significantly improve performances. The z-test, applied to the experimental data, confirms the

statistical significance of the results with a p-value < 0.05.
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Figure 5.4.3: Overview of the IPM orientation error at 15 cm of inter-magnetic distance. (A) shows the mean
and standard deviation of the orientation error. (B) shows the mean and the standard deviation of the euclidean
norm of the mean orientation error.

Table reports the absolute mean orientation error and the relative standard deviation
on each axis, with both approaches. We notice that, at the lowest inter-magnetic distance
(Fig. [5.4.3]A), the absolute mean error is low and comparable with both approaches, while

the standard deviation is substantially higher with the PID controller. The LPV controller
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Figure 5.4.4: Overview of the IPM orientation error at 20 cm of inter-magnetic distance. (A) shows the mean
and standard deviation of the orientation error. (B) shows the mean and the standard deviation of the euclidean
norm of the mean orientation error.

presents a reduction of the relative percentage of the error on the x axis equal to 57.79%, but
a higher relative percentage of the error on the y and z axis (175% and 250%). However, since
the absolute mean values of the error, as reported in Table [5.4.1} are significantly low for both

controllers, while the standard deviation is higher for the PID controller, the two approaches

can be considered comparable.

On-the-other-hand, taking into account the highest inter-magnetic distance (Fig. [5.4.41A), we
can notice that the mean error and the standard deviation are significantly reduced with the
LPV controller compared to the PID, as reported in Table In fact, at the highest inter-
magnetic distance, our method obtains a reduction of 70.8%, 74.2% and 54.5% on the x, y and

7 axis, respectively, compared to the PID controller.

In Fig. [.4.5)and [5.4.6]we compare the PID and LPV approaches by evaluating the measured and
desired magnetic moment of the MFE, defined by the user by means of a joystick before switching
to the biopsy controller on the GUI. The experiment that had the lowest mean error, at the

highest inter-magnetic distance, for both approaches is shown. Both approaches are effective,
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Figure 5.4.5: Real and desired IPM magnetic moment computed with PID controller. Desired (red) and real
(blue) magnetic moment of the IPM in world frame. The yellow dots indicate the moment when the biopsy
forceps is being introduced in the instrument port.

Table 5.4.1: Mean and standard deviation of the orientation error at different inter-magnetic distances.

p axis PID (rad) LPV (rad)
X 0.002 + 0.021 0.001 £0.0144
0.15m | y 0.0004 £ 0.013 | 0.001 £ 0.0071
0.0002 + 0.0292 | 0.0011 + 0.0176
X 0.0129 £ 0.0650 | 0.0037 £ 0.0529
0.20 m y 0.0061 £ 0.0347 | 0.0016 £ 0.0351
0.0178 £ 0.0853 | 0.0081 £ 0.0368

however, the PID controller presents more oscillations around the desired value, generated
by external disturbances (i.e. insertion of the biopsy forceps inside the instrument port) and
less effectively damped by the PID. Our approach presents lower oscillations, showing that our
method is able to stabilize the system in the presence of external disturbances. In table we
quantify the fluctuations (i.e. standard deviation) of the measured magnetic moment around
the desired value, with both approaches and the percentage reduction of the LPV approach

w.r.t. the PID controller, with regard to the experiments reported in Fig. and
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Figure 5.4.6: Real and desired IPM magnetic moment computed with LPV controller. Desired (red) and real
(blue) magnetic moment of the IPM in world frame. The yellow dots indicate the moment when the biopsy
forceps is being introduced in the instrument port.

Table 5.4.2: Quantitative analysis of the magnetic moment fluctuations.

axis | PID (rad) | LPV (rad) | reduction %
X 0.0738 0.0302 59.08%
y 0.0434 0.0255 41.32%
0.0740 0.0622 16.0%

Fig. shows the variation of EPM magnetic moment with both controllers. It is worth
noting that our approach significantly reduces the movements of the EPM showing that a more
effective control action is computed with the LPV controller. Moreover, limiting the movement
of the EPM permits to reduce the risk of the robot contact with the patient, avoiding potentially
dangerous situations. The LPV control achieves a maximum reduction of the EPM oscillations

of 58.1%, computed on the mean value of the magnetic moment, compared to the PID controller.

5.5 Discussion

This paper discusses a model-based LPV control approach with the aim of stabilizing a magnet-

ically manipulated endoscope during interventional procedures such as biopsy, polyp removal
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Figure 5.4.7: Real EPM magnetic moment in world frame. On the left the PID control and on the right
the LPV controller. The EPM magnetic moment is computed by the controller, at each cycle, given the IPM
magnetic moment error.

and clip placement. We show the application of the proposed technique on the MFE, used
to perform targeted biopsies. We prove the proposed method is capable of stabilizing the en-
doscope in the presence of external disturbances (i.e., insertion of the tool in the instrument
port) and provides enhanced performances with respect to the literature. This method can aid
interventional tasks by enhancing the accuracy of the biopsy procedure. Moreover, the active
stabilization of the endoscope allows a single user to perform each task autonomously and to

reduce the number of people in the endoscopy room [242].

The control strategy is based on the LPV control that facilitates stabilization of the endoscope in
the working environment. The novelty of this approach is the fact that linearizing the non-linear
system in different equilibria (i.e. inter-magnetic distance between the two magnets) permits
to cope with the different status of the non-linear system. In particular, the magnetic force
and torque the EPM imparts on the IPM are strictly related to the relative distance between
the two magnets: at higher inter-magnetic distances, due to various factors (i.e. different
anatomies of the patients, position of the patient on the bed), the magnetic torque drops

significantly. Therefore, a suitable robust controller able to cope with variations in the inter-
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magnetic distance is crucial. To our knowledge, this is the first example of LPV control synthesis
applied to a magnetic endoscope. Embedding this method in a clinical scenario could improve
the clinical performance and ease-of-use of interventional tasks such as biopsy, polyp removal

and clip placement.

To prove the strength of our approach, we performed 5 trials on a colon phantom. Four biopsies
in different sections of the colon and at different orientation were taken using a biopsy forceps.
The results show both approaches are effective, but the LPV approach was able to obtain a lower
orientation error with respect to the PID controller. In particular, it is worth noting that at the
maximum height, the oscillations around the desired magnetic moment direction are reduced
by 45.8% with our method. Using an optimized and model-based controller, which takes into
account different system equilibria, has the advantage of robustness, withstanding parameter
variation still maintaining stability and performance goals. However, the main limitation of this
work, as shown by Fig. and and the video attached to the paper, is the fact that a
direct comparison of the experiments is not straightforward. In fact, the user inputs may vary
and, thus, the experiments are not very repeatable. Nonetheless, the same conditions for each

experiment were tried to replicate.

In the future, we will integrate our method with an AI [243] or a semi-autonomous routine
[233] to target biopsies. Herein, the authors were able to track a target tissue, predict the
projection of the tool channel outside the tip of the endoscope using a stereo-vision approach
and align the magnetic endoscope to the polyps; however, no additional disturbances were taken
into account. Combining [233] and our approach (i.e. the tracking of a tissue target and the
active stabilization of the endoscope) we could achieve a completely autonomous procedure
and reduce the personnel needed in the room. Although the discussion with clinical operators
highlighted that the disturbances introduced by the instrument are the most disruptive, further
works should investigate and adapt our approach in the context of additional disturbances such

as patient breathing and peristalsis, that might require tracking of the tissues and target.
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Chapter 6

Working towards clinical trials of the

Robotic colonoscopy platform

The research done on the MFE platform resulted in the project being awarded funding to
transition the entire platform towards first-in-human clinical investigation. This led to work

with a consulting company in order to certify our platform and obtain MHRA certification.

In this context, the development of the platform saw a stage-gate process in which the project
was managed and divided into several stages or phases interspersed with decision points or
design reviews. In addition, risk management of the platform was carried out concurrently
with the development and testing of the system. Risk management of the platform consists
of risk identification or analysis, Failure Mode and Effect Analysis (FMEA) along with risk
assessment. The latter involves the analysis of possible risk and consequently the analysis of
possible control measures to reduce the risk. In more detail, the risk acceptability criteria is a
probability calculated on the severity of the risk and the likelihood of the risk occurring. The
risk assessment aims to reduce this probability by the means of design and risk control measures
and to assess the overall acceptability of the residual risk. The major contributions of my thesis
related to FMEA are the tests on the localization algorithm, protected workspace, and collision

detection, described in the following sections. All of these are related to the system safety.

A V-model process [244] was adopted to evaluate and ensure the quality of the system, and
therefore a system verification and validation process was implemented. This process consists

of a few steps:
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e identify the user requirements which are translated into functional requirements for the

system;
e system design and project development;
e test functional and user requirements.

Therefore, the V-model is a structured method that establishes the relationships between each
phase of the development life cycle and its associated phase of testing, as shown in Fig. [6.0.1
This results in not having a straightforward, linear process, but a procedure that alternates
between development and testing phases. This allows the system to be refined and improved at

any point in the process.
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Figure 6.0.1: V-shaped process model

This work was done in collaboration with the software team of the MFE project with the goal
of translating the platform into clinical research. Herein, a brief explanation of the main tests

conducted in this context is provided.

6.1 Software development and testing

Testing the code in its entirety is necessary to certify the complete platform and obtain MHRA
certification for the project. In this context, I worked on software certification and testing. This
means developing a medical compliant software, adding code documentation, developing unit

and integration tests and performing software component validation. The unit and integration
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tests are implemented with the Robotic Operating System (ROS) platform, using the test

function provided by python.

The safety of the platform is a crucial issue in transitioning the MFE platform towards clinical
trials. Requirements on the workspace of the robotic manipulator, the collision detection and
the localization of the magnetic endoscope were studied. Therefore, three main tests on these
requirements have been performed at present. As mentioned, all of these tests have implications
on the safety of the entire system and reduce the risk of the robot misbehaving in a way that
could cause harm to the patient and/or other people/objects in the room (these are covered

comprehensively in the Preliminary Hazard Analysis and FMEA documents for the MFE).

6.1.1 Protected workspace

The objective of this evaluation is to assess the correct functioning of the protected workspace, a
constrained workspace where the KUKA robot can move freely without colliding with anything.
This would secure the robot in a protected workspace and prevent the robot from hitting the

patient and/or other people/objects in the room.

This protocol aims to evaluate the reliability of the protected workspace in a repeatable manner
in order to ensure safe behaviour of the robot. Two types of workspaces were implemented;
a “software” workspace (herein, referred to as ”soft” workspace) which was added to the code
of our application and a “hardware” workspace (herein, referred to as "hard” workspace and

larger than the soft one) which was added onto the safety table of the KUKA robot.

The first one aims to prevent the robot from moving outside the protected “soft” workspace; the
second one makes sure that the application on the smartpad of the manipulator is terminated as
soon as the robot reaches the edges of the “hard” workspace (this means the soft workspace has
been violated and for some reason the robot was not stopped before and, therefore, the robot
is in a dangerous situation). To thoroughly test these scenarios, the protocol is split into two
categories: non-disruptive and disruptive tests. Both tests aim at examining the reliability of
the protected workspace in order to avoid the robot from moving outside the desired workspace

and hitting the patient.

The non-disruptive test involves the use of our software, in which the soft limits for the protected
workspace have been incorporated. This test evaluates the reliability of the code to prevent the

EE from moving outside the protected workspace.
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The disruptive test, on the other hand, takes into consideration the hard limits of the protected
workspace and aims to verify that the smartpad controller stops the robot as soon as the robot

reaches the edges of the hard protected workspace.

6.1.2 Collision Detection

This protocol aims to evaluate the collision detection functionality in order to ensure the safe
behaviour of the robot. The KUKA medical robot is a collaborative robot. The term ”col-
laborative robot” is used to mean a robot intended for direct interaction with the external
environment and designed to physically interact with humans. A robot is considered collabora-
tive when external torque sensors are applied at each joint of the robot itself. These permit to
measure the external torque at each joint in order to be aware of the force/torque that the robot
is applying to the external environment and to avoid applying any unacceptable force/torque

on external objects and/or people.

The idea is to implement two different forms of collision detection, one “software” and one
“hardware”. The first one aims to move the EE of the KUKA robot away from the collision,
when a ”"soft” collision has been detected. Conversely, the second one which is embedded in the
safety table of the KUKA robot, aims to stop the robot and switch to hand-guiding control (i.e.
manually move the robot to a safe position) after a dangerous collision could not be avoided
for any reason. To thoroughly test these scenarios, the protocol is split into two categories:

non-disruptive and disruptive tests.

The non-disruptive testing involves the use of our software, in which the soft limits for the
collision detection are inserted. The idea is to have a test which checks that, when a collision
is detected, the user is always able to move the robot away from the collision and return to a

safe position with the help of the joystick.

The disruptive test, in contrast, takes into consideration the hard limits for collision detection
and aims to verify that the smartpad controller stops the robot as soon as the collision has been
detected, by reading the external joint torques. This allows the user to switch the controller
to hand-guiding mode and manually move the robot away from the collision. This test was be

conducted whilst the robot was moving and whilst it was stationary.
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6.1.3 Localization

Localization is a fundamental part of the MFE system and has implications on safety. Incorrect
localization data can result in harm if the user and/or robotic control system attempts to

manipulate the endoscope based on this incorrect data.

The goal of this evaluation is to gain a high-level understanding of the current reliability of the
localization and to obtain a quantitative evaluation of the localization error. “Reliability” in
this context refers to the ability of the localization system to produce correct pose data in the
presence of foreseeable environmental disturbances and prolonged use (> 30min). The main
issues of localization systems might be obvious interference and drift (the localization output

drifting through space despite a fixed pose of the endoscope in the real world).

These tests were performed using two KUKA LBR Med manipulators and an optical tracking
system (Optitrack Prime 13 with 0.2 mm 3D accuracy, 1.3 MP (1280 x 1024) of resolution and
240 Hz frame rate)ﬂ The primary robot (i.e. IIWA1), with the EPM mounted as a tool, aimed
to localize the endoscope with the MFE localization algorithm, while the second manipulator
(i.e. IIWA2) had the endoscope holder mounted as a tool. Two sets of four markers (Optitrack
6.4 mm (% inches) M3 Markers) were attached to the EE of IIWA1 and to the endoscope holder
secured to IIWA2. The purpose of the Optical tracking system is to obtain a ground truth for

endoscope localization.

Two main localization tests were performed: static and dynamic. The test points, which rep-
resent the cartesian coordinates of the endoscope in the world frame of IIWA1, were chosen to

test the localization algorithm in scenarios that frequently occur during clinical use.

Static tests involve the robotic manipulator and endoscope being placed in 5 predefined, fixed
positions relative to each other and the surrounding equipment for a duration of 2 minutes each.
In a second static test, from these fixed positions, metallic objects are brought close to the EPM
and endoscope. This evaluates interference from internal (e.g. conductivity of the robot cart)

and external (e.g. foreign metal objects) sources.

The dynamic tests were divided into two parts. In the first, the equipment is set up as in the
static tests (i.e. with the EPM in a predefined, fixed position) but this time the endoscope is

manipulated by IIWA2 to follow a predefined trajectory for 4 minutes. In a second dynamic

"https://optitrack.com/cameras/primex-13/specs.html
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Figure 6.1.1: IIWA1 and ITWA2 with the EPM and the endoscope attached to the respectively EE. Optical
tracking system to localize the MFE.

test, the endoscope is placed in a fixed pose and the EPM is moved in a repetitive way over the
endoscope for a prolonged duration (~ 30 mins). These tests evaluate the localization reliability

under dynamic conditions and during prolonged use, respectively.

During the tests, the output of the localization algorithm was compared with the output given
by the optical tracking system and the error was computed. The outputs of the two localization
methods were registered making use of appropriate ROS packages (i.e. rosbag and rostopic).
The outputs were synchronized and the error was computed sampling the two signals at the
same frequency (100 Hz). At the end of each test, the mean value and standard deviation of
the pose error were computed and the tests were considered passed if the maximum position

errors evaluated were less than 5 mm and the orientation errors were lower than 5°.
The tests considered above prove:

e the ability of the localization algorithm to estimate the pose of the endoscope with position

errors lower than 5 mm and orientation errors below 5°;

e the ability of the software to provide a confident measure of the endoscope localization

accuracy.
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6.2 Summary

This chapter provides a brief analysis of the work carried out to certify the MFE platform and
to obtain the MHRA certification in order to move the platform towards the clinical trials. The
main tests performed in order to assess the quality of the system (i.e the Localization algorithm,

workspace and collision tests) are briefly described.
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Chapter 7

Conclusion and future directions

This chapter summarizes the main contributions of this thesis and the future directions of
the project. Magnetic robotic endoscopes have proven to address all the major clinical needs
for colonoscopy,[12, 13] thus providing a promising alternative for such complex procedures.
In particular, they show the potential to reduce pain for the patient and, thus, the need for
sedation; the possibility to fabricate disposable endoscopes, reducing the risk of infection; and
finally, the improvement on the learning curve for the clinician due to its ease-of-use, lowering
the cost to the healthcare provider. The benefits of this innovative technology are essential for
preventing GI diseases, reducing the incidence of cancer such as CRC and improving the quality

of life for people affected by chronic GI diseases such as IBD and IBS.

This work is a contribution to the adoption of the MFE in clinical practice. The main objective
of this thesis is to help bridge the gap between the prototype and the wide range of needs in
clinical application. On the basis of the main questions, detailed in Chapter [I}, my work has
progressed in the field of medical robotics control. The work of this thesis, therefore, started
with an extensive literature review of the main characteristics and properties of the GI tract in
order to provide engineers in the field with a comprehensive reference of the GI environment.
As a consequence, the clinical motivations shaped the research section of this thesis. Moreover,
due to the non-linear nature of the magnetic fields and the necessity of a more suitable control,
the involvement of more intelligent forms of robotic control was considered essential. Therefore,

an in-depth work on the control of the MFE is provided.

Hence, the contributions of this dissertation to the field of medical robotics are the following:
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(1) a detailed literature review in collaboration with Prof. Benjamin Terry of University of
Nebraska. This work addresses knowledge gaps in the field and provides a broad reference
manual to engineers in the field of medical robotics who want to develop a more effective

and innovative endoscope to inspect the GI tract;

(2) development of a suitable control approach to achieve magnetic levitation of the endoscope

and reduce the contact between the endoscope and the colon wall;

(3) development of an appropriate control approach for stabilizing the orientation and view-

point of the endoscope to perform interventional tasks, such as biopsy or polyp removal;

(4) aiding the transition into clinical use of the MFE platform by developing and testing the

software and performing quality testing on the platform.

In further concluding this dissertation, a more in-depth summary of the contributions of this
work is provided. Chapter [2] provides an in-depth literature review on the main properties and
characteristics of the GI tract and a brief overview of the new technologies developed in the
past decade. In fact, despite the numerous innovative medical devices developed, the number of
open challenges in this field is still significant. Therefore, the need for new devices and suitable
strategies for replacing the standard endoscopes used for the inspection of the GI environment,
is still imperative. This was encouraging and motivated the investigation into new suitable
control approaches able to achieve tasks autonomy in magnetic robotic endoscopy. Chapter
provides an overview of the MFE platform and the limitations inherited from basic robotic
control. Moreover, an overview of a magnetic localization system [199], which allowed for the
pose of the MFE to be accurately estimated, is given herein. Magnetic localization of the
endoscope is essential to enable work on closed-loop control for navigation and stabilization of
the magnetic endoscope. Chapter [4] and [5] represent the main body of the research work and,

herein, an in-depth analysis of the techniques implemented to control the MFE is presented.

The inherited MFE platform includes a standard PID closed-loop control algorithm used to
navigate the MFE inside the colon. The main disadvantage of this controller is the continuous
attraction between the IPM and EPM. This results in continuous contact of the MFE with the
colon walls, which would hinder smooth navigation of the endoscope. Chapter 4] demonstrates
that a dynamic control approach is able to accurately compensate for gravity, achieving the

magnetic levitation of the endoscope. This control technique has proven effective in enhancing
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endoscope navigation, reducing the contact with the environment. This also reduces friction

and, thus, pain for the patient.

Two main control techniques (i.e Gravity PID control and Adaptive Backstepping control),
used to achieve the magnetic levitation of the endoscope, are described and the main results are
shown in Chapter 4] Both techniques achieve the levitation of the endoscope by controlling the
linear position of the MFE along the gravity direction and aid the performance of the overall
control system by adding an internal control loop on the magnetic force. This guarantees the
overall convergence and stability of the control system. The Adaptive Backstepping control,
in contrast to the the Gravity PID control, adds a further loop which estimates the dynamics
of the IPM, dealing with possible parametric uncertainties (i.e the effect of the tether on the

dynamics of the MFE), and guarantees the robust asymptotic stability of the overall system.

Both approaches were validated in experimental environments. Free space levitation was shown
in an L-shaped acrylic tube. A more realistic environment was then considered in order to
demonstrate a successful levitation of the endoscope inside a colon phantom. Results showed
that the dynamic control was able to reduce the contact of the endoscope with the environment,
avoiding obstacles and folds. This facilitated locomotion, diminished tissue stress and reduced

patient discomfort.

Despite the promising results obtained with both approaches and, in particular, with the Adap-
tive Backstepping control, the frequency limitation of the localization algorithm played an
important role on the system’s performance. In fact, the localization frequency (100 Hz) was
not fast enough to ensure that the IPM dynamics were handled completely. Therefore, increas-
ing the localization frequency would have a direct impact on the system’s performance. As a
next step, further experimental analysis in a more realistic environment, such as in vivo animal
studies or cadaveric trials, would strengthen the validity of this approach, demonstrating that

the proposed controllers can be applied in a clinical setting.

In Chapter [5] the next contribution from this thesis is presented on the topic of diagnostic and
interventional autonomy for magnetic colonoscopy. To be clinically viable, magnetic endoscopes
should be able to reproduce the main tasks of a colonoscopy procedure, such as biopsies and
polyp removal. The focus of this chapter is on the targeted biopsies which are performed by
the clinician on suspicious lesions. Having a precise positional target requires accuracy in the

endoscope positioning and rejection of disturbance. To date, the control of magnetic endoscopes
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has mainly been focused on navigation and no examples of active endoscope stabilization have
been found in literature. In this chapter, a linear model-based control approach aimed at
stabilizing the orientation of the MFE during interventional tasks and in the presence of external
disturbances is presented. By linearizing the non-linear system at more than one equilibrium
point, the LPV method allows for the synthesis of appropriate control for each equilibrium point

while improving the stability of the overall control system.

The control technique was validated in an experimental setting using a benchtop colon simulator.
The LPV control approach was compared with the standard PID control in terms of endoscope
orientation error. The current technique showed a maximum reduction of the mean orientation

error of 45.8% with respect to the standard PID control.

Further work will see the integration of this method with an AI [243] or a semi-autonomous
routine [233] for target tracking. In fact, additional disturbances, specifically patient breathing
and peristalsis, will cause movement of the biopsy target. Therefore, target tracking should be
investigated along with the endoscope stabilization. The two techniques together would result

in a fully autonomous procedure.

Chapter [6] briefly describes the work done to transition the MFE project through the clinical
trials. The research work done on the platform over the past several years has been essential
to advancing this technology into clinical use. To achieve this goal, work on the software
development, software testing and quality management of the platform has been carried out to

certify our platform and obtain the MHRA certification.

In summary, the control techniques developed in this work, with the purpose of performing
smoother navigation and interventional tasks, are viable solutions and aim to reduce the cogni-
tive load on the user. The next stage for this work would be to optimize the control techniques,
described in Chapter [] and [B] and to test them in a more realistic environment such as an
animal or cadaver model. This would prove the effectiveness of the control approaches in more

realistic and varied scenarios and may help transition the platform to clinical trails.

In conclusion, this technology may improve the patient experience of colonoscopy by reducing
tissue stress, discomfort, and potentially eliminating the need for sedation. In addition, the im-
proved autonomy of the MFE platform may also contribute to an enhanced operator experience,

reducing operator burden.
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