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Acronyms

AER Automated Endoscope Reprocessor.

AT Artificial Intelligence.
CM Continuum Manipulator.
DoF Degree of Freedom.

ECV Eccentric Compression Valve.

EM Electro-Magnetic.

FE Flexible Endoscopy (or Endoscope).
FF Feed-Forward.

FK Forward Kinematics.

FN False Negative.

FoV Field of View.

FP False Positive.

GE Gastro Enterologist.
GI Gastro-Intestinal.

GUI Graphical User Interface.
HJ HydrolJet.
IMU Inertial Measurement Unit.

LMIC Low- and Middle-Income Countries.
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MIS Minimally Invasive Surgery.
NBI Narrow Band Imaging.
PRM Probabilistic Road Map.

ROS Robot Operating System.

RRT Rapidly-Exploring Random Trees.

SLA Stereolithography Apparatus.
SLAM Simultaneous Localization and Mapping.

SMA Shape Memory Alloy.

TFA Tip Follower Actuation.

TP True Positive.

UGI Upper GI.
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Introduction

Motivation

Despite the outstanding diagnostic performance brought by new technologies in
medicine, cancer remains a significant burden worldwide. In addition to pre-
vention strategies, the ability to detect malignancy early is crucial in enabling
effective treatment and dramatically increasing the survival rate of patients. In
the case of gastric cancer, diagnosis is generally performed using Flexible En-
doscopy (or Endoscope) (FE). The FE has been proven to be a powerful, reliable
and cost effective tool in the fight against gastric cancer. However, its effective-
ness strongly depends on the skills of trained Gastro Enterologists (GE) who
perform the procedures. Moreover, accessibility and availability of such tools
is often limited to people residing in major cities, while remote and rural areas
remain poorly served by their health systems.

The advent of robotics in medicine offers a new solution to these problems.
When possible, automating diagnostic procedures or surgical tasks has the po-
tential to deliver reliable, repeatable and cost-effective alternatives to a standard
human-in-the-loop procedures. Embedding autonomous capabilities into a ma-
chine, optimally designed to execute a specific task, could enable the device to
automatically adapt to different conditions and non-skilled personnel to perform
the procedure by supervising the actions of the robotic platform. In these sce-
narios, safety represents a major concern and in the majority of the cases a
safe interaction between the robot and the tissues can be guaranteed by building
compliant robots made of soft materials. However, if the possibility of using com-
pliant devices offers a number of advantages to the final user or patient, it defines
a series of technical challenges that have to be addressed to deliver a stable and
reliable control of the platform. Finally, by adopting low-cost designs, single-use
solutions can be realised to address the issue and complication of sterilisation.

This dissertation discusses the research effort targeted at the development of

a low-cost, disposable gastroscopy platform to offer a safe, cost-effective, fault-
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Figure 1: The HydroJet platform .

free alternative to standard FE. The research focuses around a low-cost robotic
FE platform called HydroJet (HJ), which is conceptualised in Figure 1. Here, the
HJ endoscope is represented in action when deployed inside the stomach cavity.
The HJ system is pump-less, relying only on a pressurized air tank and a water
vessel. The endoscope of the HJ system uses the reaction force generated by the
ejection of pressurized water to navigate the gastric cavity. Specifically, water is
ejected from three nozzles placed around the capsule body at an even distance
of 120°. The generated thrust, coupled with the low stiffness properties of the
endoscope’s tether, provides two Degree of Freedom (DoF) controllability of the
endoscope tip and coverage of a 3D workspace.

To supply the GE (or the general user) with a visual feedback of the esophagus
and stomach mucosa during the gastroscopy procedure, the HJ’s tip is equipped
with a miniaturized camera module and illumination unit. The entire HJ system
is designed to take up a minimal amount of space, making it easy to transport
and set up in remote areas otherwise unreachable with standard FE equipment.
Moreover, the lack of a costly actuation system (e.g. the precisely aligned and
tensioned Bowden cables in a traditional FE) allow the HJ to be, at the same
time, reliable and cost-effective. In this way, all the indirect costs related to the
endoscopic equipment (e.g. maintenance) and its use (e.g. sterilization) are cut
by adopting a single-use device.

With the benefits outlined above, the HJ represents a strong candidate for
employment in gastric cancer screening programmes. As a purely diagnostic tool,

it would be used to visually identify suspicious lesions or abnormalities of the



stomach mucosa and identify for referral the patients in need of urgent medical

attention or further inspection (e.g. biopsies).

Contributions

This section details the innovations in the field of water jet actuated soft contin-
uum robots, as the result of the work carried out in collaboration with technical
and clinical partners at the Mechanical Engineering Department at Vanderbilt
University (STORM Lab US), University College London (UK) and Tianjin Uni-
versity (China).

The research presented in this dissertation inherits the development stages
of the HJ platform described in [17] and further improved in [16]. With these
designs, the tip of the endoscope can move in free space with two DoF thanks to
reaction force produced by the water ejected from miniaturized nozzles. An ad-
ditional degree of freedom can be added simply adjusting the length of the tether
that is inside the stomach. Despite the inherited system demonstrating portabil-
ity and manual controllability, two areas producing limitations were identified:
(1) those associated with the endoscope design and (2) those associated with the
external actuation valves and flow regulation.

Comparative trials were performed to evaluate the performance of the inher-
ited HJ system with respect to standard FE. Results showed that the limited
range of motion (less than 95 deg bending angle) of the device and the narrow
camera Field of View (FoV) (up to 64°) did not allow for a complete retroflex-
ion of the endoscope’s tip, required to visualize key landmarks of the stomach
mucosa. Therefore, a significant increase in the time needed to complete the
inspection procedure was experienced when using the HJ.

The actuation system of the inherited device relied on three pinch valves to
guarantee the separation between water and mechanical/electronic components
of the system. The disadvantage of using these valves was evident after just a
few actuation cycles, when the pinching action caused the plastic deformation
of the soft tubing, in this way modifying the input/output characteristic of the
valve.

At the development stages described in [16], the HJ was manoeuvred by
individually controlling each valve in an open-loop fashion, and no advanced
capabilities were presented in terms of automatic control, autonomous or semi-
autonomous skills.

Table 1 summarizes the characteristics of the inherited HJ platform, while,



Inherited HydroJet Target System

Platform Requirements
Dimensions Diameter: 10 mm Diameter: 8 mm
(rigid components) Length: 29 mm Length: 10 mm
(=] Bending angle: 50° - 95°
B0 ‘Workspace Camera FoV: 54° - 64° Overall: 180° (retroflexion)
'a‘ Overall: 7T - 127°
Q
Q Portability Proven in previous HJ versions
A g Sanitary Flow-Rate Control Sanitary Flow-Rate Control
ctuation Tube Damaging Stable Input/Output Characteristic
= Manual ;
8 Clytia] Independent valve control or Joystick
+
S A
utomatic : 5
O Control None Trajectory Tracking
2 Environmental
E Perception None Obstacle Detection
=}
=
Q
5
< Exploration None Full Stomach Inspection

Table 1: Comparison between the specification of the inherited HJ platform and the desired
system requirements.

the contributions of this thesis aimed at improving the system’s diagnostic ca-

pabilities are listed below.

e Design: in the case of the endoscope design, with the aim of widening
the manipulator’s workspace limits and improve the stability of the endo-
scope’s tip at wide bending angles, the inherited design of the endoscope
was advanced to a non-homogeneous stiffness tether. A softer section at
the end of the tether was introduced and allowed to confine the deforma-
tions generated by the forces acting at the tip, to the distal part of the
endoscope. In this way, smaller bending radii and wider bending angles
were achieved. On the other hand, these stiffness reducing design modi-
fications generated unwanted oscillatory behaviour of the endoscope’s tip
after a certain bending angle is reached. On this topic, a comprehensive
study was carried out, involving the use of different materials for the soft
section of the tether and the geometry of the water lines. The resulting
device design allows the bending section of the endoscope to attain larger
deformations (wider workspace) while guaranteeing stable positioning of
the tip.

For the external control valves, an extensive research effort has been dedi-
cated in the attempt to optimize the state-of-the-art actuation system, in
order to enable smooth and easy to control movements of the endoscope

tip. This led to the development of novel flow-rate control apparatus, here-



after referred to as Eccentric Compression Valve (ECV). A first iteration
of the valve design was evaluated, then it was fine tuned in order for the
device to deliver a linear flow-rate output characteristic and oscillation-
free movement of the endoscope. The valve was extensively tested both in
standalone scenarios and within the HJ system set-up, to assess its ability
to meet the minimum requirements and outperform the previous actuation

systems.

Relevant Publications:

- Calo, Simone, James H. Chandler, Federico Campisano, Keith L. Obstein, and Pietro
Valdastri. “A Compression Valve for Sanitary Control of Fluid-Driven Actuators.”
IEEE/ASME Transactions on Mechatronics 25, no. 2 (2019): 1005-1015.

Relevant Patent Application:

- S. Calo, P. Valdastri, J. H. Chandler, “VALVE”, Patent Publication Number WO /-
2020/065348, Priority Date 28 September 2018.

e Control: the ability to accurately and precisely control the position of the
tip of the endoscope represents an essential foundation to enable the imple-
mentation of more autonomous behaviours. To comply with the inherent
ability of the HJ tip to move on a sphere-like surface, a polar coordinate-
based task-space control strategy was implemented. The controller only
acts on the angular coordinates [p, ], referred to as the tip azimuth and
elevation respectively, while the radial coordinate is fixed and depends on
the length of the soft tether section. Furthermore, in spite of the valve’s
linear output characteristic, its hysteresis loop introduces excessive oscilla-
tions, unstable behaviours and delays in the movements of the endoscope’s
tip. To account for this, a hysteresis compensation module was added to
the control system. This resulted in a time-to-completion of the task be-
ing drastically reduced, and a system being able to consistently position
the tip in portions of the workspace unreachable with a non-compensated

closed-loop control approach.

Relevant Publications:

- 'Federico Campisano, Simone Cald, Andria A. Remirez, James H. Chandler, Keith L.
Obstein, Robert J. Webster III, Pietro Valdastri, “Closed-loop Control of Soft Contin-
uum Manipulators under Tip Follower Actuation.”, International Journal of Robotics

Research, 2019.

! Differently from this work, the proposed closed-loop control scheme is implemented in a
polar coordinates system, considers the non-linearities of the actuation system and does not
rely on a kinematic model to compute the tip wrench required to achieve a desired robot
configuration.



e Autonomy: finally, the need for non-skilled personnel to use the HJ re-
quired the device to be able to perform simple tasks autonomously. In this
way a non-expert user can deploy the endoscope in the gastric cavity, start
the procedure and let the system perform the inspection of the stomach.
The main advantage of such an approach is to be able to perform a re-
peatable and reliable scanning of the stomach mucosa using a structured
motion trajectory of the endoscope tip, in this way being sure that the

whole environment can be visually analysed.

In this regard, the previously developed control system has been used to
implement a zig-zag trajectory following strategy. Alongside the main mo-
tion behaviour, the tip of the endoscope must also be aware of the sur-
roundings in order to recognise collisions with the stomach walls and react
accordingly. This is essential if the continuation of the procedure must
be guaranteed. An obstacle detection algorithm thus developed for these
purposes and relies on comparison between measurement and estimation
of the pose of the tip provided by a sensor and a kinematic model of the
soft bending section, respectively. Since the resulting pose generated by
the Forward Kinematics (FK) is not influenced by external disturbances
(such as the collision with an obstacle), the comparison between this infor-
mation and the actual measure of the pose can be used as an indicator of

a collision.

Inevitably, the presence of the obstacles and the lack of a-priori knowl-
edge about their shape leaves part of the workspace unexplored. To avoid
this problem, a combination of mapping and planning strategies have been
developed. When the endoscope tip moves, a 2D [p, 9] map of the obstacle-
free space is built. At the end of the scan (e.g. ¥ reached a maximum value),
the map is evaluated and unexplored areas are located. Then a route from
the current pose to the unexplored area is evaluated by applying a path
planning algorithm on the free-space map. The system continues with the
scanning and map evaluation tasks until the procedure is complete (i.e. all

accessible space has been explored).

Relevant Publications:

- Campisano, Federico, Andria A. Remirez, Simone Cald, James H. Chandler, Keith
L. Obstein, Robert J. Webster, and Pietro Valdastri. “Online Disturbance Estimation
for Improving Kinematic Accuracy in Continuum Manipulators.” IEEE Robotics and

Automation Letters 5, no. 2 (2020): 2642-2649.



- LCampisano, Federico, Andria A. Remirez, Claire A. Landewee, Simone Calo, Keith L.
Obstein, Robert J. Webster III, and Pietro Valdastri. “Teleoperation and Contact De-
tection of a Waterjet-Actuated Soft Continuum Manipulator for Low-Cost Gastroscopy.”

IEEE Robotics and Automation Letters 5, no. 4 (2020): 6427-6434.

Thesis Structure

The body of work of this thesis is organized into 6 chapters, with Chapter 2 to
5 highlighting the main technical contributions and Chapter 1 and Chapter 6
introducing the topic and discussing the results and conclusions of the work

respectively.

e Chapter 1: an in depth literature analysis of the state-of-the-art in the
field of gastroscopy is introduced, highlighting the potential for a low-cost
alternative for gastric cancer screening as a solution to known disadvantages
of standard flexible endoscopy. Then, a number of commercially available
and research platforms are introduced. The key advantages of adopting a
low-cost alternative to flexible endoscopy as a tool to perform population

based gastric cancer screening programmes are presented.

e Chapter 2: the HJ endoscopic platform is described in detail, starting
from its first prototyping phase up to its latest stage of development. The
identified limitations of the original platform form the research focus of
this thesis.

In this chapter specifically, the steps that led to the development of a
intrinsically stable and miniaturized water-jet actuated soft endoscope are
presented, starting with the design and fabrication process of the device.
Considering the technical requirements, each design choice and iteration is
presented and discussed, then the fabrication and assembly techniques are
described. The results of the extensive testing of multiple design variables
are finally shown to prove the effectiveness of the mechanical improvements

in the final device.

e Chapter 3: in this chapter, an optimized solution to the HJ actuation

problem is presented. The flow-rate control devices (valves) used in the

! The proposed obstacle detection approach is based on thresholds applied to trigger signals,
as it happens in this article and in the related literature. However, the custom trigger signals
and the threshold values tuning procedure guarantee reliability and a higher responsiveness of
the system with respect to the results presented in this article.



inherited HJ platform are described, alongside the advantages and disad-
vantages they bring to this particular application. A novel approach to
controlling the water flow-rate, based on tube compression in between an
eccentric mechanism and a custom shaped profile, is subsequently presented
and referred to as ECV. A first prototype of the valve is characterized in
terms of its principle of operation, input-output flow-rate characteristics
and induced tubing plastic deformation. Consequently, a valve shape op-
timization aimed at obtaining a linear input-output valve characteristic is
performed. Finally, the ECV was comprehensively tested both in a stan-
dalone configuration and within the HJ hydraulic system in the attempt
to asses its augmented performance in controlling a fluid flow-rate or finely

position the HJ tip.

Chapter 4: a control system architecture is presented in this chapter.
The HJ endoscope tip is controlled in a closed-loop fashion using a polar
coordinate system [p,?]. A first position control strategy acting on the
water jet forces is implemented assuming a perfect linear valve input-output
characteristic. The results show that the intrinsic hysteresis of the HJ
actuation system generates unwanted behaviours of the plant, leading to
tip instability in specific configurations. Using a hysteresis model, the
hysteretic loop was then taken into consideration, leading to improved tip

positioning performances and a more responsive system.

Chapter 5: in this final technical chapter, the HJ platform is equipped
with intelligent capabilities. These mainly consist of the ability to per-
form a full inspection of the environment autonomously or with minimal
intervention of the user. In order to fully inspect the gastric mucosa, a
coverage technique that takes advantage of the control strategy introduced
in the previous chapter is described. Then, an obstacle detection algorithm
that makes the manipulator aware of interaction with the surroundings is
presented and tested. At this point the HJ endoscope is able to move and
react to collisions but cannot guarantee that the environment has been
completely inspected (e.g. the endoscope tip remains trapped in between
two obstacles). To overcome the problem, a real-time mapping of the
workspace is introduced and coupled with active path planning to allow
tip repositioning and scanning of unexplored regions. Results of the au-
tonomous capabilities of the HJ in different environment configurations are

here presented.



e Chapter 6: the findings of the work are summarized and discussed in
this chapter, together with the limitations of the proposed approach and

possible future solutions.



Chapter 1

State of the Art in
Gastro-Intestinal Endoscopy: a

Review

In this chapter, current technologies for the assessment of the Gastro-Intestinal
(GI) tract are reviewed. In particular, procedures based on standard FE and
alternative approaches are introduced. Commercially available devices and re-
search platforms providing a low-cost option for endoscopy in Low- and Middle-

Income Countries (LMIC) are also presented.

1.1 Global Impact of Cancer

Cancer is the leading cause of death worldwide being responsible for 8.2 million
deaths in 2012 [20], 8.8 million in 2015 and 9.6 in 2018 [1, 19].
The GLOBOCAN Project! aims to estimate and provide data about inci-

!GLOBOCAN Project is an initiative of the International Agency for Research on Cancer
or TARC. The project aims to provide everyone is interested in cancer research, with the most

Cancer site | New Cases Cancer site | Deaths
Lung 2,090,000 Lung 1,760,000
Breast 2,090,000 Colorectal | 862,000
Colorectal | 1,800,000 Stomach 783,000
Prostate 1,280,000 Liver 782,000
Skin cancer | 1,040,000 Breast 627,000
Stomach 1,030,000

Table 1.1: Most common cancer types and top 5 causes of cancer related deaths for both
sexes worldwide, 2018. (Adapted from [19])
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Cancer site \ New cases \ % \ Deaths \ %

World 951,600 100 | 723,000 | 100
Less Developed Countries | 677,100 71.1 | 548,400 | 75.8
Asia 700,000 73.5 | 527,100 | 72.9
Eastern Asia 552,900 58.1 | 394,600 | 54.5

Table 1.2: Estimated number of new cases and deaths due to gastric cancer. (Adapted from
[201)

dence, mortality and prevalence, for the major types of cancer in 184 participant
countries [21].

As shown in Figure 1.1 and Table 1.1, gastric cancer is the sixth most common
type of cancer worldwide while, in terms of deaths, it ranks third after lung and
colorectal cancer, accounting for more than 8% of the total deaths attributable
to cancer.

The distribution of gastric cancer varies greatly across geographical regions
[20]. Considering developed and LMIC separately, the rank in Table 1.1 changes
considerably; in more developed regions breast cancer becomes the most common
type of cancer, followed by prostate, lung, colorectal and stomach cancer. In less
developed areas, stomach cancer occurs more frequently, becoming the third most
common type of cancer.

Furthermore, analysing the data in terms of geographical area, it is essential
to note that a large proportion of new cancer cases (29.4%) and deaths (33.36%)
occur in Eastern Asia. When only data related to stomach cancer are considered,
70% of new cases are located in developing countries. Of these, almost 60% are
located in Eastern Asia, with the highest peak registered in China. Similar
considerations apply for deaths caused by stomach cancer: 76% of the total
occurs in less developed countries, specifically in Eastern Asia where a 54%
death rate was estimated (Table 1.2) [20].

1.2 Gastric Cancer

1.2.1 UGI Tract Anatomy

The GI tract extends from the mouth to the anus and is conventionally divided
into three parts: upper, middle and lower. The upper part of the GI tract (UGI)

includes esophagus, stomach and duodenum (Figure 1.2a).

recent and reliable data and statistics about the major types of cancer and previsions for the
future.
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Figure 1.2: Upper Gastrointestinal Tract anatomy (a) and gastric cancer development stages
(b) according to the TNM classification (depth of tumor infiltration). Created with BioRender.com

The esophagus is a 25 - 26 cm long, muscular tube, 2 - 3 cm in diameter,
normally collapsed at rest. It runs from the throat to the stomach to
which is attached through the esophagogastric junction or cardia. The
basic propulsive movement that allows the bolus to reach the stomach is
the involuntary muscular process known as peristalsis. This is a common
feature in smooth muscular tubes and it consists in a local contraction ring
(internal lumen reduction) that progressively spreads along the tube, from
the pharynx towards the lower part of the esophagus, forcing the bolus to
reach the stomach [22].

The stomach is a dilated section of the alimentary canal placed between
the esophagus and the intestine. This organ shows variable dimensions
depending on the age and sex. On average the volume is about 1,200
ml, the overall length measures 29 - 30 cm and a cross-sectional diameter
increases in the range of 5 - 10 cm when passing from the distal to the

proximal regions [22].

The duodenum is the first section of the small intestine. Approximately, it

is a 30 cm long, C shaped tube, 47 mm in diameter [22].

1.2.2 Classification

Conventionally, gastric cancer is classified into two broad groups as proposed by

Lauren [23]: intestinal and diffuse type. The first is typical in older subjects,
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and it is strongly associated with the presence of Helicobacter Pylori (H. Pylori)
infections [24|. Conversely, the diffuse type is mainly diagnosed in young individ-
uals and it does not show the same strong correlation with H. Pylori infection.
A different classification approach, called TNM, considers three factors, such as
the tumor infiltration (T), nodes involvement (N) and the presence of metastases
(M), to identify the cancer development stage ad assign it to a severity level from
0 to IV, with IV being the most severe stage (Figure 1.2b).

Since gastric cancer is silent during its early stages of development, the asso-
ciated lack of symptoms often results in a late dignosis. Even though treatments
for advanced stage gastric cancer have improved in recent years, late diagnosis
results in a poor prognosis with a five-years survival rate lower than 20% [25].
Early diagnosis has the potential to stop the spreading of the disease before it
reaches deeper layers of the tissues, in this way resulting in a increased survival
rate up to 90% [26].

Generally, gastric cancer incidence is higher in less developed countries. In
these geographical regions, lower and middle classes are more affected by this
disease mainly because they are more exposed to potential sources of H. Py-
lori infections. Despite worldwide gastric cancer incidence decreasing in recent
decades, it still remains a significant problem in terms of number of deaths per
year for countries such as China; characterized by two-thirds of the population
living in rural areas. Here, the incidence rate has not seen the same significant

reduction in the last years [27].

1.2.3 Risk Factors

There are a number of factors influencing the risk of developing gastric cancer,
classified by IARC in groups from 1 to 4 (low to high risk) according to scientific

evidence about their carcinogenic effect on humans (Table 1.3):

e First of all, infection caused by of H. Pylori. This infectious agent has been
classified as carcinogenic to humans (group 1) and ,of the 2,200,000 gastric
cancer cases attributable to infective agents, H. Pylori ranks first and is
responsible for 770,000 (35.4%) new cases [28].

e Tobacco smoking and alcohol consumption are also related to an increased
risk of gastric cancer. In particular smoking tobacco has been found to

increase the risk of 2.5 factor if compared with non smokers [29].

e Dietary habits such as low vitamin C and excessive salt intake have also

been shown to be associated with an higher risk [29].
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Cancer site ‘ Sufficient evidence Group ‘ Limited evidence ‘ Group

Stomach Helicobacter Pylori 1 Asbestos 1
Rubber production industry | 1 Lead compounds 2A
Tobacco smoking 1 Salted fish, Chinese-style | 1
X/Gamma-radiation 1 Processed meat 1

Table 1.3: List of Classifications by cancer sites with sufficient or limited evidence in humans.
Adapted from: TARC

e The incidence of the two different types of gastric cancer, topographically
defined as cardia and non-cardia, changes according to the ethnicity of the
subjects. It has been shown that cardia gastric cancer is more common
in white people whereas Hispanics and Asians tend to develop non-cardia

cancer [30].

e Age and sex are also important in determining the risk to develop gastric
cancer. In particular, the risk increases with age and men have an higher
risk to develop the disease [30].

1.2.4 Methods for Upper Gastric Cancer Detection

To date, several different types of tests have been considered and their perfor-
mance analysed with the aim of determining which one owns the best diagnos-
tic capabilities in terms of early detection of gastric cancer, patient acceptance,
cost-effectiveness, sensitivity and specificity. The most common type of diagnosis

methods are the following:

e SEROLOGY: the simplest and less invasive method consist in testing the
presence of H. Pylori antibody or checking levels of Pepsinogen (PG) I and
IT as they are correlated to the functional status of the gastric mucosa.
The test consists in an easy to perform and cost-effective blood test [31]
that evaluates the ratio PG I/IT and compares it to a predefined cut-off
value. Some studies proved that this test has a relatively high sensitivity
and specificity and can lead to a reduced gastric cancer mortality. Since
these results are not strong enough and standard guidelines for determining
the cut-off threshold do not exist, serology methods are not being widely
used for screening purposes, rather only to identify and shortlist high risk
subjects. The selected patients are then screened with a different and more
reliable method [30].

e X-RAY: this test is based on the ingestion of a barium meal to obtain

a good contrast on the resulting image. This procedure was introduced
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as a standard method in the first Japanese screening programme thanks
to evidences showing a reduction of gastric cancer mortality (40% - 60%)
[30, 31|. Despite proofs of effectiveness exist, x-ray based methods present
some limitations influencing the level of participation in screening study
such as: fear of the consequences of radiations, unappealing barium meal,
constipation after the procedure. Moreover, very often, an additional en-

doscopy is required to confirm the diagnosis [31].

e ENDOSCOPY: over the years, endoscopy has become the gold-standard for
gastric cancer diagnosis. This trend is supported by a high detection rate,
especially for early stage gastric cancer (more than twice if compared with
x-ray based tests), some new, even if weak, evidence of reduced mortal-
ity as a result of screening by endoscopy, and the possibility of performing
biopsy during the procedure [32, 33, 34, 35]. The possibility to visualize the
stomach mucosa allows to localize the abnormalities and define the tumor
development stage, while tissue samples collection enables histological con-
firmation of the diagnosis and tumor staging. Some limitations exist and
prevent the effective use of this device in large scale screening programmes.
Experienced and skilled physicians are essential to maximize the detection
rate, the cost per procedure is generally high because of the mandatory
sterilization of the equipment at the end of the endoscopy, and the overall
capital cost required to purchase the equipment is generally high, in this
way limiting the number of available units. Moreover, adverse effects and
patient discomfort are more frequent when compared with an x-ray based
method [31].

1.2.5 Prevention

The battle against cancer can be carried out through different approaches, such
as prevention and treatment, with strong evidences proving prevention as the
most appropriate choice thanks to the higher survival rate and cost associated to
the patient assessment and follow up. Two types of prevention can be identified:
primary and secondary [36].

Primary prevention involves the set of actions whose principal goal is to
prevent the carcinogenic agent to come into contact with the subject (smoking,
dietary habits, etc). The TARC H. Pylori working group concluded that H. Pylori
eradication, as a primary prevention method, is effective in reducing gastric
cancer incidence and recommends the eradication of the carcinogenic agent as

standard practice to be adopted in control programmes [37].
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On the other hand, secondary prevention consists in detecting pre-malignant
lesions in order to be able to treat the disease in its early stages, before symptoms
onset. This prevention method is carried out through check-ups and screening
programmes and includes diagnostic techniques such as endoscopy, x-ray, etc (see
Section 1.2.4).

Even though primary prevention is considered to be more effective than sec-
ondary, its use is not as widespread as one expects. One of the reasons lie in
the complexity of recognizing the actual contribution brought by the prevention
programme, consequently generating inconclusive proofs of effectiveness. There-
fore, secondary prevention has become the standard practice in the majority of
gastric cancer control programmes and its performances were largely analysed
by several research groups. Results from a Scopus data analysis, using “gastric
cancer screening’ keywords, are shown in Figure 1.3. A continuously increasing
interest in the field of gastric cancer is highlighted by the data in Figure 1.3a,
where the number of published scientific articles concerning research in the field
of gastric cancer each year, are shown. As previously mentioned, Eastern Asia
countries show the highest risk of gastric cancer worldwide and for this reason
countries such as China, Japan and Korea are the most interested in controlling
the burden of this disease (Figure 1.3b).

Despite this increasing interest in gastric cancer, only a few high-risk countries
have developed gastric cancer screening programmes in the attempt to control the
spread of the disease [29]. In Eastern Asia, only Japan and Korea promoted mass-
screening programmes supported by well defined national guidelines to properly
realize them in a standardized form. A similar situation can be found in low-
incidence areas such as Europe and USA where opportunistic and individual
screening strategies have been adopted [38]. The reasons for this lack of control
programmes in other high-risk countries are to be found in the absence of a
widely accepted method for gastric cancer screening and the cost-effectiveness
of the programmes. The latter explains the choice to not implement control
programmes in intermediate and low-risk countries [39].

In Japan, interest in gastric cancer screening started in 1960 [40] with a small
screening programme implemented in only one prefecture. Then, in 1983, the
programme was extended to provide annual screening for residents aged 40 or
older by x-ray based methods [30]. In 2005, the first version of Japanese guide-
lines for gastric cancer screening appeared and recommended photofluorography
as a standard method for population based and opportunistic screening. This
strategy was based on evidence showing that screening using photofluorography

was connected to a reduced mortality. Endoscopy was thus excluded from the list
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of recommended screening methods due to insufficient evidence of efficacy [41].
In 2015, guidelines have been revised and thanks to new, even if weak, evidence
endoscopy was re-introduced in the recommended screening practice [34].

In Korea, a national cancer screening programme was launched in 1999. A
few years later guidelines were introduced recommending endoscopy or x-ray
methods with a two years screening interval as a standard approach for gastric
cancer diagnosis [42, 43]. A revised version of guidelines, in 2015, recommended
endoscopy as the only method for gastric cancer screening in Korea, primarily
because of the cost-effectiveness of the procedure.

In China no gastric cancer screening programmes have been implemented [38].
The attention and efforts are focused on the eradication of H. Pylori [31]. The
results of these trial studies are not promising, in part due to an high re-infection
rate [44].

Despite the above mentioned countries trying to reduce the incidence and
mortality related to gastric cancer through different methods, the difficulty in
covering the entire national territory still represents a problem. The lack of ex-
perienced personnel, the scarcity of equipment and the economic efforts, make
the examination available only for a restricted part of the original target group
defined by the guidelines [45]. Rural areas remain the most disadvantaged re-
gions, mainly because of the absence of screening equipment or the distance from

state-of-the-art medical facilities; commonly located in big cities [29].
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1.3 Endoscopy

Nowadays, endoscopy represents the standard and the most widespread approach
for gastric cancer diagnosis [46]. The procedure relies on the endoscope: a flexible
tube with a steerable tip. Its design allows the physician (GE) to inspect parts
of the body otherwise unreachable with different, non-invasive approaches. Over
the past few years there has been an increasing interest in the development of
new devices that guarantee performance similar to that exhibited by FE and,
at the same time, improve patients’ acceptance, reduce the cost related to the

equipment and the procedure, etc.

1.3.1 Standard Practice

As previously mentioned, a FE consists of three main sections: the user handle,
a flexible cylindrical body and a steerable section at the distal end (Figure 1.4a
and b). The actuation mechanism relies on the pulling action of cables (Bowden
cables) organized in an antagonistic fashion and connected to knobs on the con-
trol handle and, distally, to the endoscope tip. Given this cable arrangement,
turning a knob on the handle results in a motion (bending) of the distal section
of the flexible tube. In this way, inspection of a certain region of the human body
is possible by directing the camera module located at the tip of the endoscope.
Besides control wires, the body of the endoscope generally contains a tool
channel, additional lumen for suction/injection of air or water, optic fibers car-
rying white or R, G and B light and electrical connections for the CCD/CMOS
sensor. All of the above mentioned components are included in a 0.925 - 1.1
m long flexible tube with diameter in the range 4.9 - 12.8 mm (standard upper
endoscopes diameter ranges from 8 to 10 mm, devices with a smaller diameter
exist but are considered a non-standard equipment). The standard resolution
of the image sensor varies from 100,000 to 400,000 pixels but, in some recent
versions, it reaches HD quality (850,000 to more than 1,000,000 pixels) [47].
The endoscope is manoeuvred by the physician via the handle. On the control
handle, the two knobs connected to Bowden cables allow the endoscopist to
move the tip up and down (maximum values of 210° and 90° respectively) or
left and right (maximum values of 100° and 100° respectively [48]|) as shown in
Figure 1.4c. Moreover, a tool channel allows for a tool, such as biopsy forceps
or an aspiration needle, to be inserted and used during the procedure. Finally,
additional switches are reserved for water or air injection and for suction.

In addition to the well established features, some improvement in vision tech-
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nologies have helped endoscopy becoming the gold-standard method for gastric
cancer diagnosis [47]. First of all, the introduction of HD sensors enhanced the
detection of small, early stage mucosal lesions, otherwise invisible with Standard
Definition (SD) devices. Dye-based chromoendoscopy consist in the use of dyes
that, once applied on the mucosa, react with the tissue highlighting particu-
lar structures (lesions or abnormalities). Finally, optical chromoendoscopy, also
known as Narrow Band Imaging (NBI), emphasize capillary structure and mu-
cosal surface thanks to the filtration of the red component of the light. All these
functionalities are often combined and are responsible for an increased detection
rate, sensitivity and specificity of the endoscope.

Despite the development of such features, FE design remained widely un-
changed over the years, and some major problems are still limiting its full po-
tential. First of all, direct cost related to the acquisition of the equipment, can
easily exceed 80,000 USD. Indirect costs must also be taken into account, in-
cluding, for example, the reprocessing of the device after each procedure. This
can be performed in a number of different ways, resulting in a different level of
effectiveness in the sterilization of the device. Funk et al. compared manual
and automated endoscope reprocessing methods: manual sterilization consist in
several steps that have to be followed meticulously by the operator to obtain
a safe-to-use endoscope, while an automated method relies on an Automated
Endoscope Reprocessor (AER) [49]. Improper reprocessing can leave infective
agents on the endoscope and this can cause the diffusion of pathogens in healthy

patients [50|. For these reasons, manual reprocessing, even if executed in ac-
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Figure 1.5: Cleaning facilities in two Chinese Hospitals in (red) Tianjin suburbs (Xianshuigu
Hospital) and (green) Tianjin city center (Tianjin Medical University General Hospital)

cordance with the guidelines has been linked to sub-optimal sterilization results
and it is also responsible for a lack of efficiency in terms of reprocessing time
[51, 52, 53].

AERs, on the other hand, are the recommended standard for endoscopes
cleaning (World Gastroenterology Organization, WGO) because a reproducible
set of cleaning steps and conditions can be guaranteed. AERs have also the
potential to reduce the risk of damaging the endoscope, in this way reducing the
economical impact of repairing (an average of 5,833 USD per device [54]) and
preventing procedures to be cancelled due to the unavailability of the devices.
The problem that arises form the use of AERs is mainly financial and is repre-
sented by the high cost related to purchasing the equipment [54]: its high upfront
capital cost makes AERs accessible only by facilities in high resource settings.

An on-field experience in Tianjin (China) confirms the disparity between high
resource settings and rural areas in China (figure 1.5), in terms of available facili-
ties for endoscopes sterilization. In particular, in rural areas manual reprocessing
represents the standard practice, whereas, in the main hospital of the city, the
automated approach has been adopted. It must be highlighted that, in this par-
ticular case, AERs had just been purchased by the hospital; this means that
manual reprocessing has been the standard approach also in this premises.

The usability of FE represents another limiting factor. The actuation ap-
proach that characterizes FE requires a highly skilled user to guarantee proper
deployment of the device and to carry out the procedure reliably and in a short
time. As the ability to control the device and the experience to identify suspi-

cious lesions is essential, an extensive training is required for the physician to
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feel confident with the equipment and to optimize the outcome of the inspection.
The compulsory training represents another item of cost and inevitably reduces
the number of users that can perform the procedure, in this way limiting the
effectiveness and advancement of screening programmes.

Finally, classical endoscopes are characterized by limited portability due to
the size of the endoscopic tower (Figure 1.4), the need of electric power and
reprocessing facilities; consequently, remote rural areas can not be easily reached

with such an equipment.

1.4 Robotics in Medicine

The need for a simpler, more precise and repeatable way to perform medical
operations or, more specifically, endoscopy procedures, led to the introduction
of robotics in medicine. The automation brought by robotics addresses the need
for an intermediate layer in between the user and the tool. The commitment of
robotics is to enable more intuitive, precise and dexterous movements and, as a
direct consequence, a lower time-to-completion of a general medical procedure
[55]. Moreover, on an even higher abstraction level, the user could be partially or
completely replaced by the Artificial Intelligence (AI), in this way implementing

semi- or fully-autonomous systems [56.

1.4.1 Capsule Robots

Wireless capsule endoscopy represent a valuable alternative to classic FE even if
it is affected by several limitations that prevent this class of medical devices to
completely replace FE.

The first capsule was presented in 2000 by Given Diagnostic Imaging. The
capsule, called M2A and then renamed PillCam, consisted of an optical dome,
lens, LEDs, a CMOS image sensor, batteries and an antenna. All the com-
ponents were contained in a 11 by 26 mm cylindrical shell. Other companies
estabilished a research branch in this field, developing products such as Endo-
Capsule (Olympus, Tokyo, Japan), OMOM (Jinshan Science and Technology
Company, Chongqing, China), Mirocam (IntroMedic, Seoul, Korea) and Cap-
soCam (Capsovision, Saratoga, CA, USA). These capsules are characterized by
similar up-to-standard features in terms of camera FoV, battery life, size and,
above all, the promise for a less invasive procedure. By contrast, their passive
form of actuation (mainly peristalsis) and the lack of a tether introduce a num-

ber of drawbacks concerning the controllability, tissue sample capabilities and
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full visualization of large hollow organs (e.g. stomach) |57, 58|.

To achieve active control of the capsule motion, a number of approaches has
been explored and they can be divided into two groups according to the nature
of the locomotive force: internal and external actuation.

When the locomotion is internal, the actuation system is embedded in the
capsule body making the miniaturization of the device challenging and power
consumption non negligible. Shape Memory Alloys (SMA) provide a self-contained
form of actuation but they are difficult to control, they can generate low forces
and they are not efficient in terms of power consumption. For this reason DC
motors are more often used as a main propulsion system.

A common internal form of locomotion is a legged system. This kind of so-
lution shows several advantages: it can move forward in the environment (e.g.
colon) passing over injuries without touching the critical area, it can adapt to
environments characterized by different dimensions (lumen adaptation), no in-
sufflation is needed thanks to the interaction between the organ’s walls and the
capsule’s legs that expands the lumen providing an appropriate view of the en-
vironment [59]. Several attempts have been carried out at Scuola Superiore
Sant’Anna in Pisa trying to develop a robotic legged capsule: a first prototype
was equipped with two sets of three legs [60], then a second version with four
legs [61] and a prototype with two sets of six legs [2]. The increased number of
legs allows the contact force with the walls to be distributed on more contact
points optimizing the motion and reducing the risk of damaging the wall.

Such an approach well adapts to tube-like organs but the same does not apply
to more challenging environment such as the stomach where a three-dimensional
movement is required. Here, a common approach consists of distending the stom-
ach using water and then performing the endoscopy using a swimming capsule.
An example was described by De Falco et al.: a capsule equipped a vision system
and a real time transmission module was developed. In addition, a set of pro-
pellers was added to provide the required thrust to move in the environment[3].

With an external locomotion approach, battery consumption can be drasti-
cally decreased, capsule dimension can be significantly reduced or more features
can be added to the capsule. Magnetic actuation is surely the most prolific ac-
tuation method [62, 63, 64|. It is based on the magnetic coupling between an
external and an internal magnetic field. The internal magnetic field is gener-
ally produced by a permanent magnet (or a set of permanent magnets) placed
inside the capsule body. For the external magnetic field, several methods have
been investigated. The hand-held magnetic manipulation represent the simplest

approach to implement. A modified version of a magnetic capsule (MiroCam,

23



IntroMedic) was used by Kim et al. to monitor the gastric motility [65]. The
patient swallows the capsule, equipped with permanent magnets, and an external
magnet is used to drive the capsule in the desired position in the stomach cavity.
Once the capsule is in position, the external magnet is fixed on a belt placed
on the patient’s abdomen. In this way a certain region of the stomach can be
monitored for a relatively long period. Manoeuvering the capsule by manually
moving the external magnet results in an inaccurate capsule actuation because
the physician can only rely on the visual feedback provided by the camera and
the mapping between the movement of the external and internal magnets is often
counter-intuitive. A robotic manipulation of the external magnetic field has been
shown to be more effective in terms of precision of the movements. A permanent
magnet mounted on the end effector of a 6-DoF robotic arm was used by Ciuti
et al. to steer a capsule device inside the colon [66]. A set of nine electromagnets
was used by Son et al. in order to create an external magnetic field able to both
move a capsule inside the stomach and deploy a needle to perform a biopsy [4]. A
similar approach was adopted in [67]: in this case a static magnetic field gradient
and a dynamic uniform field were used to selectively control individual members
of a swarm of identical robots. MRI scanners have also been used for driving
capsules. For example in [6] a miniature swimming capsule equipped with three
elastic beams was developed. On each elastic beam, two coils create a magnetic
field that, interacting with MRI magnetic field, produce vibration of the elastic
structure in this way generating thrust. This capsule can be used for stomach
inspection, but to allow the device to move, the stomach has to be filled with
water.

A joint collaboration between Olympus Medical Systems Corporation and
Siemens Healthcare led to the development of a magnetically guided capsule
for the inspection of the gastric cavity [5]. The system consists of a capsule
(Olympus) equipped with two image sensors, a permanent magnet and an ex-
ternal guidance magnet (Siemens). The external magnetic field is produced by
a modified MRI scanner able to generate a weaker field (100 mT) if compared
with standard MRI scanners. Before the procedure, the patient drinks 1.3 L of
water in order to expand the stomach, then a single-use capsule is introduced in
the stomach through the mouth. Finally, the external magnetic field is able to
manipulate the capsule in the stomach with 5-DoF.

In a first feasibility study, Rey et al. were able to successfully visualize typ-
ical gastric landmarks in the distal stomach, with a lower percentage of success
for landmarks in the proximal region because of the collapsed conditions of this

part of the stomach [68]. In the follow-up trial Rey et al. used both a mag-
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netically actuated capsule and a standard gastroscope to inspect the stomach
cavity in order to compare the performances of the two systems [69]. Firstly, an
high definition gastroscopy and then a capsule endoscopy have been performed.
The visualization of the stomach landmarks was successful, including Fundus
and Cardia which are located in the proximal region of the stomach. The cap-
sule succeeded in identifying 31 lesions, not detected by the gastroscope. This
result has been probably caused by the longer examination time needed for the
capsule (17.4 minutes) if compared with the standard endoscopy (5.3 minutes).
Moreover, minor lesions produced by the gastroscope have been recognized as
abnormalities by the capsule.

A similar platform has been developed by ANKON Technologies and tested
on 34 patients [70]. A C-arm robot, holding a permanent magnet, is able to move
the magnetic capsule previously swallowed by the patient. In order to distend the
stomach, the patient ingests both 1L of water and 6 g of air-producing powder.
During the trial, the gastric landmarks have been successfully recognized but
with an average examination time of 43.8 minutes.

The ability to collect tissue samples is also an essential feature for diagnosis.
The absence of a tether makes the procedure complicated for wireless capsules,
but several solutions have been developed to guarantee the possibility of col-
lecting samples. Kong et al. proposed a capsule equipped with a rotational
tissue-cutting razor |71]. Initially, the sharp edge of the razor is hidden inside
the capsule body and it is pre-loaded using a torsional spring and kept in posi-
tion using a paraffin trigger. When a tissue sample has to be collected, a heater
melts the paraffin block, the razor rotates eccentrically and protrudes outside
the capsule body cutting the tissue. Magnetic actuation has also been used for
biopsy in [4] to perform a fine-needle aspiration procedure and in [72] where a
capsule with a cylindrical rotating razor has been proposed. The capsule con-
tains two cylindrical magnet, a fixed and a rotating one, the latter connected to
a razor. At rest, the two cylindrical magnet are aligned and the razor is closed;
when a strong magnetic field is applied externally, the razor rotates exposing a
hole in the capsule shell. Pressing the capsule against the lumen wall, thanks to
the external magnetic field, allows the tissue to penetrate inside the hole, then
removing the external magnet, makes the razor rotate again to the rest position,
in this way cutting the tissue.

A less invasive method for tissue analysis is the so called optical biopsy. It
allows in-situ tissue evaluation using the properties of light. Some of the tech-
niques the use such an approach are: fluorescence endoscopy, optical coherence

tomography, confocal micro-endoscopy and molecular imaging [73]. Zhang et al.
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Figure 1.6: Design examples for wireless capsule endoscopy grouped by actuation approach.
Passive actuation: a) Endocapsule ( © Olympus ), b) Omom ( © JINSHAN Science and Technology
), ¢) MiroCam ( © IntroMedic ), d) CapsoCam ( © CapsoVision ) and e) PillCam ( © Medtronic ).
Internal actuation: f) six-legged capsule ( ©2009 IEEE ) [2] and g) swimming capsule ( ©2014
IEEE ) [3]. External actuation: h) magnetically actuated capsule for fine-needle biopsy ( ©2020
Mary Ann Liebert, Inc., Publishers ) [4], i) magnetically actuated capsule endoscope ( ©2012 IEEE )
[5], i) ANKON Navicam magnetic capsule ( © ANKON ) and k) MRI driven swimming capsule
( ©2011 Springer Science ) [6].
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demonstrated the feasibility of biochromoendoscopy-based optical biopsy and the
method has shown to be able to discriminate between malignant adenomas and
benign lesions [74].

Power management is a challenging topic in capsule endoscopy. Batteries are
the main power source in capsules and they have to provide energy to the system
for a relatively long time allowing it to accomplish the endoscopic procedure. The
energy stored inside battery is often not enough to guarantee so, especially in the
case of internally actuated or multi purpose capsules. Moreover, batteries are
often bulky and occupy the majority of the space available inside the capsule.
For this reason, different approaches such as externally rechargeable batteries
or battery free devices have been proposed. Jia et al [75] developed a wireless
power transmission system based on an external transmitting coil and an internal
three-dimensional coil included in the capsule. The system is able to transmit
up to 500 mW of power even though the transmission efficiency remains quite
low (4.08%).

1.4.2 Continuum Robots

As proposed in [76], a continuum manipulator (CM) is an actuatable structure
whose constitutive material forms curves with continuous tangent vectors. This
definition clearly highlights how such manipulators do not consist of links and

joints, as seen in classic rigid robots, but rather involve a continuously bending
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Figure 1.7: Actuation of CMs. Mechanical actuation: a) SMA ( ©2013 SAGE Publications )
[7], b) bevel tip steerable needle ( ©2006 SAGE Publications ) [8] and c) concentric tubes robot (
©2006 TEEE ) [9]. Fluidic actuation: d) McKibben muscles ( ©2012 ASME ) [10], e) hydraulic soft
catheter ( ©2006 IEEE ) [11] and f) pneumatic soft robot [12]. Magnetic actuation: g) coupling
between an internal and an external permanent magnet ( ©2019 IEEE ) [13], h) ferromagnetic
particles [14] and i) multiple permanent magnets ( ©2019 Sungwoong Jeon ) [15].

elastic structure whose shape is dictated by the forces and torques acting on the
structure. The theoretically infinite number of DoF offered by these structures
makes them perfect for applications requiring high dexterity. In contrast with
rigid tools with a dexterous wrist, CM have the ability to boost medical proce-
dures. When a direct straight path to the target is not feasible, the ability of CM
to adapt to the surrounding environment represent a solution with the potential
to minimize tissue trauma and accelerate the recovery time.

At the same time, CMs have the capacity to overcome the major problems
exhibited by wireless capsule endoscopy. The tether can contain wires for direct
power transmission and real-time data streaming, a tool channel can be embed-
ded for biopsy and sample collection. Furthermore, the presence of the tether
offers an anchoring point that facilitates the movements in hollow organs. Such
robotic platforms can be divided into three groups, according to the nature of
the actuation system: mechanical, fluidic or magnetic as proposed in [55] and
shown in Figure 1.7.

In a mechanically actuated CM, actuators such as SMAs, tendons or the
robot’s geometric characteristics are used to generate a wrench or distributed
load that, consequently, produces a movement of the manipulator. The FE
belongs to this group of CMs.

Single and antagonistic SMA tendons were used by Crews et al. [77]. Whereas
a multi segment approach has been used by Ayvali et al in order to independently
actuate each joint of the manipulator [7]. In [8], the geometric characteristic of

the tip of a flexible needle is used to steer towards the target wile being inserted.

27



The needle’s bevel tip, when in contact with a tissue, generates an asymmet-
rical force that redirects the needle along a curvilinear path. A combination
of insertion and axial rotation generates complex needle paths allowing obsta-
cle avoidance. In [9] pre-curved, concentric, super-elastic tubes are rotated and
translated with respect to each other to reach a target position. With such an
actuation approach, based on solid mechanisms, mechanically actuated CMs are
often stiff and their interaction with human tissue could be cause harm.

CMs equipped with fluidic actuators proceed beyond classic pneumatic or hy-
draulic pistons and take advantage of the properties of flexible actuators that well
adapt to the elastic and compliant nature of a CM. Actuators such as McKibben
muscles, together with PAM (Pneumatic Artificial Muscles) are well known and
have been widely used in the field of CM [10]. The increasing interest in the
field of soft robotics led the way to the development of novel, fully-soft fluidic
actuators. These actuators rely entirely on their own geometric characteristic to
produce a predefined type of movement, such as bending, elongation or twisting.

Ikuta et al. developed a multi joint, bellows-based actuation [11]. The
catheter consists in a driving central tube filled with saline solution and a set of
joints each controlled by an asymmetrical bellow and a 3-stage valve. The valves
allow to control each joint independently and simultaneously using a single pres-
surized line, thanks to a different opening/closing pressure of each valve [78]. In
[79] a soft robot implements an inchworm-like locomotion approach to explore
the colon by adopting two expandable structure placed at each extremity of a
cylindrical structure and used as anchoring points. A central linear soft actuator
allows the robot to axially shrink and expand. The concurrent use of these soft
structures allow the robot to proceed forwards or backwards in the colon.

In the field of medical robotics, the compliance of the CM represents an
advantage in terms of robot’s dexterity, but it is not enough to guarantee a safe
interaction between the manipulator and the tissues. Soft CMs deal with this
limitation by using highly compliant hyper-elastic polymers as main constituent
materials (e.g. silicone). To this end, a big effort has heen made, not only towards
the development of soft CMs and soft actuators, but also in favour of soft control
system (e.g. valves). An example is the soft electric valve developed in [80] or
the mechanical one described in [81], both designed to be directly embedded in
the CM’s body.

A pneumatically actuated system for colonoscopy has been proposed by Chen
et al. [82]. This continuum robot is based on three pneumatic chambers em-
bedded in a 17 mm diameter, silicone rubber, cylindrical body that resembles a

compliant Stewart platform. By inflating or deflating each chamber, the manip-
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ulator is able to deflect up to an angle of 120°. A similar concept is proposed in
[12] where a miniaturized (10 mm diameter) parallel manipulator is described.
The geometry of the internal channels, the constituent material and the fabrica-
tion process guarantee a significant range of motion (> 180°) and, at the same
time, reduce the risk of rupture.

In a magnetically actuated CM, the actuation of the robot mainly relies
on the ability to manipulate an external magnetic field. In this way, the on-
board actuation system of the CM becomes as simple as a permanent magnet,
facilitating the miniaturization of the device or the introduction of additional
features.

A magnetic field based approach for painless colonoscopy has been developed
by Valdastri et al.: a tethered capsule equipped with a permanent magnet is
pulled along the colon taking advantage of the magnetic interaction established
between the capsule and an external permanent magnet held by a robotic arm
[83]. Additional capabilities were then added, culminating with the implemen-
tation of magnetic manipulation of an ultrasound probe [84], capsule levitation
[13] and autonomous control [85]. The feasibility of miniaturization offered by
magnetic manipulation was further exploited in [86] and in [14] where a sub-

millimeter soft CM was presented.

1.4.3 Low-Cost Devices

Being cost, portability, reprocessing and repairing considerable issues related
to FE in LMIC, the use of a disposable low-cost device actuated using simple
mechanisms could represent a viable alternative for gastric cancer screening in
these areas (Table 1.4). This class of device needs minimal or no reprocessing
and can be easily transported to rural areas due to their actuation systems
relying on manual actuation or a minimum amount of energy; deliverable by
a self contained battery. In addition to this, the inconveniences introduced by
planned or extraordinary FE maintenance are minimized.

In order to develop a low-cost device of this nature, critical aspects have to

be taken into account [87]:

e Materials: cost, reliability and bio-compatibility of the constituent mate-

rial;

e Manufacture: the fabrication process must be as simple as possible, in

terms of production and assembly time;
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Flexible Endoscope Clinical Need

Average repair cost 5,833 USD
Reprocessing cost from 114 to 280 USD

Less than 10 GBP per procedure
for disposables
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Designed to be used in hospitals portable

i

Portability
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and the time required for reparing and
reprocessing

Only limited by the numer of available
devices

P

Availability

Table 1.4: Standard endoscopy vs. low-cost endoscopy comparison

e Functionality: diagnostic capabilities similar to FE to guarantee compara-

ble effectiveness.

Several companies recognized the need and the value of investing in the de-
velopment of low-cost systems for medical application. XENOCOR released the
first inexpensive single-use laparoscope, the Xenoscope [88]. The idea is to pro-
vide developing countries with the same minimally invasive surgical tool used
in modern settings, but at a lower cost. The plug-and-play laparoscopic device
can be directly connected to exiting visualization equipment (laparoscopic tower
monitors) and costs less than 100 USD.

The same objective has been pursued by EVOTECH [89]. The company
tried to develop an affordable laparoscopic platform to help African and Indian
women affected by physical disability and incontinence as a result of pregnancy
complications. The device is called EvoCam and it costs 2500 USD.

In the field of FE, the PRIMESIGHT System [90] attempts to solve the
sterilization problem by covering the endoscope with a sterile protective barrier
(EndoSheath), in this way avoiding the need for high level disinfection. In-
troMedic EG-Scan [91] and Ambu aScope [92], on the other hand, represent a
fully-disposable solution for esophagus and bronchi inspection respectively, with
new devices dedicated to UGI tract announced for 2021.

Besides commercially available devices, research in this field remains dynamic,
with a number of different solutions released every year and addressing a partic-

ular need.
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A significant example of device for UGI tract inspection is represented by the
Bellowscope, a pneumatically actuated endoscope for unsedated assessment of
UGI tract developed by Garbin et al [93]. The device consists of a multi-lumen
catheter ending in an actuated tip. The tip includes three main parts: a fixed
base connected to the tether, a three bellows actuation system and a steerable
distal element. Pressurizing air inside the bellows generates a bending of the
distal part of the endoscope.

The control system consists of a continuum joystick structurally supported
by a flexible central rod and three Nitinol wires placed around it and spaced 120°
from each other. The Nitinol wires connect to the plunger of three syringes so
that, when the user bends the joystick, the resulting displacement of the wires is
transmitted to the plungers in this way pressurizing (or de-pressurizing) the air
inside the syringes. The three syringes are connected to the multi-lumen catheter
so that the pressurized fluid produces a change in length of the bellows.

The system was extensively tested in a stomach phantom and an in-vivo trial
including both expert and non-expert users, with the aim to prove the intuitive-
ness of controlling the device and to compare the performance of the proposed
solution with respecto to FE [94, 95]. Results showed that the Bellowscope was
easy to manoeuvre resulting in a lower physical and mental demand when in

comparison with FE.

1.5 Background Summary

Thanks to its diagnostic capabilities, conventional FE represents the gold-standard
for the inspection of UGI tract. Nevertheless, some limitations exist and restrict
the use of this technology, especially in LMIC where gastric cancer represents
the leading cause of cancer related deaths. The portability of the platform, the
cost associated with the equipment and the sterilization of the device preclude
an effective use of standard FE in mass screening programmes.

Alternatives to FE exist and one of them is represented by capsule endoscopy.
It has become increasingly attractive since its first use in 2000, but the passive
movement of the capsule inside the GI tract does not provide the same diagnostic
reliability of FE. For this reason, internally and externally actuated capsules have
been developed. As internal actuation presents some limitations related to the
limited on-board space, external actuation systems represent the most promising
approach. Magnetically guided capsules have been largely explored to this end,

however, they are still reliant on bulky and expensive equipment.
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CMs have also been proposed as a solution to the problems related to wireless
capsules such as the limited power provided by the battery. Given their intrinsic
compliant nature they represent a safe alternative to the rigid robotics approach
but, at the same time, they present a series of challenges still not completely
addressed (e.g. manufacture, modelling and control).

The increasing interest in limiting the incidence of cancer in high-risk coun-
tries such as Japan, China and Korea or in rural areas, has led to an growing
attention towards low-cost devices. The promise for a quality of diagnosis com-
parable to the one offered by FE, while remarkably reducing the cost of the

procedure, represents the main driving force encouraging research in the field.
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Chapter 2

A Water-Jet Actuated Continuum
Manipulator for Ultra-Low-Cost
(Gastroscopy

Since its first appearance, the HJ low-cost gastroscopy platform underwent sig-
nificant iterative development to attain a more capable and clinically appropriate
design. In this chapter a detailed description of the HJ endoscope is presented.
The chapter is organized into three main sections. Section 2.1 provide a compre-
hensive picture of the HJ platform state-of-the-art, describing the principle of
operation and the characteristics of two design iterations of the endoscope. This
section represents an introduction to the original work that this thesis describes,
and aims at highlighting the limitations of the previously presented designs,
with emphasis on the limited manoeuvrability of the HJ. Starting from the iden-
tified problems, Section 2.2 introduces a number of improvements in terms of
design innovations, fabrication techniques and sensor equipment, finalized at en-
hancing the mobility of the endoscope and its range of motion. Ultimately, an
extensive experimental evaluation of the proposed improvements is presented in

Section 2.3, demonstrating the effectiveness of the adopted solutions.

2.1 The HydroJet: an Overview

The first prototype (HJ,1, Figure 2.2a) of the HJ platform, introduced in [17],
consists of a plastic capsule attached at the end of a flexible tether; with the
tether connected to an external hydraulic control system.

The platform has, as essential features, a disposable capsule equipped with

four nozzles spaced 90 deg apart around its body. These vent ports allow the
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capsule to move as soon as pressurized water, flowing from the main hydraulic
system, is ejected from them. With such a design, the nozzles behave as water
powered thrusters, in this way allowing the capsule to move in the environment
with two DoF in response to the generated reaction force. As in a standard FE,
an additional degree of freedom is intrinsic in the system design and consists
of adjusting the length of the tether that is inside the stomach by manually
advancing or retracting it. Two supplementary ports on the capsule’s body allow
the operator to remove the excess of water from the stomach (suction lines).
The disposable part of the system, consisting of the tether and the distal tip,
contains the camera (64° FoV) and illumination modules. These components
are sealed inside the capsule’s outer shell and they do not come into contact
with any contaminant fluid. As a result, the camera module and light source,
representing the main items of cost, can be retrieved at the end of the gastroscopy
procedure and reused without the need for sterilization. The capsule is attached
to a multi channel tether. Each channel is an independent flexible tube that
carries water from the main water tank to the capsule or from the capsule to
an exhaust vessel in the case of suction lines. One last tube contains wires for
the camera and LEDs. Each tube supplying water to the nozzles is connected
to a solenoid valve that controls the amount of ejected water, this represents
the fundamental control approach that grants the manipulability of the tether’s
tip. The hydraulic system, providing pressurized water to the capsule, includes
a water tank, a pump, a flow-meter and a manifold. The pump collects water
from the tank and pressurizes it in a high pressure hydraulic line. The pressurized
water flows throughout a flow-meter and than it reaches the manifold which splits
the main water flow into four streams. At this level, the valve control system
modulates the flow-rate of the fluid reaching the nozzles. Using a joystick, and
by relying on the camera feedback, the operator can control the valve opening
levels, consequently controlling the capsule position in an open-loop fashion.
The proposed design was motivated by a number of technical, medical and

safety requirements listed below:

e Size: the dimension of the device is crucial for two main reasons: (1) the
insertion of the device through the esophagus (dimensions in Section 1.2.1)
must be easy to perform and not cause discomfort to the patient; and (2)
considering the worst case scenario, where the capsule detaches from the
tether, its overall dimensions must allow the capsule to pass throughout

the lower GI tract and to be expelled.

e Pressure: water pressure, measured at the exhaust port, must remain below
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a) b) <) d)

Figure 2.1: Push-to-Retroflex technique to achieve a full retroflexion of the endoscope’s tip.
The procedure consists of a) powering one of the water jets to achieve an initial bending of the
tether, b) inserting the tether until the tip touches the stomach wall, ¢) continue pushing the
tether to pivot the capsule and in d) a full retroflexion is accomplished. ( ©2017 IEEE ) [16]

43.5 psi to avoid damage of the stomach mucosa, as identified in [96].

e [luid volume: maximum amount of water in the stomach must remain

below 1.3 L, in line with the practice adopted in [5].

e Cost per procedure: minimized by reusing electronic components (camera,

LEDs).

Relying on these specifications, a 12 mm diameter, 28 mm long capsule was
designed and attached to a 1.1 m long tether. The maximum achievable bending
angle was less then 95 deg in an open-loop controlled experiment with a usable
bending tether length of approximately 90 mm. To compensate for this lack
of range of motion, the gastroscopy procedure, simulated in a explanted pig
stomach, relied on the simultaneous tether introduction and capsule pivoting
on the mucosal wall to visualize portions of the stomach that require a full
retroflexion of the tether (Figure 2.1). The overall estimated cost of the platform
was 6,000 USD with a cost per procedure in the range 2 - 5 USD.

In a second prototype of the HJ (H.J,2) [16], a capsule with a smaller di-
ameter (10 mm x 29 mm) was designed and the four nozzles were reduced to
three, spaced 120 deg from each other (Figure 2.2b). Three nozzles represent
the minimum number of actuators needed to maintain the same 2 DoF mobility
of the endoscope and, at the same time, avoid the need for managing the action
of two pairs of antagonistic jets. Moreover, the six, single channel, tubes were
replaced with a more compact and easy to assemble multi-lumen tether.

The multi-lumen tether consists of seven channels, with six of them equally
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spaced around the seventh central lumen. Three channels are used to carry pres-
surized water to the capsule, additional three are used for suction and the remain-
ing one for wiring. This lumen arrangement guarantees an axial-symmetrical
tether, in this way avoiding anisotropic bending behaviours.

The HJ control unit was adapted accordingly. The pump-based system was
replaced in favour of a more reliable and stable pressurizing system: a compressed
air tank that pressurizes the water tank. With this solution, no mechanically
moving parts are required, resulting in a more fault-robust system. Finally,
solenoid valves were replaced by pinch valves in order to prevent direct contact
between water and the actuators, thus avoiding cross-contamination or corrosion.

Bench-top and stomach phantom trials showed a maximum bending angle of
the endoscope tip of approximately 50 deg, using a tether length of 120 mm and
an actuators pressure of 80 psi. During comparative trials with standard FE
performed in a stomach phantom the lack of retroflexion capabilities reflected
into a significant increase in the time-to-completion of the task. The full HJ
system (excluding water and air tanks) was fit in a carry-on size suitcase, in this

way proving its portability.

2.1.1 Limitations

In [17] and [16], preliminary version of a water jet powered low-cost endoscope
were presented. Despite the characterization of the actuation system and a few
design optimizations (e.g. multi-lumen tether, valve system), these platform ver-
sions presented a few limitations and missing features. Each of them is discussed
below and summarized in Table 2.1. The table groups each issue/feature in three
different areas (design, control and autonomy), in this way guiding through the
development steps that, starting from the inherited platform described above,
led to the current improved HJ system (H.J,,).

From a design point of view, the main issue presented by H.J,; and H.J,
is related to their limited workspace. Such a constraint generates a number of
disadvantages that prevent the HJ to reach the minimum requirements needed
to be considered a valuable device from a gastric cancer diagnosis point of view.
If on one side the introduction of the multi-lumen catheter allows for easier
assembly and cheaper mass production, it is accountable for the difference in
mobility seen between the first [17] and the second HJ prototype [16]. The ability
of loose tubings to rearrange themselves to minimize the cross-sectional area,
drastically reduces the stiffness of the tether and allows for wider tip bending

angles using shorter tether length. In both the prototypes, the limited range of
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motion, coupled with a limited FoV of the camera module, does not allow for
a full retroflexion of the endoscope’s tip nor for a full 180 deg range of view.
Alternative solutions that compensate for these limitations are required.

As mentioned above, one of these alternatives consists of making use of the
combined action of the water jets, insertion and the stomach wall to pivot the
capsule and generate a retroflexion. This helps in expanding the range of motion
but, at the same time, introduces different obstacles such as a longer time-to-
completion of the task and the need for a skilled user and/or even experienced
users to learn and adopt a new skills.

The instability observed in [17] at wide bending angle was not addressed and
must also be taken into account when trying to widen the workspace.

An additional problem, sometimes a direct cause of instabilities, is to be
found in the water flow-rate modulation method: wet solenoid valves, used in
the first design revision, do not guarantee the retention of the valve’s hygienic
conditions after the procedure (e.g. back-flow of contaminated fluids); in the
latest HJ prototype the problem is solved by using dry pinch valves: thanks
to the physical separation between the mechanical/electrical components of the
valve and the controlled fluid, contamination and corrosion can be avoided and at
the end of the procedure the used tube can be easily removed and replaced with
a new sterile one. In contrast, the mechanical design of such valve introduces
some distinctive problems: the pinching action of the valve’s gate damages the
tube, often resulting in a permanent deformation or in a cut on the tube wall,
both detrimental to the success of the gastroscopy. Finally, even if a successful
insertion of the HJ endoscope was performed, a further miniaturization of the
hard plastic components of the HJ could eliminate the need for an over-tube,
decrease the patient discomfort and give the HJ more room to manoeuvre within
the stomach.

Moreover, a wide FoV (above 100°), high resolution, small form-factor cam-
era module would provide the physician with an image comparable to the one
produced by FE and would expand the range of view of the device. A method for
cleaning the camera lens or preventing water drops from obscuring the view is
necessary when the endoscope is not operated underwater. In both a submerged
and non-submerged scenario a suction line is required to remove the excess of
water from the stomach.

As far as automatic control is concerned, to date (HJ,2) none has been im-
plemented and the endoscope’s tip has been manually controlled by the user by
directly acting on the valves. The implementation of open- or closed-loop au-

tomatic control schemes has the potential to make the endoscopic procedure as
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simple as using a joystick. Furthermore, such an approach could pave the way to
more advanced features such as the ability of the endoscope’s tip to follow a user
defined trajectory or an image based positioning system to intuitively move to-
wards an abnormality identified on the mucosa. Closed-loop control approaches
requires, as a minimum requirement, a measure of the controlled variable in or-
der to be able to minimize the error between its current and desired value. A
measure of the endoscope’s tip position is thus needed, while taking into account
other design constraints of size and cost.

A reliable design and robust control strategy still require the presence of
a human-in-the-loop to issue high level commands. The introduction of au-
tonomous or semi-autonomous behaviours represents the final step towards a
device accessible to skilled and non-skilled users alike. Automatic inspection
and abnormalities detection would require the user to be involved only during
insertion or retrieval of the endoscope, thus achieving fully autonomous system
capabilities. Automatic methods for the inspection of the GI tract have been
proposed and rely on a vaiety of approaches allowing the endoscopic devices to
safely and reliably navigate inside organs such as the stomach or colon [85, 97].
Moreover, it has been proven that the increased autonomy provided by these ap-
proaches not only allows for a decreased procedural time, but also for an improved
user experience [85]. Automatically performing image-based diagnosis has the
potential to move towards fully autonomous endoscopic procedures. Al based
systems have shown high sensitivity and specificity in identifying and categorize
precancerous (e.g. H. Pylori infections) or cancerous lesions using conventional
imaging [98, 99, 100, 101]. Both real-time or off-line methods have demonstrated
performances similar to the expert user while allowing for a faster detection rate
[102, 103].

Below, the solutions adopted to mitigate the identified limitations of previous
HJ versions (HJ,; and HJ,), are described and experimentally tested to prove

their effectiveness.

2.2 The HydroJet: an Improved System

In Figure 2.2 a timeline of the HJ design iterations is shown. The first two slots
(a) anb b)) refer to the HJ prototypes developed in [17] and [16] respectively and
extensively described in the previous section. The work described in this thesis
starts after H J,2, when, taking into account the endoscope’s drawbacks in matter

of design features, a new prototype was created (HJ,3). The main novelty, that
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Inherited HydroJet Target System

Platform Requirements
Dimensions Diameter: 10 mm Diameter: 8 mm
(rigid components) Length: 29 mm Length: 10 mm
(=] Bending angle: 50° - 95°
B0 ‘Workspace Camera FoV: 54° - 64° Overall: 180° (retroflexion)
'a‘ Overall: 7T - 127°
Q
Q Portability Proven in HJvl and HJv2
A g Sanitary Flow-Rate Control Sanitary Flow-Rate Control
ctuation Tube Damaging Stable Input/Output Characteristic
= Manual ;
8 Clytia] Independent valve control or Joystick
+
S A
utomatic : 5
O Control None Trajectory Tracking
2 Environmental
E Perception None Obstacle Detection
=}
=
Q
+
<= Exploration None Full Stomach Inspection

Table 2.1: Current system (HJ,; and HJ,3) vs. system requirements comparison.

distinguishes this implementation of the HJ endoscope from the previous ones,
is the result of a new attention towards the continuum nature of the HJ. The
focus moved from the endoscope’s tip towards its tether, whose characteristics
are responsible for the limited capabilities of the device. Starting from these well
known problems, this section describes all the design and fabrication steps taken

towards the goal of widening the HJ workspace and improve its stability.

2.2.1 Design
2.2.1.1 HJ,

The need for a lower bending stiffness and a narrower bending radius contrast
with the necessity of a relatively high stiffness tether for insertion purposes. A
new prototype was thus fabricated, implementing a non homogeneous ensoscope
stiffness along its main longitudinal axis (Figure 2.2c). The tether consists of
two principal sections: a multi-lumen catheter and a steerable segment. The
multi-lumen tube represents the proximal part of the tether and connects the
endoscope to the external control system. The steerable segment connects to
the multi-lumen catheter on one end and to the capsule on the other. The hy-
draulic connection in between the two segments is achieved using a rigid plastic
base connector fabricated by rapid prototyping (Clear V4 on Form 2, Form-
Labs, Somerville, MA, USA). The connector is equipped with barbed fittings
to withstand the hydraulic pressure generated while operating the device. The
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Figure 2.2: HydroJet design history: a) HJ,1 [17], b) HJye [16], ¢) HJys [18], d) HJy4
current design. The dashed line in b) marks the starting point of the work described in this
manuscript. Hydraulic and pneumatic (suction/insufflation) lines are color-coded using red

and blue respectively.

steerable segment consists of two main components: three tubes carrying water
from the multi-lumen tether to the tip, and an external protective sleeve. To
meet the bending stiffness requirements, thin-walled tubings (35D Pebax 6fr -
0.008" wall, Apollo Medical Extrusions) were selected. Their constituent mate-
rial allows them to withstand a relatively high pressure while their thin walls
generate a minimal resistance to bending. An external corrugated custom sleeve
(Ecoflex 00-30, Smooth-On, USA) protects the internal tubings and limits their
relative movement while bending. This HJ revision, introduced for the first time
in [18], was characterized by a 70 mm long steerable segment and a tip with
an overall diameter and length of 9.8 mm and 28 mm respectively. The endo-
scope’s distal section featured only one orientation sensor at the tip and one
at the base, both for localization purposes; no camera, illumination modules or

suction /insufflation ports where present.

2.2.1.2 HI,,

The improved design of H.J,3 and the promising results of the closed-loop control
scheme presented in [18] led to an in-vivo trial on a porcine model (Yorkshire-
Landrace pig) performed by an experienced GE. The trial highlighted how the

combination of the very low-stiffness segment at the distal end of the tether
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and the overall diameter of the endoscope cause difficulties during the insertion
process. The GE was not able to reach the gastric cavity, also when an esophageal
overtube was employed to ease the insertion procedure.

The need for further optimization led to the implementation of the final
design revision (H J,4, Figure 2.2d) which includes the full set of functionalities
embedded in the previous designs in a miniaturized capsule measuring 8 mm
diameter by 10 mm in length and a 60 mm long steerable segment. The multi-
lumen tether section of devices H.J,» and HJ,3 was changed in favour of a more
standard and reliable arrangement consisting of cylindrical channels and resulting
in an overall 6.6 mm diameter tube (Nusil MED-4050, Della Medical Innovations,
Dallas, TX, USA). The three nozzles, characterized by a diameter of 0.85 mm, are
aligned with three suction /insufflation ports located in between the nozzles and
the distal tip (Figure 2.4). When the gastroscopy is not performed underwater,
the geometry and position of such ports generates an “air-shield” that prevent
water droplets from depositing in front of the camera, thus obstructing the view.

The schematic of the overall updated system is shown in Figure 2.3. The
pressurized water distribution system remains unchanged, with an air tank pres-
surizing a water vessel. The main hydraulic tube divides into three smaller
lines, each of them passing through an ultrasonic flowmeter (Atrato Ultrasonic
Flowmeter Model 760, Titan Flowmeters, UK) first, and an ECV (see Section 3
for details) after. Finally, the three lines connect to the multi-lumen tether.
Electric wires powering the on-board electronics, run from the tip along the full
endoscope length reaching the sensor hub (BeagleBoneBlack, BeagleBoard.org
Foundation, MI, USA) and camera processor (Fujikura, Tokyo, Japan). An ad-
ditional tether channel is used as suction /insufflation line while the central lumen
is dedicated to optional sensor equipment such as a magnetic tracker probe. A
ROS-based network architecture connects all the above mentioned components

to the main controller where a user interface is executed.

2.2.2 Sensing

In Figure 2.4 a close-up of the steerable segment is shown. The capsule contains
a miniaturized camera module (CameraCubeChip, OmniVision, USA) measur-
ing 1 x 1 x 3 mm with a resolution of 400 x 400 pixels and a FoV of 120°. A
custom 4 LEDs illumination unit (LXZ2-2790-3, Lumileds, Netherlands) provide
the necessary light to the scene. LEDs and the camera module are soldered on
the same custom, 7 mm in diameter, PCB. This arrangement makes necessary
for the CMOS sensor to be “shielded” from the radiations coming from the LEDs
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Figure 2.3: Schematic of the HydroJet system including the control system fitted in a carry-
on size suitcase, the endoscope, the pneumatic (red) and hydraulic (blue) lines and a section
of the multi-lumen tether.
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Figure 2.4: The HydroJet steerable segment exploded views, revealing the thin-walled tubes
arrangement, sensors equipment, water and air ports disposition.

nearby, in this way preventing glare on the resulting image feedback. This is ac-
complished by enclosing the camera module in a thin layer of reflective material,
such as aluminium tape (Tesa 60630, Tesa, Germany). The base connector at the
interface between the multi-lumen tether and the steerable segment contains a
custom inertial measurement unit (BNO-055, Bosch Sensortec, Germany) mod-
ule, running a proprietary sensor fusion algorithm and providing the absolute
orientation of the base, or its orientation with respect to the gravity vector. Ac-
cessory sensory equipment includes two 6-DoF electromagnetic probes (Aurora
Electromagnetic Tracking System, Northern Digital Incorporated, Canada), one
at the tip and one at the base, used as ground truth for testing and validation

purposes.

42



2.2.3 Fabrication

Excluding off-the-shelf components (e.g. thin-walled tubing) and custom made
parts outsourced to specialized companies (e.g. multi-lumen extrusion), the re-
maining components are produced using rapid prototyping techniques. All the
hard plastic components (e.g. base connector and tip module) are fabricated
using a stereolitography 3D printing method (Grey V4 on Form 2, FormLabs,
Somerville, MA, USA) generating, at the same time, well defined features (e.g.
circular nozzles) and internal channels free from obstructions. The soft external
sleeve is fabricated using injection molding techniques, allowing for a virtually
infinite number of copies of the same object to be generated inexpensivelly and
always with constant geometric characteristics. Figure 2.5 describe the fabrica-
tion process in its most important steps. The mold consists of two 3D printed
mirrored parts (Grey V4 on Form 2, FormLabs, Somerville, MA, USA), repro-
ducing the external geometry of the sleeve, and a third component (here referred
to as insert) which allows creation of the hollow structure. Before the mold is
assembled, a preparation step involves the deposition of a thin coating layer of
lacquer that will prevent the mold to come into contact with the liquid polymer
causing the inhibition of the curing process [55]. The mold is then assembled:
the insert aligns to the mold using two aligning discs while the alignment of the
two halves is guaranteed by a series of corresponding pins/holes. The two halves
are clamped together and the liquid polymer, previously mixed and degassed in a
vacuum mixer (ARV-310 Planetary Centrifugal Vacuum Mixer, Thinky, Tokyo,
Japan), is injected using a disposable syringe, filling the cavities from the bot-
tom to the top of the mold in order to avoid the creation of air pockets. The
injection ends when the polymer gets ejected from the venting port and fills the
reservoir. The reservoir at the top of the mold allows for the excess of liquid
polymer to replace potential air bubbles trapped inside the mold and released
over time. The finishing steps involve a de-molding process where the part is
removed from the cavities, a cleaning process aimed at eliminating the sprue and
a peeling process that removes the insert thus returning the hollow sleeve. The

final sleeve produced with this method is shown in Figure 2.4

2.3 Evaluation

A device, featuring the above mentioned design characteristics (Section 2.2),
was tested with the specific goal of assessing the enhanced mobility of the HJ.

A successful outcome includes a wide bending angle positioning (e.g. 120 deg)
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Figure 2.5: The HydroJet soft sleeve fabrication process through injection molding.

of the endoscope’s tip while avoiding instabilities or oscillations thus achieving a

steady visualization of hypothetical abnormalities on the stomach wall.

2.3.1 Force Estimation

Jet forces were evaluated by mounting the HJ tip rigidly onto a cantilever struc-
ture. A load-cell (ATI Nano 17, ATI Industrial Automation, NC, USA) was
rigidly connected to the base of the cantilever to allow measurement of the pro-
duced jet force. The cantilever was constructed from an aluminium rod and
was aligned along the force sensor’s z-axis for the experiment. Such as arrange-
ment, allows to move the sensing unit away from the jets of water, and at the
same time, amplifies the measurement quality by relying on torque data instead
of direct force measurement. The HJ tip was attached to the free end of the
cantilever with the main longitudinal axis parallel to the aluminium rod and
one of the nozzle radially facing. The load-cell is connected to a CompactDAQ
(National Instruments Corp., Austin, Texas, USA) running a custom LabVIEW
program: the sensor was calibrated and possible offsets removed before starting
the registration. The test consisted of a single jet actuation: the corresponding
valve was completely opened and then fully closed, while torque and flow-rate
data were registered. Three different nozzle geometries were tested to understand
which design would allow the maximum generated thrust. All the tested nozzles
had a circular shape with diameter increasing from 0.70 mm, as in [18], to 1 mm
using 150 um steps. The chosen step size is a direct consequence of the reso-

lution provided by the fabrication process: even if the minimum printable layer
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Figure 2.6: Flow-rate vs. generated force characteristics corresponding to three nozzle geome-
tries with diameters 0.7 mm, 0.85 mm and 1.00 mm. The graph shows a 2"? order polynomial
regression model (solid line) that fits the experimental data (shaded points) for each nozzle
geometry.

thickness measures 25 pum, the laser spot of the available SLA (StereoLithogra-
phy Apparatus) printer has an overall diameter of about 140 pum that dictates
the minimum achievable feature size. The jet thrust is thus evaluated using the
torque sensor readings and the tip distance from the load-cell along its z-axis
(cantilever arm, 339 mm). Results are shown in Figure 2.6.

The measured force output is shown as a function of the flow-rate and the
raw data are fit with a second order polynomial function. Flow-rate values
are expressed in voltage representing the raw flowmeter’s output proportional
to the flow-rate and offset by approximately 400mV (0.4 V = 0 L/min). The
graph clearly shows that, at a given pressure, the 0.85 mm diameter nozzle
outperforms the other two geometries in terms of maximum achievable thrust
even if at a higher flow-rate regime with respect to the 0.70 mm diameter nozzle.
For safety purposes, the pressure generated by the nozzles was also estimated:
the maximum generated force was 0.1160, 0.1326 and 0.1095 N for 0.70, 0.85
and 1 mm respectively, resulting in a maximum pressure of 3.01, 2.33 and 1.17
bar. For these reasons the 0.85 mm nozzle diameter was selected and used for
the following tests.

The need for an pneumatic line to reach the HJ tip for suction/insufflation and

shielding purposes, introduces a new design variable: how does the air reach the
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Figure 2.7: Jets output evaluation: a) barbed fittings and nozzles relative arrangement, b)
water-jet shape and c¢) achieved output expressed as the ratio between the i-th jet flow-rate
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tip of the endoscope? Two possible solution were explored: adding an additional
thin-walled tube to the three already used to carry pressurized water (41) and
make use of the soft sleeve to convey air throughout the steerable segment (3L).
Both the solutions have advantages and disadvantages, however, in this section,
their performance is evaluated exclusively in terms of jet’s output (e.g. flow-rate
or force).

When an additional pneumatic line is introduced, the capsule design requires
a number of updates aimed at accommodating a fourth barbed fitting. This, in
turns, means spacing the four barbed fittings 90 deg from each other (instead of
120 deg) and redirect the path of, at least, two channels to account for the 120
deg spacing of the nozzles (Figure 2.7a). On the other hand, the second option
does not require major design changes, but only the ability of the soft sleeve to
withstand the air pressure and to achieve an airtight fit with the tip and base
bodies.

The response of the two designs to the actuation of one jet (single jet) and
two coupled jets (double jet) was investigated, measuring the maximum flow-rate
at three different system pressures: 40, 50 and 60 psi. The results are shown in
Figure 2.7. From a first visual assessment it is clear how in 4L the new twisted
channels (J; and J3 in Figure 2.7a and b) introduce flow recirculation leading
to an unfocused jet shape. This does not happen for Jy and for all the jets in
the 3L configuration, where the jet stream remains coherent. The consequences
of an incoherent jet are visible in Figure 2.7c. In 4L the maximum flow-rate

generated by J; and J3 reaches about 93% of the maximum output generated
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by .Jo. Moreover, the conical shaped water stream produces thrust components
parallel to the capsule longitudinal axis, unable to generate a displacement of the
tip. A more homogeneous output for all the jets was achieved in 3L. The output
drop seen only for J;, that also affects J;.J,, can be attributable to the channels
shape in the base connector: here, a non-straight path of the internal channels

is required to make room for the Inertial Measurement Unit (IMU) module.

2.3.2 Workspace Evaluation

To prove the enhanced mobility of the HJ tip provided by the introduction of
the steerable segment, an experiment was performed including multiple design
factors: the overall amount of pneumatic/hydraulic lines (3L or 4L), the geomet-
ric properties of two different types of tubing (0.005" and 0.008" wall thickness,
referred to as 5SWT and 8WT respectively) and the activation status of the pneu-
matic line (ON or OFF). The experimental set-up used for this experiment is
presented in Figure 2.8. The test rig, which includes the aforementioned equip-
ment (Section 2.2), features a pressurized air line connected to the HJ endoscope.
The air flow is kept constant across all the repetitions thanks to a user-operated
valve and a digital manometer reading the pressure drop across a constant pneu-
matic resistance.

The experiment aims at identifying the HJ design choices that maximize
the bending angle, while guaranteeing stable positioning of the tip. A single
and double jet propulsion test was performed starting from the HJ rest position

(base and tip longitudinal axis aligned with the gravity vector) and using the
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Figure 2.9: Single- and double-jet driven bending test showing the tip a) maximum achievable
elevation and b) maximum stable elevation before the kinking event occurs. The coloured bars
indicate the average elevation, while the black bars refers to the maximum and minimum 9
registered during the test.

actuation series J; = Jo = J3 = J1Jo = JoJ3 = J1J3, each time activating the
corresponding valves with an ascending and descending ramp signal. Six different
HJ devices were fabricated, varying the aforementioned design variables, and each
of them was tested at 40, 50 and 60 psi. The soft sleeve was fabricated using a
silicone compound (Ecoflex 00-30, Smooth-On, USA) and its radial deformation,
due to compressed air, was constrained using metallic rings placed in the sleeve’s
creases. The results are shown in Figure 2.9 and summarized in Table 2.2.

A minimum acceptable bending value of 120 deg was identified considering
that, combined with half of the camera FoV, it provides a 180° range of view.
The pose of the tip and base were measured using the Electro-Magnetic (EM)
probe and the elevation of the tip ¥ was evaluated as the angle measured between
the base and the tip longitudinal axis, so that ¥ = 0 at rest. Figure 2.9a shows
that, predictably, lower stiffness devices (e.g. 3L-5WT) reach, on average, the
120 deg threshold, even at a pressure of 50 psi, while stiffer devices (e.g. 4L-
8WT) remain below it. In Figure 2.9b, the same results are shown in terms of
maximum stable elevation, intended as the maximum value of ¥/ before the onset
of an unstable behaviour of the tip. This is identified in the elevation data as
a spike in the signal AJ/At. When the stability factor is considered, all the
devices remain below the acceptable elevation threshold.

The causes of such an unstable behaviour, that occurs after a certain elevation
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Maximum Elevation [deg] Maximum Stable Elevation [deg]

40 50 60 40 50 60
4L-8WT-OFF |27 (36 - 14) 38(50 - 20) 60 (81-27) 27 (36 - 14) 38(50 - 20) 60 (81 -27)
4L-SWT-OFF |45 (60 - 19) 90 (137-4) 111(145-57) | 45(60-19) 69 (96 - 24) 96 (115 - 72)

Single [SL-SWI-OFF | 72 (99-52) 138 (198 -107) | 161 (182-145) |72(99-52) 68 (84 -57) 69 (86 -37)

Jet |31 SWT-ON |33 (66 - 34) 141 (216-102) | 141 (190-110) | 53 (66 - 34) 76 (117 - 24) 67 (92 - 43)
3L-SWT-OFF |49 (64 -31) 88 (116 - 57) 132(173-87) |49 (64-31) 88 (116 - 57) 88 (130 - 49)
3LSWI-ON |44 (56-31) 67 (85 - 55) 124 (159-81) |44 (56-31) 67 (85 - 55) 81 (124 - 46)
4L-SWT-OFF |25 (30-22) 36 (42-31) 57(71 - 43) 25(30-22) 36 (42-31) 57 (71 -43)
4L-SWT-OFF | 42 (61 -32) 71 (105 - 45) 123(175-82) |42 (61-32) 62 (86 - 46) 88 (111 - 49)

Dual |BL-3WT-OFF | 69 (34 - 40) 129 (172-83) | 166(179-158) | 69 (84 - 40) 93 (116 - 62) 95 (128 - 35)

Jet |31 SWT-ON |60 (73 - 40) 119 (145-70) | 158(185-141) |52(56-48) 86 (110 - 43) 84 (114 - 36)
3L-SWT-OFF | 55 (70 - 38) 90 (106 - 66) 119(135-99) | 55(70-38) 90 (106 - 66) 97 (121 - 79)
3LSWT-ON | 350 (64 -32) 77 (99 - 47) 104 (131-70) | 50 (64 -32) 58 (66 - 48) 77 (98 - 56)

Table 2.2: Single- and double-jet driven bending test results indicating the average (maximum
- minimum) achieved elevation ¥ registered during the tests performed at 40, 50 and 60 psi.

Figure 2.10: Tubes kinking for two of the fabricated devices 3L-5WT and 3L-8WT

angle, are ascribable to a tube kinking event (Figure 2.10). When one or multiple
tubes kink, an instantaneous drop in the tether stiffness is experienced. This
causes a dramatic increase in the bending angle at first. Then, the kink restricts
the water flow-rate causing a drop in the generated jet force, which brings the
tip back to lower elevation angles. If, at this point, the flow-rate is not restricted
by the valve, a self-sustaining oscillation results with the tip moving in between
these two states.

The experiments clarify how the compressed air inside the soft sleeve stiffens
the structure, thinner-walled tubing allow to reach elevation in the desired range
eventually leading to instability and, finally, thicker-walled tubing guarantee sta-
bility at elevations below the desired minimum value.

The high elevations reached by 3L-5WT-X devices were identified as the most
promising in terms of range of motion in spite of the limiting factor represented by
the kinking. For this reason, in the attempt to test the possibility of “masking”
the kinking event in 3L-5WT-X, one additional device was fabricated using a
soft sleeve made of a stiffer (A-30) constituent material (S-30, Polycraft, MB
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Figure 2.11: Single- and double-jet driven bending test showing the tip a) maximum achiev-
able elevation and b) maximum stable elevation before the kinking event occurs. The coloured
bars indicate the average elevation, while the coloured markers refers to the maximum 9 reg-
istered for each jet or combination of jets.

Fiberglass, UK). The founding idea is for the outer sleeve to be the predominant
factor determining the shape of the bending section, in this way reducing the
effect of possible kinking of the internal tubing. The testing procedure remains
unchanged and the results, shown in Figure 2.11 and summarized in Table 2.3,
are compared with the ones collected for 3L-5W'T-X.

The bars show that, despite the increased stiffness restricting the maximum
achievable elevation, 3L-5WT-x-A30 is capable of stable positioning at elevations
higher than the predetermined threshold. The stiffer sleeve is able to mask the

kinking event, in this way avoiding discontinuities in the tether curvature, while

Maximum Elevation Maximum Stable

Single
Jet

Dual
Jet

[deg]

Elevation [deg]

3L-SWT-OFF 00-30

161 (141 - 178)

69 (51-101)

3L-5WT-ON 00-30

141 (91-171)

67 (43-91)

3L-SWT-OFF A-30

122 (71 - 150)

122 (71 - 150)

3L-SWT-ON A-30

121 (93 - 141)

121 (93 - 141)

3L-SWT-OFF 00-30

166 (158 - 179)

95 (35-128)

3L-SWT-ON 00-30

158 (141 - 185)

84 (36- 114)

3L-SWT-OFF A-30

137 (108 - 159)

137 (108 - 159)

3L-SWT-ON A-30

123 (102 - 135)

123 (102 - 135)

Table 2.3: Single- and double-jet driven bending test results indicating the average (maximum
- minimum) achieved elevation ¥ registered during the tests.
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easily withstanding the air pressure without any major deformation or the need

for restraining rings.

2.4 Discussion

The augmented HJ tip mobility, as a direct result of the introduction of a low-
stiffness steerable segment at the distal end of the HJ tether, and the enhanced
tip stability brought by a corrugated soft sleeve, represent the main achievements
described in this chapter. The design of the HJ restricts the deformation of tether
exclusively to the bending section. Its self-contained longitudinal dimension,
compared to previous HJ devices, results in a reduced bending radius and, as
a direct consequence, in an increased clearance when operated in a confined
space such as the gastric cavity. A lower stiffness of the steerable segment was
achieved using a minimum number of loose thin-walled tubes, while maintaining
the suction/insufflation capabilities without adding complexity to the system.
The selection of a stiffer constituent material for the outer protective sleeve
guaranteed a stable positioning of the endoscope tip above the desired elevation
of 120 deg. The amplified range of motion, coupled with a wider FoV of the
camera module, generate an overall range of view of more than 180°, in this way
enabling the visualization of landmarks such as Fundus and Cardia, without the
need to actuate the third DoF. A nozzle gauge of 0.85 mm was selected as the

most advantageous in terms of generated thrust and safety of the jet.

2.5 Conclusions

A novel design for a water-jet actuated continuum endoscopic device has been
presented and fabricated. With respect to previously published works, the pre-
sented device overcomes the obstacles represented by its dimensions, limited
workspace and tip instability, while maintaining the distinctive characteristics
of a single-use and low-cost device. The introduction of a soft bending segment
allowed for an unprecedented range of motion of the endoscope’s tip (up to 74%
and 232% increase with respect to HJ,; and H J,» respectively), even if regions of
tip instability have been identified. The kinking of the internal thin-walled tub-
ing has been identified has the main cause of such unstable behaviour, and it has
been mitigated by exploiting different constituent materials for the fabrication
of the outer soft sleeve. Extensive testing of the possible combinations of tubes

geometry and sleeve stiffness resulted in a device that meets the predefined range
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of motion and stability requirements (stable positioning at a maximum bending
angle of 137 deg). The implementation of such augmented capabilities repre-
sents a milestone for the HJ endoscopic system and its employment in screening

programmes as valuable and reliable equipment.
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Chapter 3

Sanitary Control of Fluid Driven
Actuators Using an Eccentric

Compression Valve

©2020 IEEE . Adapted and reprinted, with permission, from S. Calo, J. H. Chandler, F. Camp-
isano, K. L. Obstein and P. Valdastri. “A Compression Valve for Sanitary Control of Fluid
Driven Actuators,” IEEE/ASME Transactions on Mechatronics, vol. 25, pp. 1005-1015. -
[104]

Supplementary material at https://doi.org/10.1109/TMECH.2019.2960308

3.1 Introduction

The concepts of precision and accuracy are central in the field of robotics. The
ability of a robot to generate reproducible and exact motions depends on the
performance of its actuators; whether electromechanical, pneumatic or hydraulic
in nature. In these latter cases, precise introduction of pressurized fluid is fun-
damental in facilitating reliable high resolution actuator control for many appli-
cations. For example, soft robotic systems based on the construct of pressure
driven hyper-elastic materials (e.g. silicone) generate a kinetic response that
depends directly on fluid control coupled with the robot’s geometry and mate-
rial properties [105]. Research into soft robot based applications for augmenting
the capabilities of traditional robots [106] and for environmental exploration
[107, 108, 109] is common, however, one of the most prevalent areas of interest
for soft robotics is within medical applications [76]. Devices have been developed
for Minimally Invasive Surgery (MIS) [110], endoscopy [16], heart assistance [111]
and rehabilitation [112].
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Soft C .
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Figure 3.1: Assembled eccentric compression valve showing the sanitary valve inlet and outlet,
the soft tubing, the valve core and actuator. ©?2020 [EEE

For medical use cases, such as those exampled, consideration of patient safety
during interaction with the device materials and drive system is crucial. Al-
though regulation of fluids through in-line valve systems (e.g. gate valves, needle
valves, etc) can offer technically effective solutions, they require direct interac-
tion with the working fluid. This adds to contamination risks either from the
valve directly (i.e. corrosion), or cross-contamination of patients (i.e. back-flow).
Therefore, such in-line systems must be disposable or be subject to reprocessing
protocols that increase the cost and downtime of the device [113].

Pressure or flow regulation devices that are physically separate from the trans-
mission fluid offer a more appropriate solution for medical applications. FExam-
ples include pinch valves [114, 115] and peristaltic pumps [116] used for sanitary
applications such as dosage regulation and blood analysis or infusion. Pinch
valves work by applying a load normally to pre-pressurized tubing through a
“pinch-point” plunger; thus reducing the cross-sectional area of the tube locally
and consequently the flow-rate. This flow regulation approach generates a high
level of stress on the soft tubing leading damage and ultimately altering the flow
characteristics of the system over time [116]. Peristaltic pumps induce pressure
in the line through successive simultaneous squeezing and shearing actions. In
this case, the output flow generated by the pump is highly pulsatile, which is
undesirable if a fine control of the pressure/flow needs to be achieved. This

behaviour can be attenuated by introducing an inline pulsation damper [117], al-
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though this adds complexity and cost to the system. These issues, when coupled
with poor resolution in flow-rate control and hysteresis, make them unsuitable
for applications such as medical actuators that require great precision. There-
fore, there is a need for sanitary pressure and flow regulation devices that deliver
safe and precise flow control.

This chapter presents a novel sanitary Eccentric Compression Valve (ECV)
that allows indirect precise flow regulation in pre-pressurized systems. The ECV,
presented in Figure 3.1, uses an eccentric mechanism to compress the tubing over
a wider contact area against a tunable spiral shaped profile, thereby minimizing
local stresses and the associated tube damage. An optimization step is presented
that allows for the geometry of the device to be easily adapted to suit the com-
ponents and constraints of a wide range of applications. The method applies
to the mechanical design of the valve rather than on its electronic controller to
produce improved resolution and linearity with respect to commercially available
sanitary solutions.

The presented work evaluates our novel ECV performance against standard
pinch valves in terms of volumetric flow-rate characteristics over repeated actu-
ation cycles. For the purpose of this manuscript, the valve efficacy was demon-
strated by using an optimized ECV to control the HJ medical device. Comparison
of the ECV relative to pinch and solenoid valves under cyclic actuation of the
HJ is presented and highlights improved flow-rate tracking and reduced flow-rate

fluctuation.

3.2 Principle of Operation

The proposed valve adopts a combination of custom components to deliver a
gradually increasing distributed load onto standard flexible tubing carrying a
pressurized fluid. The design is comprised of two main parts, as shown in Fig-
ure 3.2a: (1) a passive compression component (valve housing) that includes
a spiral compression profile encoded into its wall; and (2) an active compres-
sion component with eccentric geometry (eccentric drive shaft and compression
bearing). Flexible tubing sits between these two components and is compressed
between the bearing and the compression profile. Through the use of a bearing,
shear forces induced by the relative motion between the rotating drive shaft and
the flexible tube are minimized ensuring compressive forces remain normal to
the tubing cross-section. Relative motion between the active and passive com-

ponents therefore, results in varied occlusion of the flexible tubing and hence
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Figure 3.2: Example compression profile: showing (a) a design with a linearly varying com-
pression profile (exaggerated for clarity), and (b) a schematic representation of tube compres-
sion at three locations along the profile, with: i) no occlusion - maximum flow, (ii) moderate
occlusion - intermediate flow, and (iii) completely occluded - no flow. ©2020 IEEE

alters the volumetric flow-rate of the fluid (Figure 3.2b). The level of compres-
sion depends on the rotation angle of the rotary actuator shaft with respect to
the tube housing. In the general case, the compression profile radius r may be

expressed as a function of an angle v, evaluated across an angular range, v; to

Ve, as:

r(y) {v]lw <y < e} (3.1)

The choice of r(y) and tube size are application dependent, and may be
interchanged while maintaining the same active compression components. For
the example case presented in Figure 3.2, an Archimedean spiral of the form
r = r; + kv has been used to generate a linearly varying compression profile as
a function of angular position, where r; and k represent the initial compression
radius and its angular rate of variation, respectively.

The spiral parameters r; and k£ can be evaluated by considering the bearing
eccentricity (c), the bearing radius (b), the geometry of the flexible tubing (e.g.
tube inner diameter (id) and wall thickness (wt)), and the working angular range
(Ve - vi); allowing for suitable tubing access into and out of the housing.

With a desired profile selected, the components of the valve may be assembled
from a combination of off-the-shelf components (e.g. ball bearings and drive
motor), machined parts (e.g. upper and lower casing, tube housing, drive shaft,
etc), and parts produced with additive manufacturing (e.g. tube feeder and
tube guide), as illustrated in Figure 3.3. This approach delivers a flexible design
for accommodating different application requirements, for example: tube sizing,
machining resolution, drive torque, actuation speed, and positional resolution.

In addition to being scalable to different applications, the mechanical de-
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(a) (c)
Figure 3.3: Sanitary ECV design, showing: (a) exploded view of the valve housing assembly;
(b) the active and passive components acting to compress the tubing; and (c) the rotary

actuator and its coupling to the housing assembly. ©2020 IEEE

sign of the valve intrinsically limits the maximum stress that can be applied on
the flexible tube since the gap between active and passive pinching components
is fixed, never falling below a pre-designed threshold. This will increase the
longevity of the tubing and reduce the influence of damage on the output flow
characteristics. As an example, a minimum closing threshold equal to twice the
wall thickness (wt), and a maximum exactly equal to the thickness of the un-
compressed tubing with outer diameter (id + 2wt) may be used as design inputs
to minimize excessive stress on the tubing while maintaining high compression
resolution (Figure 3.2b).

Implementation of a continuously variable compression profile allows for valve
customization to match the flow characteristic of a specific pressure-tubing con-
figuration or application. The level of customization is thereby only limited by
the manufacturing process used to produce the valve. Through experimental

assessment of the relationship between flow-rate (or output pressure or force)
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and tube occlusion, the profile may be optimized to deliver any desired response
with shaft angle across the desired working range. An example optimization
scheme, for generating a linearly varying flow-rate output, has been presented in
Section 3.3.1.

3.3 Design, Optimization and Manufacturing

An initial valve design was implemented using an Archimedean (linearly varying
radius) spiral as described previously. Further practical considerations made to

determine the shape of the compression profile were as follows:

e A suitable opening A~y (Figure 3.2a) in the housing should be included that
is wide enough to accommodate the tubing and avoid undesired tubing

compression when the valve is completely open.

e When the valve is in the completely closed position, the tube should be
totally occluded.

e When the valve is in the completely open position, no occlusion should be

present on the tube.

To evaluate the radius of the profile under the completely closed position
(i.e. r(y) = r;), the bearing radius b, the distance between the shaft and the
bearing’s centers (bearing eccentricity) ¢, and the tube wall thickness w¢ were

considered in accordance with:

ri =b+c+ (2 wt). (3.2)

That is, the completely closed state is assumed to occur when the space
between the bearing and housing is equal to twice the tube wall thickness. Sim-
ilarly, the maximum radius r. was calculated to occur at the maximum angle
(i.e. 7(7e) = 1e), and to generate a spacing exactly equal to the thickness of the

uncompressed tubing as:

Te =T + id. (33)

Considering that, in the implemented design, the profile starts at v = 7; and
stops at v = 7., and that it varies linearly with the angle ~, it can be described
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parametrically in Cartesian coordinates using:

o Te_rz. _Ve'ri_'yi're a
r() = Ye—m ! Ve — i ) (342)
z(7y) = r(7y) - sin(y) 3.4b
y(y) = 7r(7) - cos(v) (3.4c)

where the coordinates z(y) and y(7) identify each point of the resulting com-

pression profile as a function of the angular parameter ~, as shown in Figure 3.4c.

3.3.1 Output Optimization

For the purpose of optimizing the compression profile to match the needs of a
particular application in terms of flow-rate resolution and linearity, (3.1) was
adjusted to account for the non-linear response of tube compression vs flow-rate.

Optimization was performed using flow-rate vs position data collected using
the linearly varying profile ECV. A representative function g(r, o) was selected
and fit to these data using a curve fitting algorithm to evaluate the set of function
parameters 0. Subsequently, a minimization process was performed to evaluate
the compression profile shape required to linearize the output flow-rate vs po-
sition characteristic. A desired optimized compression profile curve function
7(7y, ), where X is an unknown set of function parameters, will cause a transfor-
mation of the output profile g(r, o) to a straight line g(7, o) passing through the
origin and the point where the output is maximum. Formulating this problem
as in (3.5a) allows the coefficients A of the optimized compression curve function

7(7v, ) to be iteratively updated to minimize the difference between g(r, o) and

g(7,0):

min y w; - (9(r(%),0) = 9(7 (75, 1), 0))? (3.5a)
z(7y) = 7(7,A) - sin(y) 3.5b)
y(v) = 7(7, A) - cos(7) (3.5¢)

where w represents the weightings used to constrain the evaluation of 7(~y, \)

to obtain a g(7(y,A)) that starts at 0 and ends at the maximum output. The
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optimization process eventually produces the set of parameters A and then (3.5b)
and (3.5¢) as a result.
The curve fitting on experimental data was performed using a function of the

form:

g(r(v),0) = % : (arctan(b1 ‘r4c) + g) +dy (3.6a)
o= (a1 by c1 dy). (3.6b)

Finally, an 7(, A\) with unknown parameters A, in the form:

=2 (Lo (e-n-T+3)) e

A= (CL2 bg (&) dg) (37b)

was used to evaluate the compression profile shape. Both Equation 3.6a and
Equation 3.7a were empirically selected to fit the collected data and minimize
the residual error of the optimization process (fmincon, Matlab R2017a).

The linearly varying compression profile r(v), and the resulting optimized
compression profile 7(, A) are shown in Figure 3.4a. Expected flow-rate charac-
teristics for the two compression profiles are shown in Figure 3.4b. It is worth
mentioning that in an ideal case the optimization result (expected flow-rate out-
put) and the desired output would coincide. Instead, in the real case, the mini-
mization problem stops when a minimum of the error function (3.5a) is detected

thus introducing a disparity between the two curves.

3.3.2 Device Manufacturing

Two valve designs were fabricated to deliver a linearly varying compression profile
(r(7)), and the optimized compression profile (7(v, A)), respectively. The design
parameters used to fabricate the two ECV for use with 1/8" inch diameter tubing
are summarized in Table 3.1.

As the width of the gap between active and passive compression components
is responsible for fine tuning the flow-rate, a number of additional parts were
integrated to ensure accurate and precise alignment (Figure 3.3). Firstly, the
upper and lower casings are equipped with ball bearings to align the tube housing

with the eccentric drive shaft. To further promote concentric placement, both

60



e {(a) 30

€ ) (c)
— Fy, A)
~
= 20 A
"]
2
B
-4 10

rl g 0 Linear Profile

[l B Optimized Profile

100 (b) >
§ -10
2
f“ B Measured
: = g(r(y),0) 207
o B Desired g(f(y,A), 0)
L] Expected g(F(y,A), o)

o -30 T T T T T
30 20 10 0 10 20 30
Yi Angle [y] Ye x [mm]

Figure 3.4: (a) Compression radius vs angle relationship for linearly varying and optimized
compression profiles. (b) Volumetric flow-rate characteristic measured using a linearly varying
compression profile, curve fitting, desired and expected optimization output. ©2020 IEEE . (c)
Resulting linearly varying and optimized compression profiles shape.

Parameter Value
T 24.6 mm
Te 26.4 mm
& 3.2 mm
b 20.0 mm
wt 0.79375 mm
1d 1.5875 mm
A~y 60.0°
Vi 0°
Ve 300°

Table 3.1: Design parameters implemented for a linearly varying profile ECV design for 1/8"
inch OD tubing. ©2020 IEEE

ends of the shaft are secured to the bearings using two conical aligning nuts.
Secondly, to make sure the flexible tube is always in an optimal position in the
housing and to reduce its vertical displacement, a tube feeder and a guide are
also included.

Precision critical components such as tube housings (with compression pro-
files), upper and lower casing, eccentric drive shaft and the aligning nuts were
fabricated in Aluminium using a CNC milling machine (DMU 40 eVo 5-axis
CNC Milling Machine, DMG MORI). Minor custom components such as the
tube feeder and the guide were produced using additive manufacturing (Form
2, Clear V4, FormLab). A stepper motor (535-0401 RS Pro, RS Components,
UK) with 0.9°/step resolution was selected and coupled to a drive shaft and to

61



Pinch Valve Solenoid Valve

ECV

By

.’ﬂ’- ~
@ Hydraulic Lines

Figure 3.5: Experimental setup for evaluation of valve performance over repeated actuation;
components include: (F) flowmeter, (V) valve under test (pinch or compression), (D) valve
driver, (M) manometer, Personal Computer (PC); pneumatic and hydraulic lines highlighted.
For the application testing (Section 3.5), the setup also includes the HJ tethered capsule and
a magnetic tracker. ©2020 IEEE

Regulator

Air Pressure | B Pneumatic Lines

a compression bearing (764-3714 NSK, RS Components, UK) using a rigid shaft
coupling (MCLX-5-5-A, RS Components, UK and 6203ZZC3, NSK, Japan).
Tube compression profiles were designed and machined using the linear com-
pression profile and the optimized profile, determined from the process described
in Section 3.3.1. Profiles were subsequently used interchangeably for testing

with all other valve components being retained.

3.4 Evaluation

Evaluation of the ECV was conducted to assess: the extent and influence of plas-
tic deformation on the tubing during cyclic operation (Subsection 3.4.1), and the
flow characteristics as compared to different valve designs (Subsection 3.4.2). To
perform evaluation, in both cases, a testing platform was developed to allow
controlled and repeated operation of the different valves; as detailed in Fig-
ure 3.5. A water tank, pressurized to 30 PSI (above the atmospheric pressure)
using a regulated air supply and a digital manometer (PDMMO01, PYLE), was
connected to an in-line flowmeter (ATRATO Ultrasonic Flowmeter Model 760,
Titan Flowmeters, UK). The outlet of the flowmeter was connected to the inlet
of the valve under test via flexible tubing (1/16" I.D. - 1/8" O.D.). Tubing from
the valve outlet was subsequently mounted into a water collection tank. The
flowmeter data were captured and the valve commands sent using a microcon-
troller (PSoC 5, Cypress Semiconductor, USA) embedded in a ROS (Robotic
Operative System) network. The valves tested were: (1) an ECV with linearly
varying profile, (2) an ECV with optimized profile, (3) a standard 1/8" O.D.
pinch valve (MPPV-2, Resolution Air, USA), and (4) an in-line solenoid valve
(Posiflow Proportional Solenoid Valve, SD8202G052V, ASCO Numatics, USA).
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ECV and pinch valves were interfaced using a standard stepper motor driver
(Big Easy Driver, Sparkfun, USA), while the solenoid valve utilized its own elec-
tronic control unit (8908A001, ASCO Numatics, USA). Test-specific details for
investigating the influence of plastic deformation during cyclic operation and for

comparing valve designs are detailed in the following subsections.

3.4.1 Tubing Deformation

In the case of dry valve designs, the soft tubing used to transport fluid must
be deformed to vary or occlude flow. Repeated deformation of the tubing may
result in plastic deformation that has the potential to reduce the tubing integrity
and alter the flow characteristics during valve operation. To assess the relative
level and influence of induced plastic deformation in the tubing during dry valve
(pinch valve and ECV) operation, cyclic actuation testing was conducted. As the
hardness of the tubing is an important factor [116], 7 different tubing durometers
in the range 40 - 70 Shore A (1/16" L.D. - 1/8" O.D.) were tested over 3000 cycles
(1 cycle = completely closed to completely open to completely closed) using each
valve. This range of tubing durometer was selected considering a range beyond
that of the recommended values for the pinch valve (50 - 60 Shore A).

For each tube durometer-valve combination, data were collected every 50
cycles over a total of 3000 cycles. Each measurement period consisted of a sin-
gle “slow” cycle (actuation rate of 5 steps-per-second) with data capture, and a
subsequent 49 “fast” cycles (actuation rate of 200 steps-per-second) without any
data capture. This approach was adopted as a compromise between the need
to acquire data from a slow response sensor (flowmeter) and the limited amount
of water available in the tank. For pinch valve tests, repeatable position-flow
data capture was ensured between measurement periods through implementa-
tion of an intermittent calibration. Specifically, prior to each data capture cycle,
the valve gate was moved to an internally sensed position and zeroed to avoid
potential error produced by missed steps. Similarly, to ensure position-flow re-
peatability for the ECV, a 600 pulse-per-revolution absolute encoder (04A23902,
British Encoder Company, UK) was coupled to the shaft and used to monitor
the absolute shaft position and to identify possible missed steps.

After each test, the tube was removed and the visible level of plastic de-
formation assessed using a microscope (DMS300, Leica, Germany). Objective
measures of tube damage (% reduction in diameter) were determined through
comparison of the undeformed tubing thickness to the region of minimum tube

thickness; measured at tubing regions that were outside and inside of the valve

63



1" Cycle Last Cycle

Pinch Valve

ECV

I

Figure 3.6: Visual influence of repeated valve actuation on 70 Shore A tubing; showing
microscope images of actuation locations before and after 3000 cycle tests. Red arrows highlight
the identified points of maximum stress. ©2020 I[EEE

mechanism respectively. Thickness values were determined through calibrated
software measurement, using a known length reference and image analysis soft-
ware (LAZ EZ, Leica, Germany).

To evaluate the variation in position-flow characteristics for each durometer-
valve combination, comparison was made between the first cycle response and
subsequent cycles. To quantify relative error, the difference between the flow-rate
at the position of 50% maximum flow on the first cycle and the flow-rate at the
same position on the n-th cycle was determined. These data were calculated for
each measured cycle and normalized to their respective cycle 1 maximum flow.
At a pressure difference of 30 PSI, the maximum registered flow-rate was 0.324

1/min, corresponding to the valves in a completely open state.

3.4.1.1 Visual Assessment

Following the cyclic operation of the dry valves, each tube durometer-valve com-
bination was analyzed to determine the level of plastic deformation present. An
example comparison of the level of visible damage on the 70 Shore A hardness
tubing before use and after 3000 actuation cycles using the pinch valve and ECV
is shown in Figure 3.6. Objective measures of tube damage (% reduction in diam-
eter) for all durometers are presented in Table 3.2. It is evident from Figure 3.6
that the pinch valve induces greater visible plastic deformation on tubing when
compared to the ECV. This finding is consistent across durometers, with the av-
erage (mean + SD) percentage reduction in tube diameter across all durometers
being 21.6 £ 13.8% and 2.7 + 2.3% for the pinch valve and ECV, respectively,
which is statistically significant (p<0.05) under a Student’s t-test.
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Durometer

40 A 50 A 55A 60A 65A T70A
Pinch valve - 3.0 141 215 317 377
ECV - 1.7 1.0 0.9 3.6 6.4

‘-’ represents no visually identifiable change in tubing diameter.

Table 3.2: Tube damage induced by repeat valve actuation on different tube durometers;
showing residual % reduction in diameter measured after 3000 cycles. ©2020 IEEE

Durometer

40 A 50 A 55 A 60A 65 A T0A
Pinch valve 23.5 33.5 43.6 33.7 27.6 11.7
ECV 11.7 11.4 5.2 1.9 0.5 2.3

Table 3.3: Percentage shift in 50% maximum flow-rate position between cycle 1 and cycle
3000. (©2020 IEEE

3.4.1.2 Flow Characteristic Variation

Example opening and closing flow-rate responses for the pinch valve and ECV
at the first and last test cycle are shown in Figure 3.7. With fresh tubing (Fig-
ure 3.7a and 3.7¢), the valve position vs flow-rate characteristic includes a hys-
teretic behaviour for both the pinch valve and the ECV. After 3000 loading cy-
cles, the level of hysteresis for the pinch valve is reduced while the ECV response
remains broadly unchanged, as shown in Figure 3.7b and 3.7d respectively.

Figure 3.8 presents the relative error in the 50% of maximum flow-rate po-
sition as a function of loading cycle for each durometer-valve combination for
opening and closing. The graph highlights that, when using the pinch valve
(Figure 3.8a to 3.8c), the relative error drifts significantly as the number of cy-
cles increases; prevalent across all tubing durometers for opening and closing
procedures. When coupled with low durometer tubing (40A-55A), the pinch
valve shows less variability (Figure 3.8b), however, the median error remains
high; particularly for the opening procedure. Conversely, for the ECV the re-
duced variability is coupled with low overall median error for opening and closing
procedures (Figure 3.8¢). Table 3.3 summarizes the relative error through com-
parison of the 3000th cycle for each valve-durometer combination. The average
(mean + SD) percentage shift across all durometers was 28.9 + 10.8% and 5.5 +
4.9% for the pinch valve and ECV respectively, which was statistically significant
(p < 0.05) under a Student’s t-test.
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Figure 3.7: Influence of repeat valve actuation on the hysteretic behaviour of the sanitary
valves. Graphs a) and c) show the hysteresis loop during the first actuation cycle. Graphs b)
and d) refer to the last (3000*") cycle. ©2020 IEEE

3.4.2 Valves Comparison

In addition to evaluating the level and influence of plastic deformation in dry
valve tubing, the ECV with a linearly varying compression profile was also com-
pared with its optimized equivalent and a wet valve alternative (in-line solenoid
valve). Each valve was tested using the same experimental setup as for cyclic
loading tests (Figure 3.5) over 10 repeats at a cycle actuation rate of 5 steps-
per-second while position and flow-rate data were recorded.

The volumetric flow-rate characteristics as a function of valve position for
the linearly varying and optimized ECV designs are shown in Figure 3.9. For
comparison, the desired and expected position vs flow-rate linear response of the
optimized ECV are also presented.

The linearly varying ECV demonstrates a non-linear relationship between
flow and position which leads to poor flow-rate resolution of the valve within
the working range. This results in 90% of the maximum flow-rate being reached
within the first 16.2 degrees (equivalent to 18 steps), while the remaining 263.7
degrees (293 steps) are used to control only the final 10% of the flow-rate range.
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Figure 3.8: Flow-rate error (evaluated as the difference between the flow-rate at the position
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the n-th cycle) for varied durometers over 3000 actuation cycles; shoving: pinch valve opening
(a), closing (c), ECV opening (d), closing (f). Median and inter-quartile range, referring to
opening and closing for the pinch valve (b) and ECV (e). ©2020 IEEE

The optimized ECV profile instead shows a response with more even flow-rate
changes across the entire position range. Measured data from the optimized pro-
file ECV, however, differs from the expected output and maintains a significant
level of hysteresis.

Figure 3.10 makes direct comparison of the valve position vs flow-rate re-
sponse for the four valves: pinch valve, solenoid valve, linearly varying and op-
timized ECV. The poor resolution of pinch and solenoid valve is evident, with
the flow-rate saturating after 50% of the respective valve ranges. The dynamic
influence of the step resolution is also clear; as large flow-rate jumps are recog-
nizable throughout the working range. Conversely, the optimized profile ECV
maintains a smooth increasing flow-rate across the full range of valve positions,
however, demonstrates a similar level of variability to the pinch valve across 10

repeats.

3.5 Application

With improved linearity and resolution (Figure 3.10), and reduced variation in
valve position vs flow-rate characteristics under repeated actuation (Figure 3.8),
it is important to understand the impact of using an optimized ECV on the con-
trollability of an application-specific actuator. To this end, this section demon-
strates the optimized ECV applied to a flow-rate controlled soft manipulator.

Example designs were fabricated to suit the HJ endoscopic capsule device.

67



100

80
R 601
2
@
:
T 401
20 I Linearly Varying ECV
Optimized ECV
I Desired
d I Expected
o4 #
0 20 40 60 80 100

Valve Opening [%]

Figure 3.9: Flow-rate characteristics of the ECV generated by a linearly varying compression
profile (blue) and using the optimized profile (orange). The desired response used for opti-
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As previously described in 2, the flow-rate of the HJ three pressure lines has
previously been controlled independently through electronic actuation of a line-
specific pinch valves (MPPV-2, Resolution Air, USA), [16]. The three nozzles,
placed on the capsule’s body , facilitate ejection of pressurized water; thereby

inducing movement in the capsule as a result of the generated jet thrust T’

: 1 1
T:p~V2-(At—AA> (3.8)

where p is the density of water, V is the volumetric flow-rate, A;, and Auu

are geometric parameters of the nozzles, inlet and outlet sections respectively.

Due to the soft and flexible nature of the device, even modest fluctuations in
flow-rate can lead to significant position and orientation variation. This there-
fore, precludes the implementation of autonomous or semi-autonomous control
strategies, and increases the demand on the operator. The optimized ECV design
was therefore evaluated within the context of the HJ application, under direct
comparison to pinch and solenoid valves. However, the design methodology and
assessment techniques presented may be extended to any device requiring the
sanitary control of fluid flow.

Alongside repeatability, flow-rate resolution is also crucial in the actuation of
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Figure 3.10: Volumetric flow-rate characteristics generated by the solenoid valve (blue), pinch
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the HJ system. The possibility to fine tune the flow-rate, and consequently the
jet thrusts, allows for smooth trajectories between desired positions and delivers
stable anatomy visualization during a gastroscopy procedure.

To test the influence of the three valves on the performance of the HJ, a sin-
gle jet bending test was performed by controlling its flow-rate (see the video in
the multimedia extension). Sinusoidal command profiles at different frequencies
were selected to simulate open-loop valve control. For each valve, a sinusoidal
command with a fixed frequency of either 0.05 Hz, 0.1 Hz or 0.2 Hz was supplied
to its controller while the flow-rate and tip pose were measured using an ultra-
sonic flowmeter (see Section 3.4) and magnetic tracker (Aurora Electromagnetic
Tracking System, NDI), respectively. Each valve-frequency combination was
tested over 10 cycles.

Figure 3.11a shows the tip angle response over two cycles at each frequency
for the three valves. The desired bending angle was evaluated starting from the
sinusoidal command fed to the valve and the assumption of quadratic relation
between volumetric flow-rate and bending angle. Then, the valve command was
re-scaled in the range between 0° and the maximum bending angle achieved
for the valve under test (approximately 70°) when the flow-rate is maximum.

The ECV output shows smoother tip movements across all frequencies when
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has been measured considering the initial orientation (tether and capsule aligned with the
gravity vector) as reference (0°) and a maximum bending angle of about 70°. (b) Orientation
error measured as the difference between the desired and measured bending angle. ©2020
IEEE

compared to the solenoid and pinch valve. Overall, the ECV allows the tip to
follow the desired pattern with higher accuracy for all the applied commands
(median errors 5.3%, 3.1% and 4.8% for the three proposed signal frequencies),
as shown in Figure 3.11b. Comparative median errors are significantly higher for
the pinch valve (32.5%, 29.7% and 33.6%) and solenoid valve (16.2%, 15.6% and
17.5%) respectively.

The magnitude of the flow-rate variation, and consequently the change in
bending angle, resulting from opening or closing the valve one step at a time,
is presented in Figure 3.12a. For solenoid and pinch valve, approximately 75%
of the fluctuations stay below 5% of flow-rate variation; however more extreme
values are present and reach maxima of 19.2% and 14.2%, respectively. Con-
versely, the ECV shows flow-rate variations generally smaller than 1%, with
extreme values remaining under 4%. The effect of these flow-rate variations on
the jet thrust produced and therefore on the capsule bending angles («) is shown
in Figure 3.12b. In the supplementary video, the amplitude of the oscillatory
movement of the HJ capsule is presented for each valve; using a contour plot to
locate the oscillations along the capsule trajectory. Congruently with the previ-
ous results, the smoother flow-rate profile produced by the ECV translate into

higher actuation accuracy and an absence of oscillations.

3.6 Discussion

The reduced plastic deformation (Figure 3.6) and change in position vs flow-
rate characteristics after repeated operation (Figure 3.7) realized by the ECV

represent improved open-loop performance relative to the pinch valve. Although
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significant hysteresis is present in the flow characteristic, this is largely invariant
with cyclic operation and may therefore be accounted for with an appropriate
valve model. In contrast, the pinch valve shows a reducing but varying level of
hysteresis, which amplifies complexity in generating a suitable valve model.

The reduced levels of plastic deformation were realized through increased
contact area between the tubing and valve housing and the moving compression
point, intrinsic to the ECV design. Although improvements may be possible
with modification to the pinch valve contact area, it is not feasible to introduce
a moving contact point within its existing design.

Tubing durometer has also been shown to influence flow characteristics during
cyclic operation (Figure 3.8). Using the pinch valve shows larger drift across the
cycle range tested when compared to the ECV, as summarized in Table 3.3.
These characteristics make selection of a suitable tube durometer for the valves
challenging, particularly for the pinch valve. However, with consideration of both
precision and accuracy, the results indicate that a tube durometer of 55 A is most
suitable for use with the ECV while 50 A is least suitable.

With reduced flow-rate drift, it becomes feasible to use the valve for appli-
cations requiring a varying test duration. In the presented study, a duration of
3000 cycles was selected in relation to the case study described in Section 3.5.
This was chosen considering two factors: the maximum speed at which the ECV
can be operated and an estimation of the time of completion for a gastroscopy

procedure. Given that the current maximum speed without motor stall is 1000
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steps/s (from completely closed to completely open in 0.333s) and a worst-case
scenario gastroscopy procedural time of 30 minutes [118], the ECV will be able
to perform a maximum of ~ 2700, approximated to 3000, cycles during each
procedure.

Through optimization of the ECV design (Subsection 3.4.2), a more linear
flow-rate response with improved resolution was produced, as shown in Fig-
ure 3.10. Although effective, the optimized ECV still shows error with respect
to the desired profile. Factors that are likely to contribute to this are: accuracy
and precision of the manufacturing process used to generate the profile, profile-
tubing alignment, imperfect fitting of measured data used for the optimization
process and changes in the flow-rate regime which have not been considered in
this work. For applications requiring even higher levels of flow control precision,
these factors may be improved incrementally.

For the presented case study in Section 3.5, implementing the optimized ECV
shows reduced variation in flow-rate and bending angle error (Figure 3.12). This
results from the improved linearity and resolution of the ECV with respect to
the solenoid and pinch vales; which show abrupt changes in flow-rate during
opening and closing (Figure 3.10). In the supplementary video, these differences
may be seen in terms of oscillatory movement of the HJ tip. Although this is
one specific test case, achieving improved performance in open-loop sanitary flow
control may be beneficial to a wide range of future applications, particularly in
the field of soft medical robotics.

3.7 Conclusions

A novel design methodology for a sanitary fluid flow control system has been
presented and implemented. The ECV offers a generic platform for application
in pneumatic and hydraulic systems where sanitary flow regulation is required
(e.g. medical applications). The valve is easy to fabricate thanks to the simple
principle of operation which relies on off-the-shelf, machined and 3D printable
components, even if the machined parts demand the manufacturing process to be
sufficiently accurate. By exploiting a large and adaptable compression profile, in-
creased resolution and linearity may be manufactured into the device; accounting
for application specific requirements. To this end, we have presented a device-
specific optimization strategy that shows improved linearity when compared to
a standard linearly-varying profile, and to commercially available alternative

valves. Through increasing the tubing contact area under compression, a sig-
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nificant reduction in plastic deformation (up to about 96% reduction for tube
durometer 60 A) and its associated influence on flow-rate (up to 98% for tube
durometer 65 A) vs valve position was shown across a range of tubing durome-
ters. To demonstrate the significance of these improvements on a real system, an
optimized profile ECV was compared with pinch and solenoid valves for control-
ling the orientation of a water propelled tethered capsule (the HJ). A significant
overall reduction in error with respect to the commanded behaviour has been
shown, with mitigation of oscillatory movements. Ultimately, this allows for
suitable open loop control of the orientation of the tip, where the linearity of the
ECV allows for close following of the desired signal across frequencies.

The ECV has demonstrated the potential for a new sanitary valve actuation
method that could aid in delivering more precise open-loop flow control systems

and facilitate development of the next generation of medical soft robots.
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Chapter 4

Task-Space Control of a Water-Jet
Powered Soft Manipulator with
Hysteretic Actuation

4.1 Introduction

The introduction of single-use endoscopic platforms for inspection of the stom-
ach cavity, represents the foundation for the implementation of population based
gastric cancer screening programmes in high risk countries, including their hard-
to-access rural areas. Although these devices offer reduced equipment and pro-
cedural costs, they do not directly address the need for trained personnel to
manually drive the tip of the endoscope and verify the cavity has been entirely
explored. For this reason, their use in rural settings remains subject to the
availability of specially trained personnel. The possibility for non-expert users
to successfully perform an endoscopy procedure and achieve a comparable qual-
ity of diagnosis to that of a highly trained GE, would drastically reduce the
time needed to screen the entire population, and reduce the overall cost of the
screening programme.

One paradigm for making this possible is the development and implementa-
tion of automatic endoscope navigation techniques, capable of guiding the en-
doscope tip along an optimal trajectory to guarantee visualization of all gastric
landmarks. This approach would allow non-experienced staff to deploy the endo-
scope and perform the gastroscopy procedure in a consistent and repeatable way,
while images may be reviewed offline or online via algorithm-based abnormalities
classification techniques [119].

A classic approach to this problem would be to implement an automatic
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closed-loop position control strategy. To this end, automatic control represents
the building block that allows general users to abstract from the low level me-
chanics and dynamics of the tool, while enabling the development of high-level
autonomous functionalities [120, 121].

A number of challenges arise from the need for an automatic control scheme,
with these becoming even more demanding in the field of CMs and soft CMs
[55]. The advanced sensing and modelling knowledge developed over the years
for classic rigid link robots clashes with the limited and relatively new tools
available for CMs. This results in a dearth of standardized methods to utilize
when developing a closed-loop control system.

First of all, the elastic behaviour of CM and the large deformations created by
applied forces make modeling of soft CMs a significant problem. In contrast with
rigid link robots, the kinematic problem in CM can not be defined in a closed-
form unless simplifying assumption are made [122]. Moreover, the inversion of
the kinematic problem does not generally result in a single solution. Different
methods have been developed over the years aiming at estimating how a soft
body reacts to applied loads: Constant-Curvature (CC) or Piecewise-Constant-
Curvature (PCC) assumption [93, 122, 123], Finite Element Method (FEM) [124]
and Cosserat-Rod model [18] to cite a few.

Designing a control strategy that employs inverse kinematics, in open-loop
fashion, often results in poor performance or instability of the controlled system.
A sensor feedback is thus necessary to close the control loop, compensate for
the model inaccuracies and stabilize the plant [18]. Furthermore, the robot
model often does not take into account the interaction between the robot and
obstacles so that, when the CM moves inside a constrained environment, a model-
based closed loop-control generally fails. Attempts to include a description of
the collision have been made, but resulted in a model characterized by a high
level of complexity and computational cost while necessitating additional sensors
or calibration procedures [125].

The above mentioned limitations could be avoided by implementing model-
free controllers. Such methods generally consist of data-based [126, 127| or em-
pirical method [125, 128] that learn or estimate the actuation inputs required to
position the CM in a defined pose, and they have been proven extremely effective
when applied to non-uniform and highly non-linear soft CMs [105].

The ability to measure the output of the actuators (e.g. force, pressure, flow-
rate, etc.) remains essential for both estimating the localized or distributed loads
acting on the CM’s body and for compensating for actuators’ non-linearities.

Hysteresis is a common non-linearity which often creates difficulties in controller
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design and reduces the expected performance of the controlled system, thus re-
quiring a compensation strategy that minimizes its detrimental effects.

Despite not being further discussed in this chapter, position sensing represents
another challenging topic for soft CMs. The sensors must be able to provide
accurate and precise localization feedback if fine control is needed, and, at the
same time, they must minimize their influence on the the manipulator kinematics
or dynamics. These requirements significantly narrow the choice of suitable
sensors; the consequences of which are particularly evident in the case of low-cost
disposable endoscopy. The sensor technology of such devices is typically limited
to a camera module and makes the implementation of localization and closed-
loop control trajectory tracking strategies complex or inaccurate. The image
sensor, not only provides an essential visual feedback to the physician but, may
contribute with additional information such as the 3D pose of the endoscope’s tip
and a sparse/dense 3D reconstruction of the environment structure, thanks to
Simultaneous Localization and Mapping (SLAM) algorithms [129, 130, 131, 132].

In this chapter a model-free closed-loop control strategy is presented and ap-
plied to a soft CM under Tip Follower Actuation (TFA): the HJ endoscope. The
control problem is defined in a polar coordinate system, considered as the most
suitable and intuitive way to describe the HJ’s task-space. The hysteresis loop,
observed in the actuation system, is modelled and the effects of both a com-
pensated and non-compensated control strategy are shown. The control action,
incrementally adjusts the wrench, acting at the tip of the HJ, along the two con-
trolled coordinates ¢ and 1, forcing the tip of the endoscope to follow a desired
trajectory. The chapter is structured in two main parts: Section 4.2 introduces
the sensor calibration procedure, the task-space description, the valves hysteresis
loop modelling and the closed-loop control architecture, while Section 4.3 shows
the results from a series of experiments, demonstrating the advantages intro-
duced by the hysteresis compensation and the ability of the control scheme to

lead the endoscope’s tip along the requested trajectory.

4.2 Task Space Control

In this section, the approach adopted to implement position control of the HJ’s
tip is described. The proposed method controls the HJ’s tip in a polar coor-
dinate system by modulating the wrench that acts on the endoscope’s tip. A
first implementation of the control scheme directly acts on the actuators (ECV

[104]) to adjust the tip wrench, while a successive optimization of the controller
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considers the valves’ hysteresis loop to achieve a more responsive system, able to

follow a desired trajectory.

4.2.1 Sensors

Closed-loop control architectures relies on the sensor feedback to minimize the
error between desired and measured values of the controlled variables. As pre-
viously described in Chapter 2, the HJ’s sensor equipment consists of an IMU
placed inside the base connector, a camera module at the tip of the endoscope and
two 6-DoF EM probes, one at the base and one at the tip of the endoscope. Dur-
ing the fabrication process, these sensors are installed in specific positions, but
due to axial symmetry of the probes (e.g. EM and camera module) or imprecise
manual positioning, a calibration method is required to compensate for orien-
tation offsets. A calibration rig, fabricated through rapid prototyping (Tough
White, S5, Ultimaker, Netherlands), was designed to align the sensors’ local ref-
erence frames according to a predefined convention. The calibration object was
designed to accomplish this task for all the available sensors, including the esti-
mation of the camera intrinsic and extrinsic parameters, and the lens distortion
using a checkerboard. For the purposes of this chapter, only the calibration of
the EM probes is considered.

The calibration process aims at defining local reference frames that are aligned
with mechanical features of the HJ’s tip. Specifically, the adopted convention
considers the tip z-axis (z;) aligned with the tip longitudinal direction and point-
ing outwardly, while the y-axis (y;) is aligned with the nozzle that corresponds
to the second water jet Jo. A preparatory procedure consists of positioning the
HJ endoscope on the calibration object as shown in Figure 4.1a, and twisting the
steerable section until J; aligns with a mark on the calibration object. Eventu-
ally, the HJ is locked in position using two clamps.

To achieve the desired configuration of the sensors’ reference frame and con-
sidering that the cylindrical EM probes are located in 0.9 mm diameter slots in
the HJ’s tip and base, and have their local z-axis aligned with their longitudinal
direction, a two-parts calibration process was performed. A z-axis calibration was
executed first: the calibration object was positioned on the EM field generator
(Aurora Tabletop) as shown in Figure 4.1b, then the rotation angles around the
sensor’s x and y axes that align the z; with the field generator world frame z-axis
(zw), are estimated. The same procedure was repeated with the calibration ob-
ject in the configuration shown in Figure 4.1c. Here, the sensor’s reference frame

is rotated around z; until y, aligns with -z,,, in this way obtaining a tip reference
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Figure 4.1: Sensor calibration procedure showing a) the HJ steerable segment positioned on
the calibration object, the camera calibration checkerboard and b-c) the two configurations
required for local frames calibration process, z;, z, in b) and y;, ys in c).

frame as shown in Figure 4.2a. The same method applies to the calibration of
the base EM probe.

4.2.2 Task Space

Thanks to its kinematic characteristics and actuation system that generates a
localized wrench at the tip of the endoscope (TFA), the HJ’s tip can move in
the free space with two bending DoF: up-down and left-right as it happens in a
standard FE. In its configuration space, the HJ bending section can be described
by the vector ¢ — [uwv s]? [133], with v and v components of the bending axis
and s arc-length of the bending section (fixed in the HJ) such that a change
in u or v results in both an increased or decreased bending angle and a change
in the bending direction, at the same time. A more intuitive approach to the
description of the HJ’s tip movements considers its task space expressed in a
polar coordinates system. Similarly to its configuration space, a single-section
CM’s task space can be described, in a polar coordinates system, by the vector w
= [p9r]T (Figure 4.2¢), representing the tip’s azimuth and elevation with respect
to the base reference frame, and the tip-base distance respectively. The latter is
mentioned here for the sake of completeness but is non-controllable in the current
implementation of the HJ, thus it is omitted in the following sections. Such a
description allows independent control of each variable and intuitively defines a
trajectory to be followed by the tip.

Using the the information relative to the orientation of the HJ’s tip and base,
provided by the EM probes, the tip elevation 1 is evaluated as the angle between
zp, and z;, with these two vectors also defining the bending plane 8. The tip
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azimuth ¢ represents the angle between 5 and the plane defined by the vectors

yp and z;, (Equation 4.1).

Y=z 2
(4.1)
Yo = (2o X (2t X 23)) - (=) -

Despite the advantage of using this representation, such a description of the
task space shows two main singularities. In an ideally straight configuration of
the HJ’s bending segment (¢ = 0), z; aligns with z,, resulting in an initial offset
of /2 in ¢, and sudden change in ¢ when the tip oscillates in a local region
around ¥ ~ 0. The second singularity refers to the range of variation of ¢. The
evaluation of ¢, as in Equation 4.1, returns a symmetrical value with respect to
Yp, ranging in between 0 and 7, while, for control purposes, a non-symmetrical
0 to 27 range is desirable.

To mitigate the risk of incurring into position discontinuities that could not
be handled by the control scheme and could result in an instability of the system,
a few precautions were considered in the evaluation of the tip position w. Despite
being responsible for the discontinuity of ¢, the elevation ¥ is never singular and
can be controlled at all times. In a real scenario, the evaluation of ¢ will then
start only after a stable plane  is identified, in other words, when 9 exceeds a
user defined safety threshold; otherwise ¢ remains null. Henceforth, desired and
measured values of ¥ below the safety threshold must be avoided.

To prevent symmetry in ¢ coordinate, the output of Equation 4.1 is updated

using Equation 4.2

=2r—p, ifc<O
P2 ] where ¢ = (z x (ze X 2)) X (w)  (4.2)

0=y otherwise

with ¢, and ¢, accessory variables used in the ¢ correction process.
At this point, ¢ continuously varies between 0 and 27 but, at these two
extreme points, a discontinuity exists (0 = 27). To eliminate this remaining

singularity, ¢ is further corrected using Equation 4.3:

Ap=p(t—1)—¢()
g=g+Ap if Ap>27 (4.3)

p=pvtyg
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Figure 4.2: The HJ’s steerable section with a) a detailed description of the nozzle arrangement
with respect to the tip reference frame (T}), b) an exploded view of the HJ’s components and
sensor equipment, and c) a representation of the polar coordinates ¢ and 9.

where Ay identifies the discontinuity in ¢, and ¢ registers the number of full
revolutions performed by the tip.

This approach guarantees a continuously varying ¢ in a range [—oo, +00],
ideal for a position control scheme.

As mentioned in Section 4.2.1, the tip local reference frame T; has x; and y;
lying on the nozzle plane and z; aligned with the capsule longitudinal axis. The
axis vy, is also aligned with one of the three nozzles which was referred to as Jet
2 (J,) or, in terms of jet force, fo. Given this nozzle arrangement (Figure 4.2a)
and their resulting in-plane force, the only non-null elements of the tip wrench
are the x and y components of the Cartesian force F; generated by the thrusters.

The force F}, expressed in T}, can then be written as:

F,=A-f
F, = Fa
£,
Ao —cos(g) 0 cos(§) (4.4)
sin(¥) —1 sin(f)
h
f= f2
fs

where A describes how the nozzles, and consequently the jet forces, are ori-

ented with respect to T}, while f contains the forces generated by the i-th jet.
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Figure 4.3: Orientation of the reference frames at the HJ’s tip showing how a change in the
 coordinate causes a twist in a) T, while b) T; remains invariant.

It is worth noticing that the opposite problem, i.e. finding the set of jet forces f
that generates a desired F;, is under-determined and can only be solved as a con-
strained minimization problem. The constrains are dictated by the nature of the
actuation system: each water jet can only generate positive thrust. The problem

can then be written in the form of a non-negative least-squares minimization:

argmin || A- f — F, || . (4.5)

f>0
To understand how a variation in the applied force affects the position of
the tip, it becomes necessary to introduce an accessory reference frame T;, in-
variant to changes in ¢. T; and T} share their origins and z-axes, while x; is
always normal to the [ plane, pointing in the direction of decreasing . y; is
evaluated accordingly, in this way pointing towards the direction of decreasing
¥ (Figure 4.3b). This known transformation between T; and T; is described by

the rotation matrix B:

F,=B'-F,
B [cos(a) —sm(oz)]

sin(a)  cos(a)

(4.6)

with o measured rotation angle around z;. Using B, the Cartesian com-
ponents of the tip force F, = [F, F,]" can be mapped into T; and vice versa

(Equation 4.6). Thanks to the above mentioned geometric properties of T}, F;
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can be expressed as F; = [F,, Fy]" since a change in F, directly affects the az-
imuth position of the tip, while Fjy generates changes only in the tip elevation.
In other words, T; allows to express the force acting at the tip as if the HJ was
actuated by two forces and each of these two forces was influencing directly and

exclusively one of the controlled variables.

4.2.3 Hysteresis

The HJ platform employs a flow-rate control system based on the ECV. The
hysteresis loop exhibited by these valves, described in in Chapter 3, represents a
challenge from a control system design point of view. The lack of compensation
for such non-linearities of the actuation system often leads to limited performance
of the control system or, in the worst-case scenario, to an instability of the
controlled plant.

This typically happens when the hysteresis prevents the control system from
acting synchronously on the actuators. For example, in the case of the HJ, a
movement driven by a single jet can easily, even if not optimally, be performed
in a closed-loop fashion without the need to compensate for the hysteresis of
the ECVs. This is possible because, in this particular case, synchronization of
multiple jets is no necessary. On the other hand, when the desired tip position
requires the simultaneous actuation of more than one jet, the ability of the valves
to promptly adjust the jet’s flow-rate becomes crucial in maintaining the stability
of the endoscope’s tip.

For these reasons a hysteresis model was developed using experimental data
acquired during preliminary calibration of the ECVs. Using the experimental
set-up described in Figure 2.8, flow-rate and valve position data were acquired
while sequentially operating the valve. Starting from its completely closed initial
state, the valve was completely opened and then closed again. Such a procedure
was repeated 3 times for each valve, in this way obtaining the results shown in
Figure 4.4. The linear characteristics of the ECV simplify greatly the mathe-
matical description of the hysteresis loop. As such, this was modelled using two
different linear functions, one for closing operations (hgose(f)) and one for the
opening operations (hopen(f)), excluding from the curve-fitting dataset all the
data points belonging to the “dead-zone” (i.e. the region where a change in the
valve position does not result in a change in the flow-rate).

While the closing curve perfectly matches the ideal valve characteristic, the
opening curve presents a dead-zone followed by a lower slope linear region. The

main expected consequence is a difference in the responsiveness of the actuator
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Figure 4.4: Experimental hysteresis loop examples for the tree valves, highlighting three
regions: closing (green) and opening (red) characteristics, and “dead-zone” (blue). The super-
imposed green and red dashed lines refer to the estimated hysteresis model for valve closing
and opening respectively.

while opening or closing, and a delay in the opening of the valve due to the pres-
ence of the dead-zone. From a control perspective, a non-compensated change
in the valve opening command would generate a variation of the measured flow-
rate larger than expected, thus resulting in an uneven control action during the

opening and closing of the valve.

4.2.4 Control Scheme

To test the hypothesis that the hysteresis compensation enhances the perfor-
mances of the control system, two different control schemes were developed. The
two architectures both rely on the PID controller shown in Figure 4.5b. Given
the positioning error vector Weyr = Waes -~ Wobs = [Perr ﬁerr]T, where wg., and
Weps are the desired and measured tip position in a polar coordinate system, the
controller’s output is evaluated in three steps. At first, the proportional, integral

and derivative output is evaluated such as

dwerr
dt

with Kp, K; and Kp representing the proportional, integral and derivative

u; = Kp(.derr + K[ / we,,rdt + KD (47)

gains respectively. Assuming the linearity of the relation between the actuators
output and the tip positioning error, in a local region around ws, u; is mapped
into changes in tip forces F;.

To map the Cartesian components of the tip force into jet forces, Equation 4.5
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Figure 4.5: Control system architecture (a) and detailed view of the linearized PID controller

(b).

is used, in this way obtaining f = [fl fg fg]T. Ultimately, a compensation of the
non-linear relation between jet forces f and jets flow-rate f is performed using
the inverse of calibration curves in Figure 2.6.

Here, the architectures of the two control systems deviate. In particular, in
the non-compensated implementation (Figure 4.5a), the controller’s output is
directly fed into conversion block that, considering only the ideal valve’s char-
acteristic (closing curve), transforms the the desired flow-rate fu.s into desired
valve position V.. The latter becomes the input to the actuation system.

On the other hand, in a second implementation of the control system (Fig-
ure 4.6a), a Feed-Forward (FF) hysteresis compensation term is introduced.
Starting from a known valve hysteresis model, the FF!' block (Figure 4.6b) is
used to quickly act bringing the flow-rate to the desired set-point (fys), in this
way reducing the delays generated by the valve asymmetrical responsiveness.
Given the flow-rate set-point fs., and error f..., the hysteresis compensation

block acts such as

ferr = fdes - .fobs (48)
h(f) = hclose(.f) Zf Sign(.ferr) >0
h(f) = hopen(f) Zf Sign(ferr) <0 (49)
h(f) = h(f) otherwise
‘/:ies = h(fdes) (410)

where hopen(f) and heose(f) refer to the opening and closing model of the
ECV respectively. Such an approach allows to quickly switch between the two
curves of the model to promptly adjust the output flow-rate to the desired values.

However, when f,,, approaches f,.s, inaccuracies of the hysteresis model and the

IEven if the controller relies on a feedback from the sensors, it is still referred to as “Feed-
Forward” to highlight its immediate response to a modelled disturbance such as the hysteresis.
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Figure 4.6: Hysteresis compensated closed-loop control architecture (a) and detailed view of
the FF module (b).

noise superimposed to the measured flow-rate generate a continuous oscillations
of the observed signal around the desired flow-rate value. For this reason, a
safety offset (f,rr) is added to fues (Equation 4.11) such that fu,s never exceeds
faes during the opening operation of the valve. As a consequence, when closing
the valve, a short delay, proportional to f,rr, will be experienced before the

compensation box switches from hopen(f) t0 herose(f)-

‘/des - h(fdes - foff)' (411)

4.3 Evaluation

Experimental evaluation of the proposed closed-loop control schemes was con-
ducted to assess the influence of the hysteresis loop on the behaviour of the HJ’s
tip, the ability of the FF block to account for the asymmetric flow-rate character-
istics and the performance of the controller in leading the endoscope’s tip along
a predefined trajectory. The experimental set-up used for the following tests is
described in Figure 2.8, while the HJ device, fabricated for the tests, presented
a slight pre-bending of about 17 deg (J,5) at @ups =~ 0. The control algorithm
was designed using python nodes in a Robot Operating System (ROS, Kinetic
Kame) environment and was executed on an Intel Xeon powered machine (CPU
E5-1660 v4, 3.2GHz). Manual tuning of the proportional and integral gains was
performed to achieve an acceptable balance between transient response and sta-
bility of the system. K was set to zero. Test specific results for the evaluation
of the hysteresis compensation and trajectory following algorithms are detailed

in the following subsections.
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4.3.1 Hysteresis Compensation

The test, executed with z; aligned with the gravity vector, consisted of supplying
a set of one ascending and one descending ¥, set-point ramps to the controller,
while the control action on ¢ was disabled (e.g. all PID gains set to null).
Each step in ¥4 has an amplitude of 10 deg. The ascending ramp starts at
20 deg, a value just above ¥, and ends at 120 deg. The opposite applies to
the descending ramp, with 4., reaching a lower final value of 10 deg. A new
ascending or descending step is automatically provided as soon as v, reaches a
steady-state status and the error drops below a prescribed threshold.

The tests aim was to evaluate the control system responsiveness to a new
Vg4es in terms of time needed to achieve a regime state and time to complete the
task. Concurrently, the asymmetric set-point ramps allow the 94, to decrease
below the ¥, in this way requiring an action against the tether’s pre-bending
to achieve such elevation. In fact, in an ideal (¥, = 0) configuration, .J, would
be the only jet required to accomplish the task, while, due to the pre-bending,
the synchronous actuation of both J; and J3 is required to achieve ¥4 below
Upp. Both the implemented controllers were tested and the results are shown in
Figure 4.7.

The time-series in Figure 4.7c highlight the asymmetry in the ascending and
descending paths of the HJ’s tip when a non-compensated control scheme is used.
As predicted in Section 4.2.3, such a control approach results in an aggressive
action during the ascending section, which coincide with the opening of the valve.
Inversely, during the descending portion of the path, the control action remains
more gentle. As a direct consequence of this two opposite behaviours, the median
time required by the controller to stabilize the tip at a desired elevation is 10.43
s and 31.40 s for the ascending and descending sections respectively (Figure 4.7a
and e). Moreover, an unstable behaviour arises when the tip is required to
achieve elevations below the pre-bending value. Here, the flow-rate asymmetric
characteristics prevent the controller to rapidly adjust the jets’ propulsive forces,
in this way generating self-sustaining oscillations of the tip.

Conversely, Figure 4.7d shows how the compensated control scheme success-
fully counteracts the asymmetry of valve response, thus generating comparable
ascending and descending paths. This is particularly clear in Figure 4.7b and
f where the median time to reach a steady-state is 5.22 s and 7.63 s for the
ascending and descending tasks respectively. One of the reasons for a longer
descending times is to be found in the establishment of an oscillatory flow-rate

control action generated by the FF compensation block for 9,4, ranging from 70

86



Desired  mmmm Measured  mmmm Pre-Bending

40 40
a) 120 4€) e)
35 35 o
30 o 30 4
E 25 + z 25 4
9 20 9 20
E E
F 15 + F 15 4
10 10 A
54 5
0 - 0 T T T l T T T T 0 -
2020 40 60 010 e® qg@‘\@ggl o 0 50 100 150 200 250 300 350 400 IR0 010 00 hm)o»pxg&@\\
40 == 40
b) 120 4d) e Vioaniréd f)
35 — Presendng 35
30 100 30 4
% 25 7 _ 80 @ 257
9 20 — @ 20 4
E @ 60 E
F 15 4 F 15 4
40
10 o 10
5 20 5
0 - 0 — T T T T T T T 0 -
2920 50 0 6010 ¢0 9O, RO e«)\\ 0 50 100 150 200 250 300 350 400 ROV O10 O 9209040 e«)\\
O\I . O\I
Time [s]
Increasing 9 [°] Decreasing 9 [°]

Figure 4.7: Results for 9 closed-loop control tests performed using the HJ endoscope. The
tests were executed with the HJ base longitudinal axis aligned with the gravity vector. Two
different control approaches were tested: direct wrench control (a), c) and e) and hysteresis
compensation control (b), d) and f). In c¢) and d), the shape of the set-point ramp is visible
(red) together with the measured ¥, values (blue), while the pre-bending values are indicated
by the hatched area (green). The bar plots indicate the time the controllers need to stabilize
the tip of the endoscope at a given set-point during the ascending (a) and b)) and descending
ramps (e) and f)). The red bars indicate the median time-to-regime value, while the hatched
bar in e) refers to the last descending step, incomplete due to instability.

to 20 deg. Despite these fluctuations, the controller was successful in stabilizing
the tip and position it at an elevation of 10 deg.

In both Figure 4.7c and d, the protracted time to steady-state experienced
at the beginning of the test (J4.s = 20 deg) is caused by the initialization of the

filters used to reduce the noise of the measured position signals.

4.3.2 Trajectory Tracking

With improved stability and shorter transient period demonstrated for control
of 19, the hysteresis compensated controller was further evaluated in a trajectory
following test. For this experiment, the controllers for both ¥ and ¢ coordinates
were enabled to achieve a 3D motion of the HJ’s tip. The trajectory, in a
flattened polar reference system (Figure 4.8b), consists of a zig-zag movement of
the endoscope’s tip starting from the rest position (weps = [0 Upp)); resulting in

a 3D trajectory as shown in Figure 4.8a. The (4. evolves in the range 0 deg to
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Figure 4.8: Representation of the desired trajectory in a a) 3D Cartesian reference frame
and in a b) flattened Polar reference frame. In both a) and b) the sequence of movements is
illustrated by green numbered arrows.

360 deg, or vice versa, with a step size of 10 deg, while 9., varies from 30 deg to
90 deg with a 30 deg wide step size. Before increasing or decreasing the value of
©Ydes, the trajectory generator algorithm waits for 1, to achieve a steady-state.
A step in 4.4 is performed at the beginning of the test and each time the @4
completes a full revolution.

Figure 4.9a and b show the experimental results from a test example for
the two controlled variables ¥ and ¢, while Figure 4.9c and d describe the non-
negative values of the difference between the measured and the desired positions.
For both ¢ and ¢, this error is evaluated after a steady-state regime is achieved,
thus excluding the error generated by ¥ and ¢ transient periods. Results show
how, during 90% of the duration of the test, the error remains below 5 deg,
specifically 3.30 deg and 4.24 deg for ¥ and ¢ respectively. Nevertheless, if a
Yerr 18 evaluated for each available data point, localized spikes in the measured
¢ coordinates are visible and exceed 25 deg. Such an evaluation of the error does
not ignore the system transients, however, it becomes necessary to highlight that
wider oscillations of the tip were observed for (s (With a 90" percentile value
of 9.77 deg). In all of these cases, the controller was able to stabilize the tip and
drive it towards @ges.

In Figure 4.10, ¥, and @, tracking errors are mapped against the controlled
coordinates ¥ and . Such a representation shows how the errors evolve along the
trajectory. Specifically, Figure 4.10a and c illustrate how 4., and .., change at
three different tip elevations. The median values of ¥,,, remains fairly constant
across the three ¥4 levels, with median errors measuring 0.71, 0.67 and 1.13 deg
at 30, 60 and 90 deg elevation levels. The cause of an higher 4., value registered
at 90 deg elevation is to be found in the tubing re-arrangement that occurs at

these wide bending angles, visible in Figure 2.10. With this tubing configuration
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Figure 4.9: Results from a trajectory following example showing the time series of set-point
and measured tip position for a) ¥ and b) ¢. In ¢) and d) the regime errors are shown for ¥
and ¢ respectively (blue), while the black dashed line indicates the 90" percentile of the data
distribution. In d) the full set of s is shown, together with a red dashed line indicating the
value of its 90*” percentile.

and when a change in ¢ is requested, the endoscope’s tip has to reach lower ¥,
values to allow the tubes to re-arrange in a different stable position. When this
happens, the tip goes back to the desired elevation and reaches g.s. This a
behaviour becomes more evident in Figure 4.10b, where the evolution of 9., is
shown as a function of 4. The median values of the ¥.,,. follow a sinusoidal
trend, with minimum values reached approximately around the six stable @4
positions that characterize the HJ’s tip: 0, 120 and 240 deg for a single jet
actuation, and 60, 180 and 300 deg for a dual jet actuation. The transition in
between these values involves a change in 9, in this way causing a wider 9,,...

With regard to e, Figure 4.10c shows a decrease in its median value at
high elevation angles, attributable to the increased radius of the revolution path.
The consequent longer distance travelled by the tip to cover the 10 deg step in
©des, allows the controller to finely position the tip at the desired g5 value.
Similar behaviour seen in Figure 4.10b is also observed in Figure 4.10d. In both
cases, the non-perfect correspondence between stable positions and minimum

error values is attributable to fabrication defects such as the tether pre-bending.

89



15 15
a) b)

10 10

|9err| [deg]
|9¢rr| [deg]

oooooooooooooooooooooooooooooooooooo
NNNNNNNNNNNNNNNNNNNNNNNNNNN

15 15
c) d)

10

1= = 4

9 [deg]

10

|@err| [deg]
|@err| [deg]

@ [deg]

Figure 4.10: Results from a trajectory following example (Figure 4.9) showing the 9 and ¢
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4.3.3 Repeated Trials

To assess the consistency of the results presented in the previous sections, the
trajectory following task was repeated multiple times, while all the system’s
parameters remained unchanged. Figure 4.11a and b compare the resulting dis-
tribution of w,,., registered across 5 test repetitions. The median and magnitude
of the “Overall” boxes indicates how 9., and ., remain consistent for each test
repetition reaching a median value of 0.91 and 1.90 deg respectively.

A description of the duration of the trials is presented in Figure 4.11c. In
the boxplots shown, the time-to-completion of each tip revolution at different
elevations is reported, both in terms of absolute time since the start of the test or
relative time since the end of the previous revolution. The median time required
to complete the full task was 914 s (~15 min), while the elapsed time between

the end of two consecutive revolutions increases quadratically with ¢ 4..

4.4 Discussion

The results presented in this chapter indicate how the implementation of a model-
free closed-loop control strategy represents a viable solution for manipulating a
tip actuated (or TFA) soft continuum endoscope. The selected polar coordinate

system, describing the position of the endoscope’s tip, perfectly fits the kinematic
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Figure 4.11: Results from repeated trials (n = 5) showing the positioning errors relative to
the controlled variables a) ¥ and b) . The positioning error is evaluated as the absolute value
of the difference between the set-point and the measured values. Trajectory following time to
task completion (c). Each task is intended as a full, 360 deg, ¢ trajectory, at three different
¥ elevations: 30, 60 and 90 deg. The box corresponding to the 90 deg task is indicative of
the entire duration of the test, while, at ¥4.5s = 30 deg the the absolute and relative time-to-
completion coincide.

characteristics of the HJ, while defining a convenient and intuitive approach
to the design of a control scheme. The resulting automatic position control
architecture is based only on a knowledge of the magnitude and direction of the
forces acting at the tip, and does not require a kinematic or dynamic model
of the soft continuum robot, thus not being constrained by quasi-static model
assumptions or the computational cost of dynamics modelling. Position feedback
was provided by EM sensors, although the same or similar information could be
provided by more economical off-the-shelf components such as IMUs or image
sensors in combination with visual odometry methods.

An hysteretic behaviour was observed in the HJ actuation system. The imple-
mentation of a control strategy that does not take into account this non-linearity
of the valves, resulted in poor performance of the controlled plant in terms of
responsiveness and stability of the endoscope’s tip. The need for enhanced sys-
tem performance led to the implementation of a hysteresis compensated control
system. Such a controller is based on an a-priori knowledge of the hysteresis
loop which was modelled using two linear curves. The features of the custom
valves used during the experimental evaluation (ECV) and specifically, the linear
input-output characteristic of such devices, promoted the adoption of a simple
modelling approach and the achievement of a reactive and stable control action.

Multiple trajectory following trials were performed to test the ability of the
control strategy to lead the HJ’s tip along a predefined path. The shape of
the trajectory was selected in order to enable an automatic scanning of the

stomach wall. The implemented zig-zag movements can be tuned to achieve a

91



full coverage or visualization of the gastric mucosa, avoid overlapping paths and,
at the same time, implement simple motion trajectories. Experimental results
show that the proposed controller was capable of controlling the position of the
endoscope’s tip along the required trajectory in a stable and accurate fashion
(median values for ¢, and @e.., 0.91 and 1.90 deg respectively). The design
of the HJ bending segment generated unwanted fluctuations of the tip during
the transition between two stable positions. Despite the positioning error caused
by these oscillations, the closed-loop control strategy was able to redirect and
stabilize the tip on the desired path. Results from repeated trials proved the
consistency of the control action across 5 test in terms of amplitude of the error
and time needed to complete the task (914 s). Moreover, even if the proposed
trajectories are not directly comparable, a 20% decrease in the time needed to
complete the task up to an elevation of 60 deg was observed with respect to [18].

The total amount of water used for each test was estimated integrating the
flowmeter information in time. A volume of 7.21 £0.6 liters was used. Despite
this high amount of water needed to complete the task, the excess of liquid can
be easily removed from the stomach, thanks to the suction ports placed at the

tip of the endoscope.

4.5 Conclusions

A position control system operating in polar coordinates was implemented to
steer the HJ in the free space. The control system modulates the components
of the force, F, and Fy, acting at the tip of the HJ to drive it along a user
defined trajectory. The presence of a hysteresis loop in the actuators charac-
teristic represented a non negligible limitation in achieving high performance
controlling capabilities, both in terms of time required to reposition the endo-
scope and stability of the movements. A control strategy that considers the
actuation hysteresis and promptly compensates for its effects was implemented,
leading to improved stability and controllability of the soft manipulator. The
proposed method represents a reliable approach to the control of tip actuated
soft continuum manipulator, providing solid foundations to the implementation

of advanced autonomous capabilities.
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Chapter 5

Obstacle Detection for Autonomous
Navigation of a Soft Continuum

Robot for Gastric Cavity Inspection

5.1 Introduction

Inspection of the gastric cavity relies on manual actuation of a classic FE oper-
ated by a skilled GE. This is to ensure that the procedure is properly performed
and the quality of the diagnosis meets the desired standards. Alternative ap-
proaches to the inspection of GI cavities exist and they are mainly based on
robotic actuation to deliver a reliable inspection procedure |85]. Despite the
closed-loop control strategies adopted to help the physician in performing the
endoscopy, an experienced user is still required to guarantee the success of the
procedure.

This approach represents a viable solution for the majority of the endo-
scopic procedures, however, when population based gastric cancer screening pro-
grammes have to be implemented, the ability to include non-expert personnel in
the pool of suitable users, would allow wider population screening to be achieved
and reduce the time needed for the completion of the programme. Autonomous
strategies are therefore needed to compensate for the lack of experience of the
novice operator.

The automation of tasks, especially in the field of MIS, has been extensively
studied over the past years. Such autonomous behaviours allow the surgeon to fo-
cus on the primary objective of the surgery procedure, while the robotic platform
would be responsible for more repetitive tasks. Examples of tasks automation

have been presented for autonomous tissue retraction [121], suturing [134, 135]
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and tissue resectioning [136]. In the field of FE for the GI tract inspection, the
work introduced in [85] demonstrate how the introduction of a minimum level
of autonomy allows the non-expert user to achieve performances comparable to
those by a fully trained GE.

The implementation of autonomous capabilities is based on two major as-
sumptions: a basic knowledge of the environment that the robot is required to
explore and the ability of the control system to localize the robot’s end-effector.
The combination of these two elements enables the navigation inside the environ-
ment and allows the execution of collision avoidance strategies to reach a generic
goal position. However, if the localization of the end-effector can only be achieved
by directly measuring its pose or estimating it using sensor-fusion techniques, a
map of the environment is not always available or easily accessible. In the case
of navigation inside anatomical cavities, pre-operative 3D imaging provides the
control system with the required information to perform the inspection [137].
This approach assumes the possibility to access medical imaging techniques be-
fore the procedure, in this way resulting in prolonged times to perform the cavity
inspection and a considerable increase of the cost of the procedure. Moreover,
possible changes in the anatomy in between images acquisition and endoscopic
procedure must be considered.

Without an a-priori map of the environment, the navigation must rely on a
different method to deliver a successful inspection procedure. In this scenario,
the ability to recognize a possible interference between the robot’s end-effector
and environmental features (obstacles) becomes essential and triggers successive
measures that allow the robot to escape collision status. Obstacle detection
algorithms rely on a sensory information to identify the collision event. In [138],
the combination of the information provided by a continuum kinematic model
and sensor feedback enable the implementation of a collision detection strategy.
A similar approach, developed in [139], relies on a measure of the closed-loop
control effort to understand when the end-effector is not able to reach a desired
configuration as a result of a collision. In both these methods, the detection
algorithm is based on a double threshold approach to detect and confirm the
collision, in this way discarding false positives and enhancing the sensitivity of
the method.

The ability to detect collisions allows a level of environment mapping and
division into free-space and restricted areas. Once the distribution of these re-
gions is known, a strategy to navigate towards the goal pose can be identified by
using path planning techniques. Well known examples in the field of continuum

robotics for medical applications include motion planning applied to concentric
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tube robots [140, 141], steerable needles [142] and Continuum Reconfigurable
Incisionless Surgical Parallel (CRISP) robots [143].

In this Chapter, three steps towards the implementation of autonomous ex-
ploration of the gastric cavity using the HJ endoscopic platform are described.
An obstacle detection algorithm, based on [138] is presented. A strategy for
building a map of the explored environment and registering the position of the
detected obstacles is described. Finally, an online motion planning technique is
introduced, allowing the HJ to react to collisions an reposition to continue the
inspection until an acceptable portion of the environment is explored. A final
section presents an experimental validation of the obstacle detection algorithm,

while the full autonomous behaviour was tested in a simulated environment.

5.2 Principle of Operation

This section describes three methods developed to enable the implementation of
an autonomous behaviour that allows the HJ endoscope to perform an unsuper-
vised inspection of the gastric cavity. For this purpose, the HJ employs all the
functionalities described in the previous chapters. An approach to obstacle de-
tection is firstly presented, relying on both a measure of the endoscope’s tip pose
and a kinematic model of the bending section. Then a method for building a
2D map of the explored environment is proposed. Given a map of the free-space
and obstacles, a path planning and repositioning scheme is introduced to allow
a collision-free movement in between obstacles and enable complete exploration

of the environment.

5.2.1 Obstacle Detection
5.2.1.1 CM Kinematics

The kinematic modeling of the HJ low-stiffness section was previously introduced
and further discussed in [18] and [144] respectively. The modelling approach is
based on the Cosserat rod theory which uses an arc-length parametrized homo-
geneous transformation to describe how a rod in an pre-curved unloaded config-
uration deforms under the action of a known external wrench (e.g. gravity or
actuation forces). In this way, given the set of forces applied at the HJ’s tip,
measured using the flowmeters, and considering the mechanical characteristics of
the bending section, the model returns the full pose of the tip T}, in a Cartesian

reference system, with respect to the base coordinate frame. To achieve this, the
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unknown mechanical properties of the bending section, including stiffness (£),
pre-bending (v and v) and length (L) of the soft section, must be estimated.
A two step calibration process, relying on a parameters optimization strategy,
was deigned to achieve fine tuning of the required mechanical properties. The
experimental set-up, used for the calibration process was previously introduced
in Section 2.3 and described in Figure 2.8. It employs two EM 6-DokF probes,
one at the HJ’s base, which indicates the orientation of the gravity vector with
respect to the endoscope, and one at the tip, used as a position and orientation
gold-standard measurement 7;.

Initially, with the endoscope longitudinal axis aligned with the gravity vector,
u, v and L were estimated solving the minimization problem that aligns T}, with
T::

argmin(e; + ep)? + es (5.1)

w,v,L

where e; and ey are the angular offsets between T}, and T; x- and y axis, while
es represents the Euclidean distance between T, and T} origins. The initial values
of the parameters vector Ay = [u, v, L] were determined by manually adjusting
their values using sliders on a user interface in the attempt to align Tj to T,
while receiving a visual feedback of the tips poses in RViz (3D visualization tool
for ROS).

With these known pre-bending and length values, a second step of the calibra-
tion process involved the estimation of the bending section stiffness by applying
known forces to the tip via the water jets and measuring the deflection. To ac-
count for inaccuracies in the nozzle geometry that could influence the evaluation
of the jet forces f, three additional parameters were added to the estimation

F1 2 3

err err err

problem. This parameter vector fo,., = [ ], combined with the jet-
force calibration curve m(f) (Figure 2.6), results in a m(f) with a narrower or
broader aperture. The parameter estimation is performed solving the minimiza-

tion problem:

argmin |[ ey || +[| ez [[ + [[ es || (5:2)
E7f6TT

To obtain an initial estimation of F, the HJ’s base was oriented 90 deg
with respect to the gravity vector, so that the tip of the endoscope bends in
response to the gravity. In this configuration, the optimization of Equation 5.2
was performed, restricting the parameter estimation to E only. Subsequently, the

base was re-aligned to the gravity vector and, in turn, the i-th jet was powered

96



Impact Point

Base

Kinematic

Obstacle

Figure 5.1: Representation of the information provided by the kinematic model and the EM
probe at the tip of the HJ. Position, velocity and force applied at the tip are used to implement
the obstacle detection algorithm.

to its maximum output. For each jet, the optimization was performed restricting
the unknown parameters to £ and fi . Finally, using the initialization values

~ ~ ~
1 2 3
erry Jerry Jerr

for the full set of parameters Ay = [F, |, a final minimization was
executed while all the jets were powered to their maximum output.
Additional details on the implementation of the kinematic model are not

further discussed here, as they are considered out of the scope of this chapter.

5.2.1.2 Detection Algorithm

In an unstructured environment such as the gastric cavity, the stomach wall
constrains the movements of the endoscope. The shape of the HJ workspace
and the lack of a fully controllable endoscope tip, leaves part of the workspace
unreachable. In this scenario, most of the obstacles remain outside of the camera
FoV, making it impossible for the user to promptly react to the collision or for
an image-based obstacle detection algorithm to properly operate. The ability to
identify a collision event would allow the user or the automatic control scheme to
acknowledge the presence of an obstacle that does not allow continuation along
the current path. Therefore, the detection of the collision event is critical for
triggering a successive reaction.

The proposed obstacle detection algorithm uses a combination of information
coming from the measured (w;) and estimated (w,) tip pose provided by the EM
and kinematic model respectively; expressed in a polar coordinate system as
explained in Section 4.2.2. The effects of a collision on w; and w, are different

and this difference can be used as an instrument to describe the collision event.
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Specifically, w, is not influenced by the the presence of an obstacle along the
path of the tip, in this way it results in an estimation of the tip pose as if
the collision never occurred. Contrarily, w; experiences an instant drop in the
magnitude of its velocity vector. By monitoring the difference Av between ’fg
and ’j“t (Figure 5.1), where [ represents the time derivative operator, such that
’fg and f’t refer to the measured and estimated tip translational velocities, a
first assumption of the presence of an obstacle can be made. Assuming that
the odometry of the robot’s tip is only known in a polar reference frame, the
nomenclature T'is here used to indicate the Cartesian position obtained starting

from w = [p ¥ r]T and considering a unitary value for r

= r-sin(9)-cos(p)
g= r-sin(V) - sin(p) (5.3)
zZ= r - cos(1).

Despite the optimal parameters estimated during the calibration process,
the kinematic model is based on the assumption of homogeneity of the CM’s
body. In this way, the model well describes the behaviour of the HJ bending
segment in most of its configurations, until a tubing re-arrangement occurs inside
the soft sleeve. In this circumstance, a higher speed difference between the
two tips is experienced, even though a collision did not occur. To account for
these modelling inaccuracies, the speed difference is weighted using the time
derivative of the norm of the force applied at the tip AF. The founding idea
is that, assuming the absence of moving obstacles, if a high velocity difference
is experienced when no change in the actuation force is commanded, then this
event is attributable to modelling errors.

To reduce the number of false positives, an additional signal confirms that the
supposed collision in fact occurred. The euclidean distance (Ad in Figure 5.1)
between the ’fg and T, is considered for this purpose. When a possible collision
occurs, the algorithm monitors how Ad evolves in time and, if it continues in-
creasing, the presence of an obstacle is confirmed. These signals and triggers are

evaluated as follow:

98



CONFIRMED
COLLISION

Bias Estimation

FALSE
OVERFLOW i ALARM

Figure 5.2: Flow chart for the obstacle detection algorithm, highlighting the initial bias
estimation (green), data collection and debiasing (blue), signals evaluation (yellow) and col-
lision detection logic. The four algorithm outputs are also shown (dashed red boxes): safe,
investigating, false alarm and confirmed collision

Av = 1Ty 1] = 1| T ||
| Fi(k+1) || — || Fr(k) |
AF =
dk
Ad = T, - T,
51: Av - AF
€ = Ad.

The implementation of the obstacle detection algorithm is detailed in Fig-
ure 5.2. Initially, the position offsets between w, and w, are evaluated by aver-
aging the data acquired over a period of 3 s (arbitrarily selected to ensure reliable
mean values). The resulting p,rs and 9,75 are used to debias w;. Tip Carte-
sian position and velocity are thus evaluated and combined together as shown
in Equation 5.4, resulting in Ad and Av. The two triggering signals & and &,
are also evaluated. At each time step, if & exceeds a user defined threshold 7,
the possibility of a collision is investigated and the current value of & is reg-
istered as ggff. At this point & is zeroed by subtracting ggff from each new
& sample, in this way monitoring the change in Ad, starting from the onset of
the investigation period. The investigation lasts for a time period defined by
a stopwatch and, if no confirmation arrives in this time frame, a false alarm is
triggered. Otherwise, if & exceeds the threshold 75 before the stopwatch over-
flows, the supposed collision event is confirmed. Finally, the endoscope’s tip is
considered in a collision state until & returns below 7. When this happens the
tip return to its safe initial condition.

The detected collision is registered in the form of an impact point w.,; =
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[0eott Feon])™- To take into account the size of the end-effector, the impact point
is moved away from the tip center, along the direction of the tip velocity vector

weou measured at the onset of the investigation status.

5.2.2 Mapping

Achievement of autonomous environment scanning requires the ability to keep
track of the portions of the workspace already explored, the locations of unex-
plored regions and the positions of potential obstacles that could prevent the
endoscope from reaching a desired position through a straight path. Such infor-
mation may be provided by a map of the surroundings. To this end, a real-time
construction of a map of the environment was implemented. The map localizes
the position, in a 2D polar coordinate system, of three regions of the workspace:
explored, unexplored and unreachable (e.g. obstacles). It consists of a 2D image
with resolution ¢4 by Yinae, with each pixel representing a 1 deg displacement
in ¢ or ¥ coordinates. In the map, each workspace region is color-coded us-
ing white for the unexplored, green for already explored and red for unreachable.
The map is periodically checked, for example when an additional increase in 94
would exceed 1,,,,, and the ratio between unexplored and explored regions is
evaluated, in this way defining the achieved percentage of coverage. If this value
reaches a user defined threshold, the scanning ends.

The map is initialized as a completely white image and, while the endoscope
moves along the desired trajectory, the w,s coordinates are registered in the
image as a green colored circle. When the endoscope’s tip collides with an
obstacle, the event is registered at the point w.,y, in this way updating the
unreachable domain of the map. Since the obstacles can only be described by
the impact point w,.,; and their shape or dimensions is not known a-priori, the
map building method relies on assumptions to best represent such entities. A
failure in mapping the dimensions of an obstacle could result in the presence of
unexplored areas that are actually inside an obstacle, thus unreachable. In this
way, the consequential low percentage of coverage will generate an uninterrupted
and incomplete scanning procedure.

Considering the geometric characteristics of the environment the HJ is meant
to explore (the stomach walls can be represented as a single continuous obstacle
that limits the tip’s movement along ¢ or ), a continuous function was selected
to describe the shape of the obstacles. Such a function s consists of a cubic spline

l l

that relies on w.y and a series of artificial via points wy;, = [wy wj - - - wi, wr].

When the scanning procedure starts, s is described by only two via points,
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Figure 5.3: Obstacle forming algorithm based on a cubic spline function. The positions of
the detected collisions (green crosses) are used as spline control points, while (b) artificial vias
(blue crosses) are added to limit the aperture of the curve. In ¢) and d) the obstacle merging
and spline smoothing techniques are shown.

w! and wf, placed at [0 ¥02]” and [Qmaz Fmae|’ Tespectively, such that s is
a straight line at the top edge of the workspace as in Figure 5.3a. When the
first collision is detected, a new spline control point is added at w,.;, while two
new via points are added in wll/r = [(Yeott £ @) Veou] as shown in figure 5.3b.
An appropriate selection of the parameter ¢ allows to restrict the aperture of
s, in this way determining the minimum size of the obstacles. The obstacle
shaping algorithm continues adding control points and vias whenever a collision
is experienced (Figure 5.3c), with the only exception of avoiding a left or right
vias if a control point is within +¢ from the current w.y;. A final smoothing
phase consists of eliminating the excess of via points that causes sharp variations
in s. This decimation process evaluates the distance between each via and the
closest ¢, and removes the vias which are too close to a control point. By
doing this, the spline peaks created by two collisions events, are merged in one
single large obstacle (Figure 5.3d). The resulting area enclosed in between s and

Umae 1s marked as obstacle (coloured in red).

5.2.3 Path Planning

The ability to detect collisions and register the position of the obstacles on a map
provide the HJ with the necessary information to enable autonomous navigation

within an unknown environment. Despite this, an online method for generating
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Figure 5.4: Finite-State machine describing the online path planning method used in the
event of a collision with an obstacle. In yellow and green the reaction policies P1 and P2 are
shown.

the desired trajectory that the endoscope’s tip has to follow is required. As shown
in Chapter 4, the combination of position closed-loop control and a static path
planning algorithm that generates a static zig-zag trajectory, represents a suitable
approach in an obstacle free environment. On the other hand, the decision
making process triggered by the detection of a collision involves a modification
of the desired tip path, aimed at moving away from the obstacle and re-planning
the trajectory to achieve a desired position in unexplored regions, unreachable
with the current planning approach.

The proposed online path planning scheme is based on the zig-zag trajectory
generation, as shown in Chapter 4, while two main reaction policies were intro-
duced and used in the event of a collision. By relying on the characteristics of
the zig-zag trajectory, with a single coordinate 4. or ¥4 varying at all times,
the selection of the reaction policy is implemented by tracking the changes in
Waes- I wges was evolving when the collision is detected, then policy P1 is consid-
ered, otherwise policy P2 is used. The entire decision making process is shown
in Figure 5.4 in the form of a finite-state machine.

The main trajectory generation algorithm generates a new set-point wges
considering its current value and the workspace boundaries, so that, for example,
Vg4es 18 incremented every time a full revolution is completed. When a collision
is detected while the tip is moving along the ¢ direction, then P1 is executed.

The main purpose of P1 is to move the tip away from the obstacle, towards
a safe configuration. To do so, 4 is updated in the opposite direction with
respect to its previous course. Therefore, 9,4, is increased to allow the endoscope
to explore the next elevation layer (Figure 5.5a). If this new value of ¥4, remains
in between the workspace boundaries, the main trajectory generation takes con-
trol and a new zig-zag scanning process begins. However, if ¥4, is out of the
allowed workspace boundaries (Figure 5.5a), the new elevation level cannot be

reached by the endoscope’s tip. In this scenario, the map is used to evaluate the
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Figure 5.5: Detailed view of the main steps of P1. a) A new wges out of the manipulator’s
workspace triggers the need for repositioning the tip in a different, unexplored, region of the
map. b) The region of interest is located by segmenting the map, thus wgeq is evaluated.
c¢) Additional collisions are avoided by expanding the obstacles. A safety region is included
to prevent singular configurations of the manipulator. d) The free-space (green) is sampled
using a Voronoi sampling algorithm. e) Dijkstra’s search algorithm relied on the sampled free-
space to find the shortest path that connects wsiqre t0 Wyoar. £) Once the tip reaches the goal
position, a the normal zig-zag motion resumes.

coverage percentage. If this value is adequate, the exploration can be considered
concluded, otherwise an approach that allows the tip to reach the unexplored
regions is required.

This is achieved by processing the map. At first, the map is segmented
to differentiate between regions of interest (e.g. unexplored portions) and the
already-known environment (Figure 5.5b). The properties of each white unex-
plored region are evaluated in terms of their area and center of mass. The largest
region in the set is finally selected. The position of this unexplored area is pro-
vided in the form of a wgy,, which corresponds to the lower-left corner of the
bounding-box enclosed in the selected area. This is built by seeding a 2 x 2
pixels rectangle at the center of mass of the region, and letting it grow evenly in
all directions until a non-white pixel is met.

Eventually, a path planning algorithm is used to plan the obstacle-free route
that connects the current tip pose Wyt t0 Wy The implemented method
considers a Road-Map planning strategy relying on Voronoi diagrams to sample
the free-space and Dijkstra’s algorithm to find the shortest path to the goal pose
(considering the HJ as holonomic in its task space expressed in polar coordinates)
(Figure 5.5d and e). The path planning algorithm considers the green channel of
the map as a free-space, while obstacles and unexplored regions are considered as
restricted areas during the sampling an planning process. The Voronoi diagram
based sampling approach allows generation of paths that generally maximize

the distance from the obstacles. In this way, when compared with Rapidly-
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Figure 5.6: Detailed view of the main steps of P2. When a collision is experienced while
moving along 1, the map is queried searching for a passage around the obstacle.

Exploring Random Trees (RRT) approaches or Probabilistic Road Map (PRM),
Voronoi sampling represents a more reliable solution when a path through a
narrow passage is required.

Two main safety measures were adopted to ensure a collision free transition
from Witert 10 Wyoa- The obstacles were expanded by a constant value (e.g. 5
pixels) inside the free-space, in this way taking into account the dimensions of
the tip and guaranteeing a minimum safety distance from the generated path
(Figure 5.5¢). Moreover, to avoid path samples in the region where 4., would
cause the singularity of s (see Section 4.2.2), the safety region in between o
= 0 and ¥ = 10 deg was marked as restricted.

The result of the path planning algorithm is fed to the position controller
as a series of via points. Once the tip reaches wgyq, the normal zig-zag motion
resumes.

When the tip moves from a current elevation to the successive 94,4, a collision
with an unknown obstacle can occur. The reaction steps of P1 might not be
enough to escape the collision state. P2 approaches this problem by analysing
the map in the attempt to find a passage on the left or right of the obstacle
(Figure 5.6). This is accomplished by iteratively querying the map at wges =
[©des + Psteps V4es)T, until an obstacle-free pose is found. If this happens, the
tip is moved to the previous elevation level, then translated along the set of ¢,
generated during the iterations, and finally driven to ¥4,. Here, the normal
zig-zag motion resumes. If the method fails in finding a safe passage, the tip
is considered trapped in between two obstacles. In this situation the coverage

percentage is evaluated and the procedure terminated.
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5.3 Evaluation

5.3.1 Obstacle Detection

To estimate the values for the thresholds 7 and 7, and test the robustness of
the obstacle detection algorithm, a series of calibration and validation tests were
performed. An experimental set-up was assembled for these tests as shown in
Figure 5.7. It consisted of the standard set-up described Figure 2.8, with the
addition of a series of obstacles. The color-coded obstacles were designed to stop
the HJ’s tip along the main directions of motion: ¢ (blue obstacles) and ¢ (red
obstacles). The obstacles were comprised of medium-density fibreboard panels
mounted on an aluminium profile. This configuration allowed adjustment of the
relative position between the red obstacles and the endoscope. The blue obstacles
could also be repositioned thanks to a 3D printed attachment, reversibly fixing
them to the main structure.

During a first calibration stage, the HJ was steered in its workspace by in-
dependently actuating a single jet at a time, starting from the HJ resting pose.
The set of obstacles was reduced to include the red obstacles only, obstructing
the movements along the ¢ direction. When the tip of the endoscope hit the
obstacle, the collision was manually recorded using a custom Graphical User
Interface (GUI) and by visually inspecting the scene. Each test, consisting of
10 collisions, was repeated once for each jet, in this way obtaining a total of
30 collisions. The resulting data were used to tune the thresholds 7, and 7 in
the attempt to maximize the sensitivity of the algorithm, defined as the ratio
between the the number of True Positive (TP) detections and the actual number
of collisions (TP plus False Negatives (FN)). At the same time, the number of
False Positives (FP) was taken into account and minimized with a appropriate
choice of 71 and 75. The resulting thresholds guaranteed a sensitivity of 93.3%
with only one FP detected.

To validate the calibration output, new data registered during 60 collisions
was analysed by the obstacle detection algorithm. Half of collisions were recorded
during a tip movement along the 9 direction, as described for the calibration test.
The remaining 30 collisions were registered while the HJ was moving along the ¢
coordinate. In this case, a series of 10 collisions were generated with the HJ’s tip
initially positioned at s = [0, 120, 240] deg and with two obstacles located at
Vst £ 20 deg. From its initial position, the tip was steered towards the obstacles
and the collision recorded using the GUI.

By using the previous estimated values for 7 and 7, the resulting sensitivity
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Figure 5.7: Experimental set-up for the calibration of 7 and 75 and the validation of the
obstacle detection algorithm.

of the obstacle detection algorithm was 90.0%, with a total of 3 FP detected.

An example of the signals used to detect the collision is shown in Figure 5.8a
and b, where the three detection stages are highlighted. When & exceeded 7,
the inspection period started (yellow shaded area). This caused the zeroing of
& (the blue dashed line refers to the original, non-zeroed &) and the monitoring
of its evolution in time. In this example, & exceeded 7 before the end of the
inspection period, thus triggering the confirmation of the collision. The collision
state (red shaded area) persisted until &, fell below 7, in this way returning to
a safe status.

To asses the responsiveness of the detection strategy, the elapsed time between
the visual recognition of the collision (registered by user input to the GUI) and
the acknowledgement produced by the algorithm was evaluated. The results in
Figure 5.8 show how the time to detect the collision is not influenced by the type
of movement the HJ is performing. The mean and standard deviation values are
0.66 £0.33 s and 0.61 +£0.84 s for movements along ¥ and ¢ respectively. The

overall mean and standard deviation values are 0.64 +0.56 s.

5.3.2 Autonomous Exploration

By relying on the closed-loop control strategy described in Chapter 4 and the

obstacle detection algorithm introduced in Section 5.2.1, a comprehensive test
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Figure 5.8: Experimental results for the validation of the obstacle detection algorithm. In
a) and b) an example of obstacle detection is presented, highlighting the three phases of the
detection: investigation (yellow), collision (red) and safety (green). In c¢) the time required for
confirmation of the collision is presented for movements along ¢ (blue) and ¢ (red). In yellow
the overall responsiveness of the algorithm is presented.
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was designed to asses the ability of the autonomous navigation algorithm (map-
ping and path planning) to explore the environment. The test was executed
in a simulated environment based on Gazebo (Open Source Robotics Founda-
tion, v7). The HJ soft bending section was modelled using a series of 20 rigid
links, interconnected using torsional springs with known stiffness. Two identical
models of the endoscope are spawned, however, only in one of these models the
possibility of collision is enabled. In other words, when the HJ collides with
an obstacle, the collision-enabled model M; will stop, while the second model
M, will penetrate the obstacle. In this way the real-world scenario was repli-
cated, with M, simulating the physical HJ, while M, replicated the response of
the kinematic model. The obstacle detection, mapping and planning algorithms
were designed using python nodes in a Robot Operating System (ROS, Kinetic
Kame) environment and were executed on an Intel Xeon powered machine (CPU
E5-1660 v4, 3.2GHz). The simulation real-time factor was in the range 0.93 to
0.95 for the entire duration of the trials.

Artificial obstacles were introduced in the scene. The obstacles, created using
Blender (The Blender Foundation, v2.79b), were designed to limit the movement
of the HJ along its main trajectory. An obstacle-free region around the HJ resting
position was considered to ensure that the tip was able to escape the singularity
region of the workspace at the beginning of the test.

In a first test, the 14, range of variation was limited to 120 deg, to meet the
bending requirements defined in Chapter 2. Tests considering a maximum value
of Y4es of 90 deg were also performed to reproduce the control results shown in
Chapter 4. The results from one simulation example are shown in Figure 5.9.

The 3D representation of the environment in Figure 5.9a shows how the the
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Figure 5.9: Simulation results showing a) the shape of the obstacles (red) and the trajectory
followed by the tip (blue). In b), ¢) and d) 3 orthogonal projections of the simulated scene are
shown. In e) and f) the map of the environment before and after the re-planning is presented
respectively (green regions represent the explored and obstacle free areas, while the red regions
refer to the detected obstacles).

first set of obstacles divides the workspace into four areas, in this way precluding
the exploration of half of the workspace along the ¢ coordinate. The geometry
of the obstacle is also visible from three orthogonal projections showing the top,
front and side view of the scene (Figure 5.9b, ¢ and d respectively). The HJ was
successful in exploring the entire free-space as shown by the trajectory followed
by the tip. In in Figure 5.9b, the difference between the plain zig-zag motion
and the trajectory generated by the path planner is visible. The same trajectory
is visible in in Figure 5.9e and f. In in Figure 5.9e the tip reached the maximum
allowed elevation (120 deg) and could not proceed to the next level. The path
planning output, triggered in such a scenario, is shown in in Figure 5.9f. Here,
the HJ moved from its current position toward the goal, following the planned
trajectory. When the tip tried to enter the unexplored region, a collision was
experienced and triggered the map querying process. A passage around the
obstacle was successfully found, allowing the tip to continue the exploration.
Despite 95% coverage being achieved, the presence of the safety strip at the
lower edge of the map and the symmetry of the map, not considered for the
tests, created an unreachable region at the right end of the map, which remained

unexplored.
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Figure 5.10: Simulation using a different set of obstacles represented in a) by the red 3D
model together with the trajectory followed by the tip in blue. In b), ¢) and d) 3 orthogonal
projections of the simulated scene are shown. In e) and f) the map of the environment before
and after the re-planning is presented respectively (green regions represent the explored and
obstacle free areas, while the red regions refer to the detected obstacles).

A more challenging scenario is offered by a second set of obstacles. The
movements of the HJ’s tip are constrained by a C-shaped obstacle that only
allows the exploration of narrow portion of the environment. Success in exploring
this region relies on the ability to find a collision free passage around the obstacle.
As visible in Figure 5.9e, this is accomplished by trying to reach the desired
point first, and searching for a path around the obstacle if a collision is detected.
Given the shape of the obstacles, the tip explored multiple times (9 in total) the
possibility of reaching the desired elevation within a single step.

Results from tests characterized by a maximum value of ¥4 of 90 deg where
comparable to the those shown in Figures 5.9 and 5.10. The planning time and
overall duration of the test represent the only noticeable differences. A median
time to plan the trajectory of 6.88 +0.25 s and 8.89 4+0.54 s was recorded for
Umaz values of 90 and 120 deg respectively, while the median time to complete
the test was 348.6 +40 s and 533.4 £132.2 s, over a total of 16 repetitions.

To compare the shape of the trajectory generated by the Voronoi based path
planning strategy, three significant images were selected and supplied to a RRT
and a PRM planners. The images include a short narrow passage, a long narrow
passage and a large free-space area (Figure 5.11a b and c¢ respectively). The

resulting paths are shown in Figure 5.11. The images confirm that the Voronoi
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Figure 5.11: Comparison of path planning algorithms on examples of maps obtained from
the simulated exploration of the environment. Voronoi Road Map, Probabilistic Road Map
and Rapidly-Growing Random Tree are used on examples of a) a short narrow passage, b) a
long narrow passage and c) a large free-space area.

PRM

RRT

based planner represents the most suitable choice when a safe distance from the
obstacles and a smooth trajectory are needed. On the other hand, the PRM
produces paths that are too close to the obstacles, while the RRT generates tra-
jectories characterized by unnecessary and sudden changes of direction, resulting

in longer path to reach the goal pose.

5.4 Discussion

The results presented in this chapter indicate the feasibility of an autonomous
strategy for the exploration of an unknown environment using the HJ. An ob-
stacle detection algorithm based on comparison between a kinematic model and
sensor feedback has been presented. The detection of the collision event relies on
estimated and measured poses of the tip to evaluate the status of the endoscope.
A sensitivity of 93.3% and 90.0% was assessed during a calibration and validation
process respectively, with the algorithm misinterpreting the data (FP and FN)
in 12 cases over 90 collisions events. With respect to previous works on the HJ
platform [139], the obstacle detection algorithm presented an exceptional respon-
siveness, with the time required to recognize the collision event below 1 s (0.64
+0.56 s). Consequently, a faster exploration and a lower water consumption are
achievable.

Mapping and path planning methods have also been presented. The collision-
mapping strategy employs a continuously varying curve to describe the position
and volume of the obstacles, while the path planning method safely reacts to the
collisions by implementing two reaction policies. By relying on the closed-loop

control scheme described in Chapter 4, and the obstacle detection, environment
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mapping and motion planning described in this chapter, the HJ was used to
autonomously explore two scenes characterized by different sets of obstacles.
In all tests the proposed approach successfully reacted to collisions, guided the
endoscope along the re-planned trajectory and achieved a coverage value of more
than 95%, thus confirming the effectiveness of the approach. This is important
for reducing the required skill level of the user who is only asked to initialize the

inspection or re-start a procedure halted by incorrect detections of collisions.

5.5 Conclusions

In this chapter a method for enabling autonomous behaviours of the HJ endo-
scopic platform has been presented. The method is based on the ability of the
endoscope to detect a collision with an obstacle, build a map of the surround-
ings while exploring the unknown environment and autonomously re-planning
the inspection trajectory to maximize the percentage of visualized areas.

A method for detecting the collisions with obstacles has been described and
tested, resulting in a responsive approach that allows the duration of the task
and thus the amount of water used during the test to be reduced.

The autonomous exploration procedure, demonstrated in a simulated envi-
ronment, showed how the implemented approach was able to manoeuvre the HJ
while building a map of the surroundings. The proposed approach was effective
in safely reacting to collisions and planning the desired trajectory accordingly to

explore unknown areas of the environment.
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Chapter 6
Conclusions and Future Directions

The feasibility of a water-jet powered endoscope for the inspection of the gastric
cavity was demonstrated in [17] and [16]. The resulting endoscopic platform,
the HJ, exhibited promising performance from both a technical and economic
point of view. The simplicity of its construction potentially allows the high costs
related to standard FE to be overcome. To this end, the ability to fabricate the
endoscope at a minimal production cost enables the use of the HJ as a single-use
device, in this way eliminating all costs related to maintenance and reprocessing
of the endoscope.

Despite the encouraging capabilities demonstrated by early HJ prototypes,
a number of crucial limitations were identified. First, the manoeuvrability of
the endoscope was highly limited by the confined range of motion of the tip. A
solution to this problem was proposed and consisted of using the combination of
water-jet actuation and a pivoting action off of the stomach wall to achieve the
retroflexion of the tip, thus allowing visualization of all gastric landmarks. This
represents a valid approach, however, it requires substantial mental effort and
user skill; inevitably causing a protraction of the procedure.

Secondly, the actuation system, relying on dry pinch valves to modulate the
flow-rate of the water ejected from the nozzles, caused damage of the soft tubing.
This in turn resulted in a high probability of rupture of the tube and a modified
input-output characteristic of the actuator during operation.

The technical solutions proposed by this thesis represent feasible improve-
ments that allow the aforementioned limitations to be overcome and introduce
advanced capabilities aimed at facilitating the employment of the HJ platform
in real-world scenarios.

In Chapter 2, a HJ design characterized by a non-homogeneous stiffness of

the tether has been presented. Introducing a lower stiffness section into the distal
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part of the endoscope allowed for a wider range of motion of the tip; although, it
also introduces unstable behaviours at wide bending angles. The kinking event
of thin-walled tubing carrying pressurized water to the tip of the endoscope was
identified as the principal cause of the instability. The use of a stiffer constituent
material for the soft bending section was explored and the newly developed HJ
was extensively tested. Results from the experimental validation showed how the
the proposed design helped in achieving the minimum bending requirements on
120 deg while guaranteeing the stability of the tip. The HJ was equipped with
an improved camera module that, combined with the enhanced range of motion,
enabled a range of view of 180 deg. The adoption of a stiffer bending section
allowed minimization of the number of pneumatic/hydraulic components while
maintaining the suction and isufflation capabilities of the system.

A inhomogeneous bending behaviour was also observed. This can be caused
by a variety of factors such as inaccuracies in the fabrication of the propulsion
module (variable nozzle geometry), non-straight paths of the hydraulic channels
or the non-homogeneous properties of the soft sleeve. In fact, the curing (com-
bination of heat and UV radiation) process, required by the mould fabrication
procedure, can cause a visible warping that results in a non constant thickness
of the moulded soft sleeve.

To address this issue, alternative fabrication methods could be explored to
produce the soft sleeve (e.g. blow moulding). In addition, a variety of soft sleeve
constituent materials could be explored to identify the optimal compound that
produces wide bending angles while guaranteeing the stability of the tip.

To address the problem caused by the pinching action of the flow-rate control
system, a novel valve design called the ECV has been proposed in Chapter 3.
The combination of a wider compression area and a moving contact point guar-
anteed a stable input-output characteristic of the valve, when compared with the
standard approach based on pinch valves. Tests performed with a variety of tube
durometers allowed the tube material that would ensure the ideal performance
of the valve to be identified.

A specific optimization strategy has also been introduced to deliver a linear
input-output characteristic and improved actuator resolution. Comprehensive
tests on the HJ endoscope demonstrated how the optimized ECV was able to
reduce variation of the flow-rate, resulting in smoother movements of the endo-
scope’s tip when compared to the action of both pinch valves and wet solenoid
valves.

Additional factors could be taken into account when performing the optimiza-

tion of the custom compression profile. Flow-rate regime (laminar or turbulent),
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precision of the fabrication process, tubing alignment could be considered to
further improve the device efficiency.

In Chapter 4, a model-free closed-loop control strategy in a polar coordinate
system has been presented. The approach only relies on sensor feedback to deliver
reliable control of the endoscope tip along a user defined trajectory. Although the
control scheme does not require inversion of a kinematic model, a compensation of
the hysteresis, produced by the actuators (ECV), was needed to reach particular
configurations in the workspace. Considering the stable and linear input-output
characteristic of the ECV, the hysteretic behaviour of the valve was modelled
using two linear curves. The resulting hysteresis-compensated controller was
able to steadily drive the HJ’t tip along a predefined path.

The tip elevation restricted to 90 deg during the zig-zag motion represents the
main limitation of the proposed method, and it is caused by the arrangement (or
re-arrangement) of the tubing inside the soft bending segment. An alternative to
the zig-zag path could be explored for elevations above the critical value where
the tube re-arrangement occurs, so that the displacement along the ¢ direction
is performed at lower elevations, while the exploration of the remaining part of
the workspace is achieved with pure movements along .

Implementation of a velocity control scheme represents a potential future
solution that could minimize the time required to complete the task, while testing
the HJ in submerged conditions could help to reduce the amplitude of the tip
oscillations.

The third DoF (elongation of the bending section) could also be introduced
into the design of the system and integrated in the proposed control scheme by
considering the term r of the polar coordinate system as variable. The elongation
of the bending segment could help in reaching the distal part of the stomach with-
out the need for the user to adjust the insertion of the tether; further supporting
procedural automation.

The implementation of autonomous or semi-autonomous behaviours has been
explored in the attempt to relieve physicians of the burden of repetitive tasks.
This is particularly true in the case of MIS but, it can be also translated into
the field of robotic endoscopy with the promise for reduced time to complete a
procedure, as well as a lower mental demand from a user point of view.

In the specific case of endoscopy for gastric cancer screening, task automation
has the potential to facilitate the implementation of mass screening programmes
for gastric cancer in countries where the risk of stomach cancer is high. In
fact, such population based screening campaigns generally require an enormous

economic and logistic effort in the attempt to reach the entire pool of eligible
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patients. These limitations often result in a limited diffusion of the screening
action that consequently causes poor mortality reduction.

With the endoscopic platform described in Chapter 2 defining a low-cost
alternative to standard FE, the introduction of autonomous capabilities could
help in spreading the action of the programs to areas that are generally poorly
served by the national health systems.

The autonomous strategy for the inspection of the gastric cavity, presented in
Chapter 5, represents an example of how autonomous behaviours could help in
performing gastroscopy procedures with no or minimal intervention of the user.
The motivation of this approach lies in the need for non-expert personnel to be
involved in the screening process, so that more procedures can be performed in
parallel.

The combination of collision detection, mapping of the environment and tra-
jectory re-planning methods have been proven to be effective in optimizing the
output of the inspection process, so that the accessible environment can be com-
pletely explored and visualized.

Despite the positive results confirming the performance of the suggested ap-
proach, some limitations remain and need to be properly addressed to effectively
translate the use of the HJ into clinical use. An example is represented by the
reliability of the obstacle detection algorithm. In spite of the high sensitivity of
the method, the probability of occurrence of FP or FN remains significant and
requires the intervention of the user to interpret specific situations and allow the
HJ to continue the inspection autonomously.

In a simulated environment, the collision detection method never failed at
identifying a collision, thus guaranteeing the continuation of the exploration
task without the need for cooperation of the user. Further studies are required
to identify how the autonomous exploration would act in laboratory settings or
in real-case scenarios, and determine the consequences of undesired FP and FN.

The translation into clinical use would also require adapting the HJ sensory
equipment to meet the low-cost and portability requirements. Alternative to the
EM probes, used to perform the experimental validation in this thesis, exist and
one example is represented by the IMU; one is already integrated into the base of
the endoscope. An additional IMU was used in [144] to measure the orientation
of the HJ’s tip and account for modelling inaccuracies. Despite being a reliable
and well-established method to estimate the orientation of a body, the use of an
IMU at the tip of the endoscope implies bigger capsule dimensions and increased
assembly costs (e.g. additional wiring).

On the other hand, the image sensor at the tip of the endoscope could, at the
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same time, allow the visualization of the stomach mucosa and reconstruct the 3D
pose of the endoscope by relying on visual odometry methods [130, 131, 140, 145].
When an image from a monocular camera is used, the estimated pose is without
meaningful scale. To obtain physically meaningful data and enable closed-loop
control strategies, the scale factor needs to be estimated. This can be achieved
using known 3D features of the environment(e.g. markers, known sized objects),
information coming from additional sensors located at the tip of the endoscope
(e.g. IMU, EM probes), registration on medical imaging or, using a relatively
accurate kinematic model of the robot. The latter is already available for the HJ
soft bending section, in this way enabling the estimation of the scale factor and
the initialization of the camera pose without the need for additional hardware.

The calibration object presented in Chapter 4 offers the possibility to cali-
brate intrinsic and extrinsic camera parameters as part of the HJ standard sensor
calibration procedure. Thus, the relative positioning of the camera and propul-
sion system can be easily estimated. To further improve the performance, the use
automatic lesions and landmarks detection methods could be integrated in the
automation strategy and guide the HJ towards suspicious regions that require
further inspection.

In summary, the work presented in this thesis is motivated by the need for
a low-cost yet practical and reliable solution to realize population based gastric
cancer screening programs in countries characterized by high incidence of this
disease. The design and control improvements, together with the introduction of
autonomy, optimized and augmented the capabilities of the low-cost endoscope,

in this way bringing the HJ a step closer to its clinical use.
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