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Abstract

Capacitive Spatial Exteroception in Minimally Invasive
Continuum Robots

Minimally invasive interventions contribute essentially to the reduction of perioperative trauma
in modern therapy and diagnostics. Such an intervention reduces the injury afflicted to healthy
tissue and allows the patient a faster recovery. Despite their benefits for the patient, clinicians are
challenged with the drawbacks entailed in such interventions: Direct line of sight is not available
anymore, and manipulation of tissue is impeded as the access to the situs and the dexterity of the
utilized tools is restricted. Robotic surgery offers the possibility to counteract these drawbacks
by providing actuated instruments with the ability to restore and extend the surgeon’s capability
to manipulate tissue inside the body of the patient. Robotic systems could already be established
in fields of surgery, in which the situs can be accessed on linear trajectories. For more complex
interventions deeper in the body, linear trajectories can be impractical. Therefore, research
investigates the application of continuum robots for minimally invasive procedures. Continuum
robots allow for non-linear access and high dexterity at the distal part of the instrument or
robot. Pure telemanipulation of such highly actuated systems would confront surgeons with
yet another challenge of complex steering and further increase the required learning curve.
Therefore, automation of such robotic systems is required and in the focus of research.

For the automation of minimally invasive robotic systems, spatial information is crucial.
Only such information allows a robot to interact with or avoid the minimally invasive environ-
ment it is enclosed in. Thus, robotic systems require suitable sensing modalities which enable
them to be controlled safely. This thesis investigates the application of capacitive sensing for
the in situ acquisition of spatial information in continuum robots and the utilization of such
information to leverage the automation of diagnostic and therapeutic interventions. Thereby,
the thesis aims to answer the question of how capacitive spatial sensing can be utilized in a
closed-loop controlled system for automation in minimally invasive interventions.

To investigate this question, a novel robotic system is developed that meets the require-
ments for an application in endoscopy as an example of a minimally invasive context. As a
second contribution, a method to apply capacitive sensing in a minimally invasive intervention
is investigated. The resulting sensor is capable of deriving localization information and pro-
viding it to a surgeon or an automated system. As a third method, the sensor and the robotic
system are combined in a joint setup and a method for proximity control is presented. Such an
endoscopic controlled system is evaluated for its capability to center itself in a hollow organ.
Such a capability could be applied to provide a robotic endoscope with an optimized view and
to reduce the risk of injuring sensible tissue.

The continuum robot presented in this work provides a small footprint and minimizes the
number of motors through a novel antagonistic actuation. In a position accuracy evaluation, it



demonstrated a maximum error of 1.8 % of its length. The developed sensor could provide cen-
tering information with an average accuracy of up to (7.2 + 3.2) % of the environment’s radius.
Integrated into the robot, the closed-loop controlled system could demonstrate an average error
of (9.62 + 0.38) mm in a dynamic evaluation and prohibited contact with the environment up to
98 % of the experiment time.

The presented methods still offer challenges in improving their accuracy. Therefore future
investigations should research the optimization of the hardware setup and the calibration of the
robot and the sensor. For a transfer to the clinic and in vivo studies, the behavior of the sensor
in the presence of humidity must be further investigated. With such challenges addressed, these
three presented contributions: The continuum robotic system, the capacitive proximity sensor,
and the proximity control algorithm can be applied in minimally invasive surgery and support a
minimally invasive intervention through automation. The resulting capabilities could improve
the work of clinicians and benefit patient outcome.

Keywords: Continuum Robot, Minimally Invasive, Proximity, Sensor, Endoscopy, Capaci-
tive Sensing, Control

vi



Zusammenfassung

Kapazitive Raumliche Exterozeption in Minimalinvasiven
Continuumrobotern

Minimalinvasive Eingriffe tragen wesentlich zur Verringerung des perioperativen Traumas in
moderner Therapie und Diagnostik bei. Eine solche Intervention reduziert Verletzung von ge-
sundem Gewebe und ermdglicht dem Patienten eine schnellere Genesung. Trotz ihrer Vorteile
fiir den Patienten, sind Arzte mit den Nachteilen solcher Eingriffe konfrontiert: Die direkte Sicht
auf den Situs ist nicht mehr gegeben, und die Manipulation von Gewebe ist erschwert, da der
Zugang zum Situs und die Beweglichkeit der verwendeten Werkzeuge begrenzt sind. Die robo-
tergestiitzte Chirurgie bietet die Moglichkeit, diesen Nachteilen entgegenzuwirken, indem sie
aktuierte Instrumente zur Verfiigung stellt, welche die Moglichkeit des Chirurgen, Gewebe im
Korper des Patienten zu manipulieren, wiederherstellen und erweitern konnen. Robotersysteme
konnten bereits in Bereichen der Chirurgie etabliert werden, in denen der Situs iiber einen li-
nearen Zugang erreicht werden kann. Fiir komplexere Eingriffe, tiefer im Korper sind lineare
Zuginge jedoch oft nicht realisierbar. Daher untersucht die Forschung den Einsatz von Kontinu-
umsrobotern fiir minimalinvasive Eingriffe. Kontinuumsroboter erméglichen einen nichtlinea-
ren Zugang und eine hohe Bewegungsfreiheit am distalen Ende des Instruments oder Roboters.
Reine Telemanipulation solcher hochgradig aktuierten Systeme, wiirde Chirurgen jedoch vor
die zusitzliche Herausforderung der komplexen Steuerung stellen und die benétigte Lernkurve
noch weiter erhohen. Daher ist die Automatisierung solcher robotergestiitzten Systeme erfor-
derlich und Schwerpunkt von Forschung.

Fiir die Automatisierung minimalinvasiver robotergestiitzter Systeme sind raumliche Infor-
mationen essentiell. Nur solche Informationen ermoglichen es einem Roboter, mit der minimal-
invasiven Umgebung, in der er sich befindet, zu interagieren oder ihr auszuweichen. Daher be-
notigen robotergestiitzte Systeme passende Sensormodalititen, die eine sichere Bewegung mog-
lich machen. Diese Arbeit untersucht den Einsatz von kapazitiver Sensorik zur in situ Erfassung
von rdumlichen Informationen in Kontinuumrobotern und die Nutzung solcher Informationen
zur weiteren Automatisierung diagnostischer und therapeutischer Eingriffe. Dabei zielt die Ar-
beit darauf ab, die Frage zu beantworten, wie kapazitive, raumliche Sensorik in einem geregelten
System fiir die Automatisierung in minimalinvasiven Eingriffen genutzt werden kann.

Um diese Frage zu untersuchen, wird ein neuartiges robotisches System entwickelt, das die
Anforderungen fiir eine Anwendung in der Endoskopie, als Beispiel fiir einen minimalinvasiven
Kontext, erfiillt. Als zweiter wissenschaftlicher Beitrag wird eine Methode zur Anwendung ka-
pazitiver Sensorik in einem minimalinvasiven Eingriff untersucht. Der resultierende Sensor ist
in der Lage, Lokalisierungsinformationen abzuleiten und sie einem Chirurgen oder einem au-
tomatisierten System bereitzustellen. Als dritte Methode werden der Sensor und das robotische
System in einem gemeinsamen Aufbau kombiniert und eine Methode zur Nidherungs-Regelung
vorgestellt. Das so geregelte, endoskopische System wird beziiglich seiner Fahigkeit evaluiert,

Vil



sich in einem Hohlorgan zu zentrieren. Eine solche Fihigkeit konnte angewendet werden, um
den Sichtbereich eines robotischen Endoskops zu optimieren und das Risiko fiir die Verletzung
empfindlicher Gewebe durch Kontakt zu reduzieren.

Der in dieser Arbeit prasentierte Kontinuumsroboter weist einen kleinen Footprint auf und
minimiert die Anzahl der Motoren durch eine neuartige antagonistische Aktuierung. In einer
Evaluierung der Positioniergenauigkeit zeigte er einen maximalen Fehler von 1.7 % seiner Lin-
ge. Der entwickelte Sensor konnte Zentrierungsinformationen mit einer durchschnittlichen Ge-
nauigkeit von bis zu (7.2 + 3.2) % des Radius der Umgebung liefern. In den Roboter integriert,
konnte das geregelte System in einer dynamischen Evaluierung einen durchschnittlichen Fehler
von (9.62 £ 0.38) mm nachweisen und den Kontakt mit der Umgebung wihrend bis zu 98 % der
Versuchsdauer verhindern.

Die vorgestellten Methoden bieten weiterhin Herausforderungen zur Verbesserung ihrer
Genauigkeit. Daher sollte zukiinftige Forschung die Optimierung des Hardwareaufbaus und
die Kalibrierung des Roboters und des Sensors untersuchen. Fiir einen Transfer in die Klinik
und zu in vivo Studien muss das Verhalten des Sensors in Anwesenheit von Feuchtigkeit weiter
untersucht werden. Mit der Adressierung solcher Herausforderungen konnen die drei prisen-
tierten Beitrdge: Der Kontinuumsroboter, der kapazitive Ndherungssensor und der Algorithmus
zur Ndherungsregelung in der minimalinvasiven Chirurgie angewendet werden und einen mini-
malinvasiven Eingriff durch Automatisierung unterstiitzen. Die resultierenden Fihigkeiten kon-
nen die Arbeit von Arzten erleichtern und das Outcome fiir den Patienten verbessern.

Stichworter: Kontinuumroboter, Minimalinvasiv, Niherung, Sensorik, Endoskopie, Kapaz-
tive Sensorik, Regelung
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1 Introduction

This thesis investigates the integration of capacitive exteroception into a novel minimally
invasive continuum robot to evaluate the benefits of such a combination for automation in
minimally invasive surgery.

To motivate this investigation, the following chapter introduces the need for such a system
and lists the problems that the approach aims to address. Section 1.2 introduces the derived
research questions, followed by a look ahead at the contributions to the field of research provided
by this thesis. Section 1.4 shortly introduces the structure of this thesis.

1.1 Motivation

To improve patient outcome and recovery time, modern medicine applies concepts of minimally
invasive surgery (MIS) wherever possible. Robotic surgery offers the potential to fundamentally
support and push this development [1, 2]. To reach deeper regions in the patient’s body, on
non-linear, less invasive access trajectories, flexible instruments are already applied and their
automation is investigated [3, 4]. MIS benefits the patient in terms of less injury to healthy
tissue, faster recovery time, and better long-term outcome. For surgeons and medical staff,
however, MIS brings additional challenges [5]:

1. Reachability is lowered by accessing the situs through narrow passages and channels.
Healthy organs can obstruct the direct line of sight and restrict access with tools.

2. Instruments become more complex, their operation more challenging and their usage re-
quires a longer learning phase. The cognitive and physiological load on the surgeon
increases, ergonomy is decreased and often more staff and time is needed for an interven-
tion.

3. Perception at the situs is restricted. Endoscopic images provide a limited field of view,
sense of touch is only possible through instruments, and therefore, less reliable or not
available at all.

Medical engineering addresses these challenges through the advancement of technical features
in medical instrumentation. Research on flexible instruments aims to address point 1: In contrast
to conventional rigid instruments, flexible instruments can bypass critical anatomical structures,
located in the direct line of sight, provide more freedom in the direction from which the situs
can be accessed, and increase the maneuverability to operate at the situs.

However, flexible instruments amplify point 2: They are harder to control and result in an
even higher load and strain for the surgeon and her team. This can be counteracted with the
automation of instrument actuation. Instead of manual control, instruments are equipped with
electrically controlled actuators, and control input from the surgeon is input through ergonomic
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Figure 1.1 — lllustration of dependence matrix for challenges in minimally invasive surgery.

consoles or gamepad-like controllers. In this way, surgical robotics is established in the oper-
ation room (OR) [6, 7]. The combination of point 1 and point 2 leads to the conclusion that
such robotic systems must not only consist of automated rigid instruments and highlights the
need for continuum robotic systems. As is shown in Section 3.1.2, surgical robots with rigid
instruments are well-established in modern surgery. Continuum robotic systems, however, are
still in focus of research.

Point 3 can be addressed by integrating in situ sensors into a minimally invasive instrument.
Through them, perception of the situs can be translated from the distal part of an instrument to
the surgeon. Furthermore, digitized information from the situs can serve for documentation and
will be of increasing interest for the rising demand for information from data-driven methods, in
diagnostics and therapeutic methods [2]. But not only surgeons will benefit from sensing inte-
grated into a minimally invasive system. For an aforementioned minimally invasive continuum
robot, such sensor feedback will also provide valuable information required for the control of
these robotic systems.

Figure 1.1 visualizes the dependencies of MIS and automation. The challenges of MIS
require flexible instruments and in situ sensing. The resulting increased cognitive load can be
addressed by automation in surgery.

In summary, to address the three mentioned challenges of minimally invasive surgery, a
sensorized continuum robot, equipped with skills to gather spatial information at the situs, is
of essential benefit. Even though a lot of research is conducted in this field, combined systems
focusing on both, sensory and actuation aspects, and showing how this can be leveraged for
automation in MIS are very rare (as will be presented in Chapter 3).

The aim of this thesis is to elaborate methods for setup and control of a continuum robot
with integrated exteroceptive sensing, for automation in MIS. This work investigates the po-
tential of capacitive sensing for the acquisition and utilization of spatial exteroceptive informa-
tion. The integration of sensing modalities at the very situs in a minimally invasive setting is
challenged by strict spatial requirements made for minimally invasive instruments and by the



1.2 Research Questions

demanding environment of surgery. In this thesis, capacitive sensing is explored as a candidate
for exteroceptive sensing, offering space-saving and flexible integration as well as facile yet
versatile sensing modalities [8].

1.2 Research Questions

Based on the current research challenges of MIS described above, this thesis addresses the
following superordinate research question:

Superordinate Research Question:

How can capacitive sensing and continuum robotics form a closed loop controlled
system, which can utilize the capacitive sensing as exteroceptive input for automa-
tion in MIS?

Three subordinated questions are derived from the main research question. As a base for
sensor integration, a robotic platform is required. As motivated above, a continuum robotic
system allows to leverage the advantages of a flexible body to provide distal dexterity. Still, such
a robotic setup is subject to research. In a first approach, this thesis will therefore investigate
the following question:

Research Question Q1:

How can a continuum robotic platform be designed to be suitable for minimally
invasive interventions but also fulfill requirements for sensor integration and sensor-
based control?

Capacitive sensing is applied in various fields in an industrial context. In medical inter-
ventions, its application is limited to closed sensor systems such as force sensors. In such a
context, methods for proximity sensing are not yet researched. Thus, this thesis aims to provide
an answer to the question:

Research Question Q2:

How can capacitive sensing be applied to provide exteroceptive information such as
proximity and contact to a minimally invasive instrument or a robotic system?

The first two research questions approach the standalone challenges for the realization of
actuation and sensorization. Yet, to combine both and create a closed-loop controlled system,
this thesis further investigates the question:

Research Question Q3:

How can capacitive sensing and a continuum robot control be integrated into closed-
loop control, and how can a method for controlling such a system be formulated?

In this thesis, one chapter is dedicated to each of these questions. The methods developed
in Chapter 4, 5, and 6 each focus on one of these sub-questions and contribute the answers to
the respective field of research as an extension of the state of the art.
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Figure 1.2 — Summarizing illustration of the research questions and contributions of this thesis. This thesis contributes
a tendon-driven continuum robot (CR), a sensor for in situ capacitive spatial sensing, and, as a combination of both, a
closed-loop controlled endoscopic continuum robot.

1.3 Contributions

The field of research, this thesis contributes to, is sensing and control for the autonomy of MIS.
In this field, spatial information is mostly derived solely from image-based modalities. This
thesis contributes a method for the design and control of a continuum robotic system, which in-
tegrates capacitive exteroception and can center itself in a dynamic environment of a minimally
invasive intervention. Corresponding to the research questions, the overall contribution can be
divided into contributions for spatial sensing in minimally invasive surgery, continuum robot
design, and closed-loop control of continuum robots:

An Antagonistically Actuated Continuum Robot In the field of continuum robot design, a
novel antagonistic principle for tendon actuation is presented and published in [9]. The de-
sign minimizes the number of motors required and provides a four degrees of freedom (DOFs)
continuum robotic setup with tendon force feedback on a small footprint. It offers a con-
tinuum robotic body, sufficiently long and thin for minimally invasive interventions, such as
colonoscopy. The system serves as a research platform for continuum robotic applications in
minimally invasive surgery.

Published in [9]:

C. Marzi, F. Buck, and F. Mathis-Ullrich. “Continuum Robot Actuation by a Single
Motor per Antagonistic Tendon Pair: Workspace and Repeatability Analysis”. In: at -
Automatisierungstechnik 71.7 (2023), pp. 528-536. DOI: 10.1515/auto-2023-0066.
URL: https://doi.org/10.1515/auto-2023-0066
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1.4 Thesis Structure

A Proximity Sensor for Minimally Invasive Procedures The developed method for exterocep-
tive proximity sensing contributes to the field of sensing in MIS. In this field of research, means
for distal distance measurement are rare, rely on external imaging, or are restricted to a front-
facing field of view. Through the applied capacitive proximity sensing, a sensor is presented that
features the low integration volume required for application in minimally invasive instruments
and robots. The method for sensor setup and the processing of the sensor data for localization
information in a minimally invasive scenario is published in [10]. To demonstrate the in vivo
applicability and versatility of the sensing principle, it was applied to a contact sensor which
was integrated into a magnetic flexible endoscope. This integrated system was evaluated in an
in vivo trial [11].

Published in [10, 11]:

C. Marzi, H. Alagi, O. Rau, J. Hampe, J. G. Korvink, B. Hein, and F. Mathis-Ullrich.
“Capacitive Proximity Sensor for Non-Contact Endoscope Localization™. In: 2022 In-
ternational Conference on Robotics and Automation (ICRA). May 2022, pp. 9614-9620.
DOI: 10.1109/ICRA46639.2022.9811734

N. Greenidge, J. Martin, C. Marzi, D. Chathuranga, B. Scaglioni, K. L. Obstein, F.
Mathis-Ullrich, and P. Valdastri. “Restoring the Sixth Degree of Freedom in the Robotic
Manipulation of Mesoscale Magnetic Devices Using the Oloid Shape”. In: [EEE
Robotics and Automation Letters (2024). Currently prepared for publication.

A Proximity Controlled Endoscopic Continuum Robot The third contribution is a control
method, that brings together both previously presented contributions. The sensor’s localiza-
tion information is used as control input for a centering controller. This controller applies a
continuum robot model and inverse kinematics to calculate motor commands for robot control.
Applied to the continuum robotic setup, an endoscopic system can be demonstrated, which is
equipped with the ability to center itself autonomously in a dynamic minimally invasive envi-
ronment [12].

Published in [12]:

C. Marzi, M. Themistocli, B. Hein, and F. Mathis-Ullrich. “Proximity Servoed Mini-
mally Invasive Continuum Robot for Endoscopic Interventions”. In: IEEE Transactions
on Medical Robotics and Bionics (2024), pp. 1-1. DOI: 10.1109/TMRB. 2024 .3464127

Combined, these contributions aim to reduce the restrictions of access and perception in
minimally invasive surgery and leverage new robots that could reduce the cognitive load sur-
geons are exposed to. Figure 1.2 summarizes the research questions and contributions graphi-
cally. These contributions broaden the range of spatial sensing and autonomy modalities, avail-
able for future surgical robots. The contributions focus on minimally invasive interventions to
improve surgery for the surgeon and the patient.

1.4 Thesis Structure

Chapter 2 "Medical Fundamentals" aims to provide the reader with information to help get
an insight into current clinical practice and to understand the clinical needs, addressed in this
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thesis. Section 2.1 reports how minimally invasive procedures are currently conducted. On
the one hand for surgical interventions in Section 2.1.1, and on the other hand for endoscopic
interventions in Section 2.1.2. Section 2.2 reviews methods and imaging modalities for the
acquisition of spatial information for orientation and navigation in MIS. Section 2.3 summarizes
the chapter and points out the challenges of MIS interventions, addressed within this thesis.

Chapter 3 "Medical Automation with Continuum Robots" covers the fundamentals and tech-
nical state of the art, on which the presented methods are based and to which they can be com-
pared. It provides insights into the three technical fields of research of this thesis: Continuum
Robots, Exteroceptive Sensing in Minimally Invasive Surgery, and Capacitive Sensing. Sec-
tion 3.1 "Continuum Robots" starts with an overview of the broad field of continuum robots
and introduces characteristics and parameters for classifications (Section 3.1.1). The topic is
then narrowed down to systems, relevant to the thesis’ scope. The following sections give an
overview of systems certified for use in clinical practice (Section 3.1.2). Afterwards, research on
advanced methods and systems for application in medicine is presented (Section 3.1.3). Addi-
tionally, Section 3.1.4 provides an overview of the kinematic modeling and closed-loop control
for automated continuum robotic systems. As a foundation for the sensory method of this the-
sis, Section 3.2 "Exteroceptive Sensing in Minimally Invasive Surgery" provides insight into the
possibilities for spatial sensing at the situs in minimally invasive applications. Here, distance-
(Section 3.2.1) and force-sensing (Section 3.2.2) are mainly regarded. Section 3.3 "Capacitive
Sensing" concentrates on the fundamentals of capacitive sensing in general (Section 3.3.1) and
presents research on its application in sensors for proximity and distance in Section 3.3.2, as
well as contact and force in Section 3.3.3.

The following three chapters (Chapter 4 to 6) each present one of the main methods this
thesis contributes to the field of research. The robot and sensor system are initially developed
independently and then combined to allow for closed-loop control. Each chapter starts with
a short introduction to review the problem the respective method addresses. In the end each
chapter discusses the respective method in a concluding chapter discussion.

Chapter 4 "Antagonistic Continuum Robot" presents the design and evaluation of the robotic
subsystem of this thesis. Its requirements are derived from the medical field of application (Sec-
tion 4.2). On this basis, the robot’s development and setup are reported in Section 4.3. To eval-
uate workspace and repeatability, experiments were conducted and are presented in Section 4.4.

Chapter 5 "Capacitive In Situ Spatial Sensing" introduces methods for two capacitive sensor
types: One as an add-on sensor for proximity sensing in a minimally invasive instrument or
robot (Section 5.2). The other is a multi-contact sensor, integrated into a magnetic capsule robot
(Section 5.3). Both systems are evaluated experimentally, the proximity sensor in a phantom
experiment, and the contact sensor in an animal trial.

For the combination of sensor and robot, Chapter 6 "Proximity Controlled Continuum
Robot" first introduces necessary adaptions to the sensor and robot hardware for the combi-
nation (Section 6.2), then the processing algorithm for sensor data and robot control is intro-
duced in Section 6.3. The system was evaluated in a dynamic phantom setup, as reported in
Section 6.4.

Chapter 7 "Discussion" reflects on the combined results and their consolidated significance
in the fields of application (Section 7.1). Limitations are presented (Section 7.2) and the contri-
butions and answers to the research questions are reviewed in Section 7.3

Finally, Chapter 8 "Conclusion” sums up the thesis’ findings in a take-home message. Sec-
tion 8.2 translates the identified limitations of the methods into possible working points for
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optimization and presents thoughts and lessons learned for future investigations in this field of
research.






2 Medical Funhdamentals

The following chapter aims to explain the necessary medical fundamentals for a profound un-
derstanding of the technical challenges that this thesis addresses. It serves for defining terms in
the areas of application and should help to relate to the situation in the OR, understanding the
problem settings and challenges from the application’s point of view.

2.1 Minimally Invasive Procedures in Medicine

Minimally invasive techniques in medical interventions aim to reduce the patient’s trauma. The
following chapters highlight the application of such techniques in surgery and diagnostic in-
terventions. This section addresses medical practice, therefore focus is laid on systems with
approval by notified bodies such as Conformité Européenne (CE) or Food and Drug Adminis-
tration (FDA), or recent developments from established manufacturers are addressed. Systems
developed by research labs in earlier stages of evaluation are presented under technical aspects
in Section 3.1.2 Continuum Robots in the Clinic.

2.1.1 Minimally Invasive Surgery

Minimally invasive surgery (MIS), often also called keyhole surgery, is a class of surgical pro-
cedures that are united by the approach of reducing the number or length of incisions in the
epithelia of a patient. This is in contrast to open surgery, where the skin and overlaying tis-
sue are moved aside to lay open the full extent of the surgical situs and gain a direct line of
sight. Open surgery requires such large incisions to provide the surgeon with sufficient view
and workspace on pathological organs and tissue. To be able to reduce this open space, MIS
requires specialized instruments, which enable accessing the situs through an incision of a few
millimeter length. In most cases, one such instrument is an endoscopic device, serving to over-
come the occluded line of sight to the situs, by incorporating distal optics and providing an
image of the situs to the instrument’s proximal end (see Section 2.1.2 for details). To enable
manipulation, instruments such as forceps, electrocauters, and graspers are designed to incorpo-
rate a long, narrow shaft transferring the motion or energy from a handpiece to a miniaturized
end-effector [13].

Figure 2.1 shows exemplary laparoscopic tools a) and a flexible gastroscope b). Their de-
sign aims to use natural orifices or only small incisions of 3 mm to 12 mm length to insert the
instrument. In a typical laparoscopic intervention, the operating surgeon bi-manually operates
two instruments such as graspers and scissors while an assistant coordinates endoscope place-
ment [14, 15].

To further reduce the access trauma, a subclass of MIS, Natural Orifices Translumenal
Endoscopic Surgery (NOTES) aims to access natural openings of the body, such as the mouth,
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Figure 2.1 — a) Examples of laparoscopic instruments. b) A flexible gastroscope.
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urethra, anus, or vagina, to get as close to the situs as possible before penetrating tissue. This
way, only a minimal working channel through healthy tissue is required for surgery, and trauma
1s minimized [16].

Another method of MIS overcomes the restricted view through fluoroscopy. This can be ap-
plied in interventions where the situs is located at a structure that is well visible in fluoroscopy,
such as spine surgery [17]. Another application is given by cardiovascular surgery, where con-
trast agents can visualize the vessel structure. Here, minimally invasive interventions comprise
the usage of catheters and guidewires. Typical interventions are the treatment of aneurysms
(i.e., widening of a blood vessel with risk of rupture) or atherosclerosis (i.e., accumulation of
plaque with impeded blood flow and risk of a stroke). Here, wire-guided catheters are inserted
into the body and navigated to the situs while fluoroscopic imaging provides position feedback.
When the catheter has reached the situs, it can be used to introduce tools for treatment such as
stents or balloons [18, 19].

The primary advantages of MIS are reduced trauma to the skin and organs, as well as
reduced loss of blood during surgery. As a result, time to recovery and pain management can
be improved significantly. As fewer inner organs are openly exposed, the risk of surgical site
infections is also reduced. For the patient, smaller scars result in improved cosmesis after
surgery. The faster recovery time even allows the use of outpatient laparoscopic interventions
(i.e., a patient can leave the hospital on the same day as the intervention) [13].

While it brings benefits for the patient outcome, MIS also comes with additional challenges.
The requirement of less injury often results in specialized instrumentation which requires com-
plex handling and additional training. This afflicts medical apprentices with additional cognitive
load and more training before being able to conduct such interventions. But also experienced
surgeons are exposed to more challenging interventions and uncomfortable postures required
for instrument handling. The latter also causes the risk for surgeons to suffer from strain injury
when practicing surgery [14]. The additional complexity often also comes with minimally inva-
sive interventions to typically take longer than an equivalent open surgery. This increases costs
and reduces personnel availability. Lastly, the surgeon loses direct haptic feedback of the situs,
as contact forces can only be felt as transferred through the instruments. Haptic feedback can
be crucial for some interventions, such as cancer treatment, where the surgeon can differentiate
malignant tissue from healthy tissue by perceiving its elasticity. But also in cases where tissue
haptics do not play a primary role, it is regarded as relevant for surgeons’ orientation [5, 20].

Nevertheless, the combined effort of advancements in medical practice and research, as well
as medical instrument engineering has helped MIS to completely replace open surgery in some
standard applications [13]. MIS can be applied in various fields of surgery and has become a
standard procedure in fields such as general surgery, gynecology, urology, and cardiothoracic
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surgery [5]. For many other fields of surgery, minimally invasive methods are established as
well and are further investigated and evaluated. The tendency to convert further interventions to
MIS continues.

This also led to the establishment of robotic systems into the clinical daily routine [1, 21].
The most widespread robotic system in clinical practice is Intuitive Surgical’s Multiport Surgical
System da Vinci [22], with approximately 1,875,000 surgical procedures performed in 2022
[23]. Its major use case is laparoscopic surgery, such as cholecystectomy. It consists of up to
four robotic arms on a patient cart. Each arm holds a laparoscopic instrument and is inserted
into the patient’s body through a separated port, restricting its motion to a remote center of
motion (RCM). To gain manipulability inside the body, its distal tips incorporate cable-driven
wrists, which allow for deflection in 2 DOFs. Similar systems - also approved for surgery -
are available as well, but not yet represented in clinics in likewise numbers: REVO-I, a robotic
system by the South Korean Meere Company, also comprises a robotic cart with multiple arms
and is approved for by the South Korena FDA [22], Avateramedical’s Avatera platform was
CE-approved in 2019, and Medicaroid Corporation’s Hinotori system, which has been filed for
approval in Japan in 2023. Also, Johnson & Johnson has announced a OR-table mounted robot
system Ottava with up to six arms [24].

Other systems deviate from the single cart approach and install each robotic instrument
on its separate robotic cart, which allows for more flexibility for placement and modularity.
Examples of such systems are Medtronic’s Hugo RAS, which gained CE approval in 2021 [1, 24]
(former project name Einstein [25]), the Senhance Surgical Robotic System by TransEnterix,
with CE and FDA approval in 2016 [1], and Cambridge Medical Robotics Ltd’s Versius Robot
(UK) [1, 25].

2.1.2 Gastrointestinal Endoscopy

Endoscopy denominates the usage of thin tube-like imaging instruments with optics at their
distal tip, to transfer the situs’ image to their proximal end. Such instruments allow to be
inserted through a small opening in a patient’s body, and can often be moved inside the body
to depict various parts of the situs. Consequently, endoscopes play a crucial role in almost all
minimally invasive surgical interventions. Due to its visualization capabilities, endoscopes also
find a wide range of applications not only in surgical but also in diagnostic interventions. The
following paragraphs will highlight the most common fields of application and point out their
clinical needs and requirements.

Gastrointestinal endoscopy is the endoscopic examination of the digestive tract. Due to
the soft and complex nature of its hollow organs, flexible instruments are required to navigate.
Gastrointestinal endoscopy can be divided into upper and lower gastrointestinal endoscopy. Its
fields of application and concerned anatomy are depicted in Figure 2.2. In upper gastrointesti-
nal surgery, access is gained through the mouth and it serves for examination of the esophagus,
stomach, and duodenum (Esophago-gastro-duodenoscopy (EDG)). In lower gastrointestinal en-
doscopy the anus is used for access and it serves for the examination of the rectum and colon
(i.e., colonoscopy).

Typical indications for gastrointestinal endoscopy are suspicion of lesions in the mucosa or
adenoma surveillance for cancer screenings. Before the intervention, the patient is required to
be fasting and laxatives can be administered to ensure the bowels are emptied. Additionally, in
special cases, (e.g. constipation) an enema can be conducted. Therefore, water is injected into
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Figure 2.2 — Fields of application for endoscopic interventions in the gastric tract. Based on the examined organs, the
mouth (upper gastroendoscopy) or the anus (lower gastroendoscopy) is used for access.

the colon to flush out residual waste. To improve motion and vision, the colon is inflated with
CO; in colonoscopies. The complication rate of colonoscopies is very low, as shown by the rate
of 0.058 % for serious complications in colorectal cancer screenings in Germany from 2003 to
2008 [26].

Gastroendoscope Design To illustrate the current design and features of contemporary flexi-
ble endoscopic devices, the following paragraph summarizes the evolution of flexible gastroen-
doscopes and their current form in medical practice. Typical gastrointestinal endoscopes com-
prise a flexible body. For advancement and adoption of the field of view, the tip can often be
deflected via Bowden cables. Rotation and insertion are performed manually, using control
wheels at the instrument’s proximal handpiece. Due to its flexible body, rigid optics, as they
were used in early straight endoscopic devices, can only be used to a very limited extent [27].
To overcome this issue, in the 1950s, first devices were developed in which bundles of optical
fibers were embedded in the endoscope [28]. Distal optics project the image onto the distal end
of the fibers. The total inner reflection in each fiber transports color and intensity information of
the distal image. At the proximal end of the fiber and the endoscope, this image is then projected
onto an eyepiece or imaging chip (video endoscopy) [27]. This method however restricted the
image resolution to the number of fibers incorporated. Furthermore, internal losses in the fiber
and an overlaid pattern from the fiber shape reduce image quality in this approach. With the
technological advancement in imaging hardware, camera size could be reduced sufficiently to
be able to fully integrate the optics and imaging chip into the endoscope’s distal tip. This is also
referred to as chip-on-the-tip and the preferred imaging modality in recent flexible endoscopes,
as it also provides more space along the instrument’s body [29]. In a similar development,
the first endoscopes utilized light guides to transport the light required for endoscopic imaging
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from a proximal light source to the situs. In modern systems, the advancing development of light
emitting diode (LED) technology allows to integrate miniaturized light sources directly into the
endoscope’s distal tip. These LEDs are now strong enough to provide sufficient illumination
while minimizing dissipated heat, which could otherwise endanger the surrounding tissue. As
not only a light source’s dissipated heat can harm tissue but also the light energy required for
imaging can lead to burns, recent gastroscopes incorporate adaptively controlled illumination
that minimizes the light intensity for a given scene [30]. Most gastroscopes comprise additional
channels: A smaller channel for insufflation or aspiration, as well as a larger working channel
for additional diagnostic or therapeutic instrumentation [30, 31].

Auxiliary Features As the main task of gastrointestinal endoscopy is the screening of the
colon’s or stomach’s mucosa, various supporting features can be integrated aiming to facili-
tate this task. As the colon wall exhibits strong folds, examination with a front-facing field of
view holds the risk of missing obstructed adenomas. To reduce this risk gastroenterological
endoscopes can incorporate balloons or "whiskers", helping with centering the tip of the en-
doscope and straightening folds of the colon, to allow for the best view of its surface. Such a
system is EndoAid’s EndoRings or the Endocuff VISION from Olympus [30, 32]. They feature
elastic levers, attached to an endoscope’s tip, which help flatten the folds and improve sight on
the colon’s wall. Further measures include the incorporation of specialized or additional optics,
enhancing the field of view. For a maximized field of view, fisheye lenses [30] or additional
cameras facing side- or backward [30] can be used. Other systems provide highly flexible distal
sections allowing for 180° deflection at a small bending radius enabling them to "take a look
back" [30].

To extend from purely visual diagnostics, gastroendoscopes can be equipped with special-
ized instruments and sensors such as Ultrasound (US) or Optical Coherence Tomography (OCT)
for additional imaging modalities. Such modalities are for example biopsy needles, chromoen-
doscopy with or without combination with spray dyes to mark lesions [27, 29], fluorescence
imaging [29], confocal laser endoscopy and endocytoscopy [30].

To improve ergonomics for the surgeon and facilitate the handling of endoscopes, robotic
functions have been introduced into modern products and continue to be developed. Especially
with the integration of therapeutic tools, instrument handling becomes too complex for man-
ual steering. Thus, robotic, endoscopic systems are mostly teleoperated through a console or
a handheld remote [29, 33, 34]. Details on such systems will be provided in Section 3.1.2
Continuum Robots in the Clinic.

Capsule Endoscopy For a complete overview of gastroenterological endoscopy, also capsule
endoscopes need to be mentioned. As they are out of the scope of this work, only a brief
overview and hints for continued reading are provided. Capsule endoscopy serves especially
to examine deeper regions or the full length of the gastrointestinal tract. Systems can be clas-
sified in their capabilities of motion control: Many systems purely rely on passive locomotion
from the intestines peristaltic (e.g., PillCam (Given Imaging, Israel), or EndoCapsule (Olym-
pus Corporation, Japan)). Others allow for partial locomotion or reorientation, which can be
externally [35, 36] or internally actuated [37, 38]. Images can be recorded on the capsule itself
or transmitted wirelessly to a receiver outside of the body [39]. While some systems are still
tethered for power supply and data interfaces (and are retracted after an intervention) [36, 40],
others provide on-board power supply and wireless interfaces [37, 41]. Further information can
be found in the reviews [33, 42, 43].
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2.2 Sensing Modalities for Navigation in Endoscopy

For navigation in a minimally invasive intervention, surgeons require information on the spa-
tial relations inside the patient’s body. Based on such information, an endoscope is controlled
and advanced. While the knowledge of the underlying anatomy is a key factor, the individ-
ual anatomy differs from patient to patient, especially for pathological tissue and organs. For
this reason, most interventions are preceded by preoperative imaging, not only for diagnostic
purposes but also for planning and navigation of the intervention.

Flouroscopy One of the most common imaging modalities used for navigation is fluoroscopy.
X-rays are projected through the patient’s body or body part onto a receptor screen. The rays are
dampened depending on the tissue they pass and respectively create an image of the structure
on the screen. As conventional X-ray can only provide a projected two-dimensional image of
the anatomy, Computed Tomography (CT) enhances this imaging modality by taking multiple
images from various directions and computing 3-dimensional or tomographic images. Soft
tissue and bone strongly differ in their absorbance, which facilitates imaging of bone structure.
To examine images of other organs, such as blood vessels or parts of the gastric tract, contrast
agents such as barium sulfate or sodium methylglucamine diatrizoate can be applied [44, 45].
Depending on the application, they can be injected or administered orally. The respective organ
is visualized in 2D or 3D and the images provide spatial information that allows for navigation
of an endoscopic device. Fluoroscopy can also be applied intraoperatively. However, due to
its ionizing radiation, exposure time for patients and medical staff is a crucial limiting factor.
Therefore, it is mainly used in catheter interventions where endoscopic feedback is not feasible.

Magnetic Resonance Imaging Magnetic Resonance Imaging (MRI) is based on the magnetic
excitation of atomic spins. The spin release response can be recorded and the signal be pro-
cessed into a tomographic image. This imaging modality does not come with hazardous ra-
diation, but it employs strong magnetic fields and consequently large setups. This limits the
imaging modalities’ availability due to economic and space factors and results in it being almost
exclusively employed for preoperative imaging. Intraoperative use is also strongly inhibited by
interference through metallic objects, such as would especially be the case for robotic systems
[46].

Visual Imaging Intraoperatively, visual feedback is the most relevant source of information.
In laparoscopic interventions, the abdomen is inflated with CO;, creating a comparably large
space to navigate and operate. Due to multiple instruments being in use, special attention needs
to be given to collision avoidance. For camera guidance, good communication, and situation
awareness play an essential role for surgeons and endoscopic assistants. The desired field of
view strongly depends on the situation. It can be required to focus on details of the situs’ tissue,
one or multiple instruments, or on a large field of view to provide an overview of the whole
situs. In diagnostic endoscopy, surgeons control the endoscope themselves, but camera control
becomes more challenging due to the use of a flexible instrument and navigation through the
soft tissue.

Haptics As through the use of MIS instruments, haptic feedback is dulled or lost completely,
collisions are harder to detect and hold an increased risk. Especially in flexible endoscopy,
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where almost no force from the instrument’s distal tip can be transmitted to the surgeon, col-
lision with the organ’s wall can result in perforation [47]. Another risk in flexible endoscopy,
1.e., endoscopy, is loop formation. As the surgeon follows the winding shape of the colon, the
endoscope can take a looped shape. In such a shape, the inner tissue can be constricted by the en-
doscope, potentially damaging it. Therefore, research approaches investigate the loop-detection
in flexible endoscopes [48]. An alternative method is the usage of inflatable balloons attached
to the endoscope, which can serve for the reduction of risk of perforation, for locomotion, and
an improved view on the colon wall [30, 49, 50].

2.3 Challenges in MIS and Endoscopy

Even though MIS has been established as the gold standard in many fields of modern surgery,
open challenges and improvements are manifold. Surgeons still require a long learning phase to
handle minimally invasive instruments. And even after training, success (e.g., polyp detection
rate) correlates with the years of experience [51]. Conducting a minimally invasive interven-
tion can afflict stress and fatigue on the operator of such instruments [14, 43]. As minimally
invasive instruments are often complex, their sterilization is often time-consuming, costly, and
carries the risk of cross-infections [52]. Therefore, disposable designs are of interest in recent
developments to provide single-use minimally invasive devices [52, 53].

Most reviews agree on the increasing importance of robotic surgery, due to its advantages
in reduced invasiveness, reduced control complexity, and surgeon’s improved ergonomics [7,
54]. Yet, efforts are required to reduce the port size, introducing the term needlescopic as
an expression of the intention of aiming for needle-sized endoscopic systems [13]. Further
technological developments aim to improve navigation through the combination of multimodal
imaging technologies with other pre- and intraoperative patient data [54].

In contrast to laparoscopy, no robotic system has yet managed to be introduced as a standard
for flexible endoscopy. Challenges remain the complex control and the lack of sensory informa-
tion through the instrument’s or robot’s flexible body. Recent research indicates, that this can be
addressed if suitable sensor technologies are available. Loop detection in flexible endoscopes
was already successfully tested in the OR [25, 48]. Pullens et al. could demonstrate the benefit
of sensor-based lumen centralization [55, 56]. With their system, based on image processing,
they could improve the intubation time and polyp detection rate of novice endoscopists [57, 58].

Motivated by these findings, this thesis researches the application of intraoperative spa-
tial sensing for a flexible robotic system. In endoscopic applications, such sensor information
can improve navigation and support autonomy features to relieve the endoscopist and improve
patient outcome.
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3 Medical Automation with Continuum
Robots

After reviewing the standard of care regarding minimally invasive and endoscopic interventions,
this chapter examines the technical state of the art, which this thesis builds upon and to which
it compares. In the first section (Section 3.1), the state of the art of continuum robotic systems
is provided. Then, in Section 3.2, an overview of methods for providing exteroception and
applying it for CR control, is given. As this work’s aim is to provide CR exteroception based
on a capacitive method, fundamentals and the state of the art of capacitive sensing, in general,
are presented in Section 3.3.

3.1 Continuum Robots

In chapter 4 the design of the robot developed in this work is introduced. To contextualize the
methods, applied to its design, the following sections provide an overview of CR classification
and technologies for CR actuation (Section 3.1.1), recent systems in the clinic (Section 3.1.2),
in research (Section 3.1.3) and introduce methods for control (Section 3.1.4) of CRs.

3.1.1 Overview and Technologies

Conventional robots consist of discrete joints, connected by serial or parallel configurations of
rigid links, to form an actuated structure, with multiple DOFs. Typical commercially available
robot arms for industrial applications consist of such a serial set with up to 7 DOFs. In contrast,
the term continuum robot describes robotic setups, which base their ability for motion on the
elastic deformation of their solid body structure rather than distinct joints [59]. As such a
deformation occurs distributed over the complete solid body, a continuous bending is present,
instead of identifiable discrete joints. Such an actuated continuum structure can be regarded
as a serial manipulator with the number of links and joints going towards infinity [3]. As an
intermediate form, the terms serpentine or snake-like robots, denominate robotic systems with
similar characteristics of long, slender, and highly actuated bodies, but still countable, discrete
joints. While they still exhibit serial, discrete (and often passive) joints, their number of joints
is often large and the length of links is kept short. Such an assembly creates a vertebrae-like
structure that can be actuated similarly to continuum robots [60]. This allows to approximate
the continuous bending of a CR and to use such systems in similar applications. As a visual aid,
Figure 3.1 provides a graphical differentiation of the three presented classes.

Another class of robots, that is often mentioned regarding continuum robotics is given by
soft or compliant robotic systems [61]. While the classes continuum robots and compliant robots
show a large overlap of systems presented in research, it should be pointed out that they address
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Discrete Serpentine Continuum

Figure 3.1 — Distinction of a discrete joint, serpentine, and continuum robot. Drawing based on content from [3, 59]

different properties of a robotic system. Compliant robotics focuses on the mechanical property
(i.e., compliance) of the robots’ links but also compliant joints. Continuum robotics focuses
on the aspect of a method of actuation, based on continuously distributed joints, hereby the
compliance of the whole actuated structure can be the crucial factor to allow for such actuation.
Therefore, compliant robot is often the more generic term [61]. Soft robotics focuses on the
implementation of compliant robot structures, often from materials such as silicone or rubber,
and the harnessing of such softness for application benefits. This does not refer to a method
of actuation, but often, continuum robotic methods need to be applied for the control of soft
robots.

There are various characteristics by which CRs can be distinguished and classified, as
shortly defined by the following list and detailed below.

* Origin of actuation: CRs can be separated in being intrinsically or extrinsically actuated.
This refers to the origin of the robot’s motion in relation to its structure. Actuators can
be located inside of the continuum structure (intrinsically actuated) or outside of it and
forces for motion are transmitted through the robot body (extrinsically actuated). Often
this relates to the location of where the last conversion of energy to motion happens.

* Actuation technology: While intrinsic or extrinsic actuation provides a bipartite char-
acterization of actuation. It can be further differed by the technology of actuation. As
shown below, various methods can be applied to gain control over a continuum structure
[62].

* Field of application: While most general purpose robots are discrete manipulators and
serial robot arms, CRs often focus on specialized applications, where their properties are
of special benefit. Therefore, many CRs are designed with a special application in mind
and can be distinguished by such. Typical applications which motivate the usage of CRs
are medical interventions [63, 64], inspections of complex machines (e.g. air turbines, or
nuclear power plants) [65], harvest [66], space [67] or underwater robotics [68].

Various methods for the actuation of continuum robots have been developed and are cur-
rently being researched. The following listing provides an overview of technologies available
for the actuation of continuum and serpentine robots and references some examples and reviews.
Figure 3.2 illustrates the listed actuation principles graphically. This list serves as a reference
for comparison of the methods presented later and will only shortly address tendon-driven sys-
tems. As such are the focus of this work, they are introduced in further detail below and in
section 3.1.3.
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* Tendon-Driven (extrinsic): An elastic backbone is deflected by a pulling force on ten-
dons attached to the robot’s distal end. The backbone’s restoring force restores the neutral
pose when the tendon is relaxed. More details on this actuation principle are given below
and in Section 3.1.3.

* Multi-Backbone (extrinsic): Multi-Backbone setups rely on deformable parallel central
rods, which can transmit not only tension but also compression in the axial direction.
When these rods are moved in relation to each other, an end-spacer connecting them
experiences a bending moment. This allows to steer the robot’s tip [69, 70].

* Concentric Tube (extrinsic): In this setup, a set of hollow tubes are placed inside of each
other. Typically these tubes are from a highly elastic material, such as Nickle Titanium
Alloy (NiTi). The outer tubes are manufactured with a higher stiffness than the inner
ones, e.g. by exhibiting a thicker wall. By imprinting the tubes with curved shapes, the
outer tubes force their shape on the inner ones, while inserted. When extended from the
outer tube, an inner tube takes its native shape. By nesting multiple such tubes in one
another and actuating them extrinsically, multiple DOFs can be implemented [71, 72].

» Steerable Needle (extrinsic): This actuation is used for robots, traversing tissue. A
beveled tip of a needle with an elastic body creates a deflection moment and brings the
needle on a curved path. By rotating the needle axially, the direction of deflection can be
steered [73].

* Magnetic Actuation (extrinsic): This actuation relies on stimuli from an external mag-
netic field. A magnet integrated into a robot structure experiences forces or moments from
the external fields and gradients. Through a compliant robot structure, the respective part
of a robot can be deflected and moved. The external field can be induced by robotically
actuated permanent magnets [74] or arrangements of magnetic coils [75]. Magnetic ac-
tuation allows for actuation continuum robots but also tethered and untethered capsule
robots (see below) [76].

* Fluidic (intrinsic): Another method to drive a CR is by incorporating chambers in an
elastic structure, which expand when pressurized by a fluid (e.g., air, gas, or liquids).
When being pressurized, these chambers extend and result in bending or elongation of
the continuum structure. As a result of the actuation principle, such robots are often made
from highly elastic materials such as silicone, they are a typical implementation of a soft
robotics system [77-79].

* McKibben (intrinsic): A special variety of pneumatic actuators are McKibben actua-
tors. These are tube-like chambers which can be pressurized with an additional braided
filament wrapped around the camber. This filament influences the chamber’s direction
of motion when pressurized. They can be parameterized to result in either shortening or
elongation when pressurized. This concept is not only used for continuum robots [80]
but also for actuation of biomimetic robots, as they allow for mimicking of a muscle and
tendon actuation of a skeleton, as in animal or human physiology [81, 82].

* Growing Vine (intrinsic): Another variant of pneumatic actuation is a robot’s imple-
mentation as an extendable tube. This technology is based on a large inflatable tube with
a thin wall that is folded inside out when pressurized. This way the robot’s tip extends
forward. During this process, the structure can adapt to the structure of the environment.
It can be steered by incorporating sections of varying stiffness or additional pressurized
pouches [83, 84].
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* Hydro Jet (intrinsic): Here, actuation of a robot’s tip is achieved by repulsion of a liquid
media (e.g. water) from nozzles at the robot’s tip. By controlling the flow from the noz-
zles, the direction and speed of robot deflection can be controlled. This is a specialized
method for actuation, only suitable for a few applications. However, as medical interven-
tions often rely on irrigation, such an actuation technology can be beneficial in such cases
[85, 86].

¢ Solid State Actuators (intrinsic): Various materials induce a mechanical deformation
when exposed to external stimuli, such as heat or an applied voltage. Such effects sim-
plify actuator miniaturization and are therefore well suited for control of a continuum
robotic structure. Common materials used in such applications are Shape-Memory Al-
loys (SMAs), such as NiTi which can be tuned to obtain a heat-based shape memory
effect [87-89]. Alternative options are Shape-Memory Polymers (SMPs) [90] and Elec-
troactive Polymers (EAPs) [91] which can induce motion when heat or voltage is ap-
plied. Also light based induction of motion has been researched [92]. Furthermore, the
well-researched and commercially applied piezoelectric effect can be used for micro- and
macroscopic actuation [93]. Depending on the design of such a solid-state actuator, it can
be applied to form a discrete joint actuation or continuum actuator.

* Micromotor (intrinsic): Similar to conventional serial manipulators, multiple serial mo-
torized joints can be used to actuate a long, thin structure. As per the definition above,
this falls into the category of a serpentine robot. In such intrinsically actuated robots, the
challenge of miniaturization of the motors comes into account to be able to form a slender
robot structure [3, 94].

* Capsule (both possible): Capsule robots can be regarded as a separate class of robots
instead of a subclass of continuum robots. Nevertheless, they are listed here, on the one
hand, due to their relevance especially for gastroscopic applications, and on the other
hand due to mixed form robotic systems with capsule and continuum robotic aspects.
In a gastroscopic context, capsule robots are robotic systems, small enough to fit into
natural orifices of the gastric tract, where they are either passively transported by the
peristaltic motion of the bowels or exhibit various degrees of locomotion, either by be-
ing self-propelled or through externally applied forces such as magnetic fields. Capsule
robots can also be tethered for power data interfaces, which requires retraction after an
intervention [42].

* Variable Stiffness (intrinsic): This is another actuation technology that cannot provide a
standalone mean of actuation. As the name suggests, it summarizes methods, which allow
to control the stiffness of parts of the robotic structure. In combination with one of the
presented actuation technologies, or by involving external forces from the robot’s envi-
ronment in robot control, this can provide additional DOFs for a robotic system. Various
methods for controlling a structure’s stiffness have been researched, such as interlocking
structures, jamming particles, and application of solid-state actuators [95-97].

Extending the technologies presented here, various works present mixed technology systems
aiming at combining advantages from multiple technologies.

Tendon Driven Continuum Robots are one of the most common forms of CRs. It consists
of an elastic backbone, which is divided into sections by spacer disks, attached to it. Tendons
for actuation are guided along its body, through holes in the spacer discs. A single segment of
such a robot is terminated by an end-spacer, to which the tendons are attached. By applying
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Figure 3.2 — Overview of actuation technologies for continuum robotic systems.

tension on one of the tendons, a bending moment is exerted on the backbone and it bends to-
wards the tensioned tendon. The elasticity of the backbone creates a restoring moment and the
robot structure takes a position at the equilibrium of both moments. Typically, a single tendon
allows for bending in a single direction, from the neutral, upright position. Thus, bending in
an arbitrary direction requires at least three tendons, distributed around the backbone. Typical
implementations often work with two pairs of opposing tendons, as this allows for independent
actuation of a full DOF by one pair of tendons. By serially stacking multiple segments, this
concept can be extended to more DOFs. Advanced implementations are researched to increase
the number of DOFs in a single segment: Extendable backbones can be used to introduce trans-
lational DOFs [98—100]. Helical tendon routing allows for an axial twist of a continuum robotic
segment [101, 102]. Further details on the setup and implementation of such tendon-driven
systems will be given in Section 3.1.3. An overview is provided in Figure 3.3.

Various CR implementations replace the elastic backbone of a tendon-driven continuum
robot with a series of rigid elements, connected by passive joints or hinges. This way a serpen-
tine robot, rather than a CR, is formed but with very similar actuation and behavior.

In the following, continuum robotic setups for application in medicine are introduced. The
mechanical concepts and their implementation are presented and evaluated to provide reasoning
for the design of the system of this work, presented in Chapter 4.

3.1.2 Continuum Robots in the Clinic

The so far presented surgical robots, often apply conventional rigid link manipulators. These
provide high accuracy and reliability for robotic systems in medical interventions and can be
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Figure 3.3 — Working principle of a tendon driven CR. Typical spacer configurations for four and three tendons are
displayed on the right side.

efficiently developed and controlled. However, due to their bulky setup, they can hardly im-
plement DOFs inside of the body. This means motion is restricted to the DOFs which can be
transferred through the minimally invasive access port used for surgery. Rigid rod-like instru-
ments are inserted and their motion is restricted to pivotal motion, insertion, or withdrawal.
This restriction is referred to as RCM constraint and a typical factor, limiting the dexterity of
surgical robots. Means to overcome this limitation are implementations of proximal "wrists",
as they are present in the da Vinci system. However, this still only provides a very limited or
local increase in dexterity and manipulability. Applying continuum robotics for surgery aims
to facilitate access to the situs, even on non-linear trajectories. Furthermore, it aims to improve
dexterity and manipulability by increasing the number of DOF available inside of the patient.
This could already be implemented commercially, in the systems presented in the following.
Section 2.1 shortly introduced FDA or CE approved robotic systems with rigid instruments.
Even if not so widely established in medical practice, some robotic systems with continuum
robotic characteristics have been developed and approved for application in the OR as well.

Conventional surgical robotic systems rely on a separate port for the access of each instru-
ment and camera used. Single port systems follow the approach of introducing all instruments
through one rigid shaft inserted through a single port. As this constrains all instruments to the
same RCM, continuum robotic approaches are applied to the distal parts of the instrument to
gain additional and independent DOFs. Such systems are often applied for general surgery,
gynecology, and urology [1]. Single port systems, which have been commercialized are sum-
marized in the following list:

* Da Vinci SP, Intuitive Surgical (US). The system comprises three instruments and a flex-
ible endoscope. It gained FDA Approval in 2018 [1].

* SPORT surgical system, Titan Medical (CA). The system introduces two instruments
and two cameras through a port of 25 cm diameter [25, 103].

* Anovo, Momentis Surgical (Israel). Its field of application is transvaginal surgery. It
contains two flexible robotic instruments, each with 2-DOF bending and rotation [1].

* SHURUI SP, Surgerii Technology Co, (China). This Single-port multi-tool system is
applied for ovarian cystectomy. It is actuated by a multi-backbone approach [104].
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SurgiBot, TransEnterix (US). It is based on an earlier development Spider, it incorporates
two continuum robotic instruments, and a rigid straight one, as well as a 3D camera.
However, it could not gain FDA clearance [25].

To eliminate the restrictions of RCM-constraints, other systems are implemented with a
fully flexible body. While this enables navigation in more complex structures such as the lung
or the digestive tract, such technology often limits the number of instruments that can be imple-
mented. Presented commercial systems of such kind are:

Da Vinci Ion, Intuitive Surgical (US). A Robotic Bronchoscope of 3.5 mm outer diameter.
It includes a camera and a needle for biopsies. Navigation is supported by a 3D mapping
system based on robot shape sensing and preoperative data [1, 103].

Monarch, Auris Health (US). A Robotic Bronchoscope, teleoperated by a gamepad-like
controller. The system is based on a variation of the concentric tube and tendon-driven
robot, where an inner tube and an outer sheath are both controlled by tendons [105]. It
includes a camera for the detection of nodules in the lung [1, 106].

NeoGuide Endoscopy System, NeoGuide Endoscopy (US). Now acquired by Intuitive
Surgical. This system is a highly actuated endoscope. It obtained FDA-approval in 2006.
It comprises a body with 16 actuated segments [25, 30]. A successful clinical trial was
conducted in 2007 [107]. It features a kinematic model for shape reconstruction and loop
detection [25].

Flex robotic system, Medrobotics Corporation (US). It features an endoscopic robotic
system for head and neck surgery. Two forceps channels are attached along the endo-
scope’s body. The system exhibits a length of 25 cm [31].

Invendoscopy E200 system, Invendo Medical (Germany). A disposable robotic endo-
scope, steered via a handheld joystick controller. It gained FDA clearance in 2016. The
system provides 35 mm bending radius, 170 cm length and a 3.1 mm working channel
[25, 29].

Aer-o0-Scope, GI-View (Israel). Another single-use endoscope system. It gained CE
and FDA approval in 2016. It supports examination in deeper regions of the colon by
featuring a self-propelling tip, comprising inflatable balloons. These serve on the one
hand for flattening folds in the colon, and on the other hand for closing a section of the
colon, which is then pressurized to propel the endoscope’s tip forward [43, 49, 50].

Instead of designing a fully robotic system from scratch, some manufacturers develop sys-
tems to automate conventional flexible endoscopes. This brings the benefit of being able to rely
on established procedures regarding sterilization and usage while still providing the benefits of
facilitated control for the surgeon. Examples of such systems are:

Avicenna Roboflex, Elmed (Turkey). The system adapts to conventional endoscopes to
allow for robotic control, from a surgeon’s console. The system was CE approved in 2013
[1, 29].

EndoDrive, ECE Medical Products (Germany). An adapter for conventional endoscopes,
providing motorized advancement and axial rotation. Tip deflection is conducted manu-
ally, using the endoscope’s conventional controls [29].
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3.1.3 Medical Continuum Robots in Research

Section 3.1.2 presented robotic systems that are already approved or in the process of gaining
approval for the application in surgery. The following section presents systems which also focus
on an application in surgery but are part of ongoing technical research. The applied methods for
actuation, sensing, and control are presented as fundamentals of the methods presented in this
thesis. Mainly tendon-driven systems are regarded, as such actuation, is the most commonly ap-
plied and close to the actuation of manual flexible endoscopes. Furthermore, this work’s robotic
system is based on tendon actuation. Thus, the review of these systems allows to compare the
method presented to its state of the art.

Generally, a tendon-driven CR requires at least three tendons per segment to enable full
bending in all directions. However, many CR systems employ actuation with four tendons. This
allows to regard bending along one axis (i.e., X- or y-axis) as independently actuated by one pair
of tendons. This actuation concept is shown in Figure 3.3. In such a setup, bending from neutral
(i.e., upright position) to the positive direction is taken over by one tendon, and bending in the
negative direction is conducted by the other tendon. When one tendon is shortened to introduce
bending, the opposing one needs to be lengthened. Such an antagonistic actuation allows to
independently control the tendon displacements for the x and y components of a desired CR
bending direction. Typically, a tendon is displaced by being wound around a drum. A motor
rotates this drum, which shortens or lengthens the tendon, depending on the direction of rotation.
Intuitively, this would require four motors for the actuation of a CR segment (i.e., four tendons).
This can result in a high number of motors required for the actuation of a continuum robotic
system. E.g. a system with three segments requires a large set of actuators with 12 motors as
presented in [108]. Due to the fact, that the tendons of an antagonistic pair move contrary to
each other, a common motor can be used to actuate both tendons. In such a setup, both tendons
are coiled around the drum in opposite directions. This way, when one tendon shortens the
other lengthens. Amanov et al. implement this concept in their proposed CR, with motivation
for application in medicine [99]. Yeshmukhametov et al. utilize this concept to actuate a CR for
the harvest of fruit [66, 109].

Antagonistic approaches face the challenge of slack, as two tendons are actuated together.
As a visual aid, this is illustrated in Figure 3.4. For a given robot deflection, the displacement
lshort Of the shortened tendon is larger, than the displacement /i, required by the opposing
tendon:

lshort > llong (31)

As both antagonistic tendons are actuated together, the displacement of the tendons introduced
by tendon drum rotation is equal for both tendons (i.e., [ghore ). Without countermeasures, this
results in a reduction of tension on the lengthened tendon, which can result in tendons entan-
gling or losing their guidance on pulleys. To overcome this issue tensioning mechanism can be
incorporated into a CR (see [110]) or the pulley radius can be varied, as presented in [111].

To increase a CR’s dexterity, research investigates how more DOFs can be introduced into
a continuum robot structure. Therefore, many works introduce two or three independently con-
trolled, serial segments [66, 109, 110, 112, 113]. Other works investigate how a single segment
can incorporate more than just two bending DOFs by introducing extendable segments. This
way, the two bending DOFs of a single segment can be extended by a translational DOF. Gain-
ing a translational DOF in a continuum robot is of special benefit for medical interventions, as a
robot or instrument needs to be inserted into the body. To achieve this, CRs can be installed on
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Figure 3.4 — Visualization of slack in antagonistic actuation. As the upper tendon requires less displacement than the
lower one, the relaxed (i.e. upper) tendon experiences slack.

a linear axis or a robotic arm [66, 113—115]. Alternatively CRs are researched to be extensible
by winding their body on a spool [116], by extending their backbone with magnetic spacers [98,
117] or by online assembly [100].

Another method to increase the number of DOFs in a CR’s segment is to incorporate the
ability to twist the body, via a helical tendon routing. Typically, a continuum robot cannot
achieve a rotation of its tip around its backbone’s axis. However, by routing tendons helically
around the backbone, a moment can be induced. This also allows for non-planar bending of a
single segment [101, 102, 118]

The presented methods for CR actuation aim to facilitate various interventions. A CR sys-
tem presented by Hong et al. is designed for a minimally invasive intervention in the Maxillary
Sinus (hollow structure in the skull, inferior to the eye) [113, 114]. Their system features a
grasper and camera at its tip and exhibits a two-segment CR with only 4 mm diameter. This is
required to allow for the complex access trajectory through the nose. The system also applies
variable stiffness based on an interlocking structure to improve the manipulation of tissue.

Kume et al. developed an endoscopic system for application in gastrointestinal endoscopy.
They integrated therapeutic tools, such as forceps, knife, and biopsy needles to conduct endo-
scopic submucosal dissection in an ex vivo porcine model. Their system is based on an exter-
nally actuated conventional flexible endoscope, with the additional tools attached to its proximal
tip [119, 120]. Liang et al. could conduct a similar study in an in vivo experiment on a pig with
a system that fully integrated the therapeutic tools in the instrument’s 10 mm outer diameter
[121]. A system by Troncoso et al. provides three distal segments actuated by four motors each,
which allows it to be applied for throat surgery by attaching tweezers, and diathermy cutters
next to a camera [108].

3.1.4 Modeling and Control of Continuum Robots

Modeling and controlling a continuum robot has been reported as one of the major challenges to
be overcome for extensive applicability of CRs [122]. As justification and fundamentals for the
control method, presented in this thesis, an overview of control methods for CRs is provided.

Figure 3.5 visualizes the modeling process of a CR. Modeling a CR is the task of mapping
a robot’s actuator space Q to its task space T. A robot’s actuator state g € Q such as the
robot’s motor positions, results in a task space representation p € T (e.g., the robot’s Tool Center
Point (TCP) pose T C SE(3)). To allow for such a mapping, an intermediate representation
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Figure 3.5 — Modeling process for continuum robot control. Graphic adapted from [65, 122, 124—126]

of the robot configuration can be required, the respective space is the robot’s configuration
space C. The robot configuration ¢ € C contains parameters describing the state of the robot
model. Depending on the model, the number of parameters (dimensionality of C) can differ
significantly. A robot model f(q) maps from actuator space to task space: f : Q +— T. For the
control of a continuum robot, the inverse mapping g : T — Q is required, to determine control
commands for a given task space goal [63, 123].

As a method to accurately represent the physical behavior of a continuum robot, Cosserat-
rod theory can be applied [127]. Hereby, the robot backbone is modeled as a 1D thin and long
rod, subject to bending, shear, and twist moments. As such a model takes forces into account,
means to incorporate tendon-force sensing into a CR are of interest in continuum robotic re-
search [99, 128, 129]. Alternatively, the forces can be modeled based on the actuator position,
which, however, results in lower precision. The Cosserat-rod model sets up the differential
equations for the forces and moments in the system. To simplify the differential equations, typi-
cal implementations assume moments only to affect the robot at the end spacer locations, where
tendons are terminated. As solving the set-up differential equations can be computation-heavy,
such models are often less suitable for fast control of a continuum robot [122].

A solution to overcome this limitation is a constant curvature assumption. In a first ap-
proximation, the backbone shape can be modeled as exhibiting constant curvature over its full
length [124]. This allows a CR’s segment to be fully described by a bending direction ¢ and
a curvature k. Such a model can be set up as a closed-form forward model and is suitable
for fast implementations of inverse kinematics. The gain in computation speed comes at the
cost of losses in accuracy, as the assumed constant curvature only provides a limited approxi-
mation. Therefore, variants have been developed that try to counteract these limitations [122].
An example is the piece-wise constant curvature model, which offers additional accuracy by
dividing a segment into several pieces that exhibit constant curvatures, that can differ from each
other [62]. Further modeling approaches can rely on another shape-based representation (e.g. a
spline), approximate the CR by multiple rigid link bodies, or by lumping parameters along the
robot shape [122].

Inaccuracies in the robot model or external influences can render a purely model-based
forward control imprecise and unreliable. Therefore, a lot of research engages in equipping
CRs with proprioceptive sensors providing feedback on the sensor’s task space state. Such sen-
sors allow to model the current robot state not just from actuator space but include sensory
information, possibly taking external influences into account. Based on such sensing, the robot
configuration can be controlled in a proprioception-based feedback loop. Typical sensors that
can be applied for continuum robotic proprioception are Fiber-Bragg-Gratings (FBGs) imple-
mented in thin optical fibers, which can easily be embedded in the robot body. They allow for
the determination of the amount of stress at the gratings’ locations and derive the robot shape
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[130, 131]. Further methods utilize external sensing and imaging modalities, which are often
already present in a surgical context. This can be intraoperative imaging (e.g. CT, MRI, US)
and electromagnetic tracking. In image-based methods, the challenge lies in 3D robot shape re-
construction from the respective images [130]. In electromagnetic tracking, uniform precision
and sensing setup configuration can be a challenge [130]. Other modalities include inductive,
Hall effect, and stretch sensors [62].

Control of a continuum robot can also be achieved by data-driven models. Various ap-
proaches try to sample, actuator, and task space training data, to train neural networks-based
approaches to approximate the inverse kinematics [125, 126]. As training data, real-world
recordings or simulation results from precise, but computationally costly simulations can be
utilized. In such control approaches, challenges lay in data acquisition, adaption to structural
changes, and efficient model inference for real-time control [123].

3.2 Exteroceptive Sensing in Minimally Invasive Surgery

With a CR set up, and control implemented, various works look into the automation of surgical
tasks or invasive diagnostic applications. To achieve this, sensory information on the situs is re-
quired, for motion control, especially, spatial information is needed. In the following, research
is presented, that investigates methods for exteroceptive sensing, integrated into minimally inva-
sive systems with a special focus on technologies that can be applied or have been demonstrated
in continuum robotic systems, to leverage motion control and automation.

3.2.1 Proximity and Distance

As therapeutic and diagnostic interventions deal with delicate tissue and organs, distance to such
objects is crucial information for navigation inside a patient’s body. Cheng et al. in [132] and
Liu et al. in [133], both present continuum robotic systems, which are equipped with optical
fiber distance sensors. Such sensors allow for lateral distance measurement at the robot’s tip.
The working principle of fiber distance sensors is visualized in Figure 3.6. Light is projected
from the distal end of an optic fiber onto an opposing surface. Here, it is reflected and partially
cast back into the fiber. The amplitude of the returning light correlates with the distance of the
reflecting surface. Thus, an intensity measurement allows to estimate the sensor’s distance from
an object. In [132], three optical fiber sensors are integrated into a pneumatically actuated con-
tinuum robot and used to determine the robot’s distance from the wall of a tubular environment
(i.e., representing the colon). A control strategy is presented to keep the robot centered in such
an environment. Liu et al. utilize the same sensing principle in a tendon-driven CR. Here, four
fiber distance sensors are embedded in the sensor’s tip and used for distance control to an object
in motion (i.e., the beating heart). Optical fiber sensors can present obvious advantages as they
exhibit a thin body (often with sub-millimeter thickness) and prove to be ideal for facile inte-
gration in a continuum robotic system. Their directivity and signal strength can be optimized
by suitable cutting angles [134]. Yet, they are disadvantageous in their susceptibility to varying
reflectance of the sensed object and - especially in a medical context - debris in the path of light.

Distance information can also be derived from a camera integrated into a CR system [135].
As a vision system is the fundamental component of any endoscopic instrument and serves for
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Figure 3.6 — Overview of exteroceptive sensing modalities in CRs and their working principle. a) Optical distance sensing
based on the intensity of a reflected ray of light. b) Localization in a magnetic field using hall sensors. c) Localization
based on an integrated camera.

a surgeon’s orientation and navigation, it is obvious to utilize this information in automated
systems. To determine the direction for advancement and for centering in the colon, recent re-
search investigates depth estimation from monocular images as they mostly are available from
endoscopic systems [56, 57, 136, 137]. Visual localization can be based on Simultaneous Lo-
calization and Mapping (SLAM) [138]. Here, image features in subsequent images are detected
and correlated. From the disparity, the environment is reconstructed and the imaging origin is
localized in this environment. Applied on an endoscopic CR this can serve to map the situs
and localize the robot’s tip with the integrated camera, as demonstrated in [139-143]. This also
brings the advantage, that a map of the situs can be created which can, for example, serve for
documentation of detected polyps [144]. However, SLAM often relies on a static environment,
where changes outside the field of view, can render a created map unreliable.

In microsurgery, such as ophthalmic procedures, the instruments are too small to integrate
cameras. Thus, an external image e.g. from a microscope can be utilized to estimate the instru-
ment’s distance to the environment. In [145] the instrument and its cast shadow from micro-
scope illumination were tracked to estimate the instrument’s distance to the retina.

Besides visual imaging methods. Also US [146] or OCT images [147] can be integrated
in CR systems. As such imaging modalities mainly provide information on the inner structure
of tissue, they are less suitable for measurements of distances through air or gas. They are
rather used to determine the distances to an organ or a boundary surface through tissue. In
special cases, magnetic sensors can be used to sense the distance of metallic clips in tumors
used during surgery or can be applied for the search of shrapnel [148, 149].

In an industrial context, Time-of-Flight (TOF) distance sensing is a popular candidate for
distance measurements. While Abah et al. present a continuum robot with TOF based distance
sensing, their system is not intended for medical application. The outer diameter of 15.8 cm
demonstrates the challenge of miniaturization which impedes the integration of TOF into CRs
[150]. Nevertheless, initial approaches to integrate TOF into a rigid endoscope, using light
guides, could indicate that such a technology might be available in the future [151].

3.2.2 Contact and Force

Contact and force sensing is of special interest in MIS, as conventional surgical procedures of-
ten rely on a surgeon’s ability to touch and feel tissue. Through MIS this information is lost (see
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Section 2.1.1). To restore the availability of such information through minimally invasive instru-
ments, sensors are integrated into medical instruments and can provide this information back to
the surgeon. For rigid minimally invasive instruments, research efforts investigate the integra-
tion of force sensing distally, proximally, and in the shaft of a minimally invasive instrument
[152]. Proximal integration of sensors often benefits from less spatial constraints compared to
distal sensor integration. However, proximal sensing often involves complex models to estimate
distal forces and can provide less accuracy due to additional disturbances, transduced through
the minimally invasive instrument’s structure [153]. To measure distal forces on a minimally in-
vasive instrument, conventional force-torque sensors (FTSs), based on resistance strain gauges,
have been miniaturized to be applicable to the distal end of a laparoscopic gripper [153-155]. In
such FTSs, strain gauge sensors measure the displacement of an elastic structure. From the de-
formation and calibration, the forces and moments applied to this structure can be derived. Noh
et al. transfer such a design from rigid instruments and robots onto a CR [156]. Instead of strain
gauge sensors, optical displacement sensors can be applied. For miniaturization, such sensing
can be implemented with optical fibers [157, 158] or transducers can be integrated directly into
the CR structure [156]. Optical fibers with FBGs allow measurement of a displacement on
multiple locations along the fiber. This principle can also be utilized for the detection of forces
and moments applied to surgical instruments [159] and to CRs [160, 161]. In the latter, FBGs
are not only used for proprioceptive shape sensing (see Section 3.1.4) but can also serve for
exteroception of forces.

To characterize not only a binary signal of contact or a linear force, but to provide infor-
mation on the structure of a surface, more complex sensors can be integrated into minimally
invasive robots. Such as the Haptic Vision Sensor developed by Fagogenis et al. Such a sen-
sor consists of an elastic contact surface, filmed from the backside by an integrated camera. A
controlled lighting environment allows structural information to be derived from the reflection
pattern. The sensor is integrated into a minimally invasive, concentric tube robot to navigate to
the heart [162].

Even capacitive sensing can be applied for force sensing in minimally invasive instruments.
This is reported in Section 3.3.3 with more details.

3.3 Capacitive Sensing

Electrical capacitance is the property of an electric circuit to store charge. To utilize this ef-
fect for various applications, capacitors are available as parts for circuit design. However, all
conductive (e. g. charge-bearing) parts in an electric assembly can be assigned a residual capac-
itance. The extent of such a capacitance strongly depends on spatial relations and materials of
a circuit. Thus, capacitive measurement allows the characterization of a circuit regarding such
factors. In this thesis, this concept is utilized to derive proximity and contact information of a
robotic setup and its environment. As fundamentals for such methods, the following sections
present the general principle of sensing capacitance (Section 3.3.1), how it is applied in prox-
imity sensing (Section 3.3.2), and contact sensing (Section 3.3.3) applications, with focus on
robotics.
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Figure 3.7 — a) Visualization of a parallel plate capacitor with electrode area A and a plate distance of d. b) Basic
measurement circuit schematic. An alternating voltage u(t) is applied to the capacitor setup C and the current i(¢) is
sampled over a shunt resistor R.

3.3.1 Capacitive Sensing Principle

One of the most basic forms of a capacitor setup is the parallel plate capacitor, visualized in
Figure 3.7a [163]. Two square, parallel plates from a conductive material (i.e., electrodes),
are charged by a voltage Uy. Both electrodes are dimensioned equally, with an area A, and an
intermediate spacing of d. When the distance is relatively small, compared to the capacitor
plate’s length, i.e., d < V/A, the setup’s capacitance C can be determined by

A

C=¢ 7 (3.2)
In this equation, € = &€, is the material-dependent factor of permittivity. For the setup de-
scribed above, it is assumed, that the space between both capacitor plates is homogeneously
filled with one material. The material’s permittivity is a product of the natural constant vacuum
permittivity & = 1.11265005545 x 107 '9Fm~! [164] and the material factor, the relative per-
mittivity €. Table 3.1 provides some examples of the relative permittivity of some exemplary
inorganic materials and tissues.

To measure the capacitance of a circuit, a sinusoidal voltage u(t) = U sin(®t) of an angular
frequency @ and amplitude U is applied. In an alternating current circuit, a capacitance C can
be expressed as a complex impedance Z = 0 — j& (where j denotes the complex number)
[163]. A current i(t) = [ cos(wt), with amplitude [ is induced and the voltage can be expressed
as u(t) = Zi(t). From this, the relation of the voltage’s and current’s amplitudes can be used to
determine the capacitance as in

A I
O=1172|=C=— (3.3)
oU

The principle from Equation 3.3 can be used in a simple schematic as presented in Figure 3.7b,
to measure a setup’s capacitance. An exciter signal is applied to the setup under test and the
resulting current is measured as a voltage Ug over a shunt resistor R by an Analog Digital
Converter (ADC). The sampled voltage Ug can be converted to the current through R, which, in
combination with the known exciter signal, can be used to estimate the capacitance present.

Adding to the simplified schematic in Figure 3.7b, real-world measurement circuits com-
prise additional parts for the usage of multiple channels and switching of measurement modes
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as well as analog filtering, amplification, and digital processing of the signal. Further additions
aim at additional features, such as a selectable exciter frequency and shielding options for the
electrodes. For the application of capacitive sensing for proximity and tactility, changes in ca-
pacitance in the range of 100 fF to 10 pF have to be measured [166]. In this range, parasitic
capacitances from Surface-Mounted Device (SMD) parts on the measurement circuit, such as
analog switches, introduce relevant errors. To overcome such errors, and provide capacitive
sensing on eight channels, Alagi et al. present a sensing circuit that integrates reference capaci-
tors and a measurement bridge in a capacitive measurement [166]. By comparing the reference
signal and the capacitive input signal (both including identical analog switches), the introduced
error from the parasitic capacitances of the measurement circuit can be suppressed to a large
extent. The measurement circuit presented by Alagi et al. is used in the methods presented in
Chapter 5 and Chapter 6.

3.3.2 Proximity and Distance

A capacitive measurement can be utilized to estimate distances. Such sensing methods make
use of the capacity’s dependency on the distance d (see Equation 3.2). When the capacitor’s
plates move away from each other, the capacitance increases. A typical proximity sensing setup
comprises a sensing electrode, subject to excitation. It is modeled by one plate of the parallel
capacitor (Figure 3.7a). The other plate is represented by an approaching object or surrounding
environment. This kind of capacitive sensing modality is referred to as self-capacitance sensing
[167]. Its principle is visualized in Figure 3.8. To allow for such a representation, the object to
be detected needs to be conductive to represent the capacitor’s plate and allow the sensing elec-
trode’s electrical field to couple to its surface. Nevertheless, such a scenario diverges strongly
from the idealized parallel plate capacitor and Equation 3.2 is unsuitable for directly solving
for the distance d. Still, such a measurement can be utilized, as the correlation of measured
capacitance to distance persists. Realistic scenarios comprise complex geometry with many
unknown parameters, especially in robotic use cases. Therefore, an analytical solution for a
closed-form formula, which maps capacitance to distance can hardly be applied. Instead, cal-
ibration experiments on the applied setup allow to empirically quantify the relation between
distance and capacitance. In the literature presented in the following, such an empirical map-
ping of the capacitance is often referred to as proximity instead of distance to account for the
lack of a theoretical model of the underlying physics.

Capacitive proximity sensing is an attractive candidate for providing distance information,
as it allows for simple setups. As transducers simple electrode setups can be utilized which only
require conductive surfaces in almost arbitrary shapes. This allows for facile implementation of
highly customized sensing setups, suitable for various use cases [169, 170]. Capacitive sensing
is not only versatile regarding electrode geometry, but it also supports their implementation
from various materials. As the only requirement for the electrode material is its conductivity,

Table 3.1 — Static Relative Permittivity of Exemplary Materials and Tissues. Data from [165]

Material &, Tissue &,

Air 1.1 Blood 5260
Polyethylene 2.3 Bone 1.05 x 10°
Silica 2.4 Tooth 1.05 x 10°
Water 80.2 Fat Tissue  1.00 x 107
Hydrogen peroxide 128 Liver 3.01 x 107
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—| E@

Figure 3.8 — Visualization of the concept of capacitive proximity sensing. a) An electric field spans between a sensing
electrode and an object. b) The equivalent schematic representing this scenario. Adapted from [168, 169]

the manufacturing of soft or printed electrodes is also possible [8, 171]. Capacitive proximity
sensing experiences limitations when it comes to sensor range, which is typically limited to
the range of the size of its electrodes. To overcome such issues, capacitive sensing is often
combined with long-range sensors (e.g., optical sensors) [169].

Robotic applications of capacitive proximity sensing can be found in industrial robotics,
where capacitive sensing is applied for contact avoidance. Several works aim to cover robots
with a hull or skin to prevent collisions with workers or objects [166, 172—174]. Another interest
of research is to leverage proximity information for robot motion control in industrial [175—
177] or Human Robot Interaction (HRI) scenarios [178]. Capacitive proximity sensing is also
an attractive candidate for fine-grain control of grippers and prosthetic and robot hands [179].
Here, fingertips are sensorized to allow for the determination of object shapes and grasping
poses.

3.3.3 Contact and Force

With capacitive sensing, tactile sensing can also be realized. This modality is based on a very
similar sensing concept as capacitive sensing. One variety of such a setup incorporates both
electrodes of the capacitor setup (see Figure 3.7a and integrates an insulating, elastically de-
formable medium in between both. This allows the outer electrode to be shifted towards the
inner one when experiencing a normal force. This shift can be detected and quantified as a
change in capacitance. Depending on the characteristic of the elastic medium, and the expected
forces, the relation of force and distance can be assumed to be linear or requires a more complex
regression and calibration. This way thin force transducers can be manufactured with a highly
customizable geometry for integration in robotic systems. Another concept to realize tactile
sensing 1s to rely on a capacitive setup’s variation of the overlapping area A (as in Equation 3.2).
When a parallel capacitor’s plates are shifted laterally, in a first approximation, only the over-
lapping area accounts for the setup’s capacitance. In combination with an elastic medium or
structure connecting both, this can be used to create a sensing setup, receptive to shear forces.
By combining multiple such elementary (shear or normal force) measuring units with suitable
mechanical structures, up to full 6-DOF FTS can be realized, as shown below. Figure 3.9 vi-
sualizes different concepts for different tactile modalities based on capacitive sensing. In MIS
tactile feedback is often restricted or lost through the usage of long and rigid instruments, pivot-
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a) Normal Force b) Shear Force
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Figure 3.9 — Two fundamental principles for capacitive tactile sensing. a) On the one hand, a variation of the capacitor's
distance d (in Equation 3.2) can be utilized. b) On the other hand, a variation of the overlapping surface (shaded area).
The induced change in capacity allows for the conclusion of the normal or shear force applied. The combination of such
elemental units allows for more complex sensors with multiple DOF.

constrained motion, or flexible endoscopes. Therefore, it is in the interest of research to provide
in situ force sensing to minimally invasive instruments. While there are approaches to introduce
such sensing on a proximal part of the instrument or inside its shaft, this comes with limita-
tions due to a less direct measurement method. Distal integration, however, struggles with strict
requirements regarding a feasible volume for integration [152, 180].

With capacitive sensing technology, minimally invasive graspers can be equipped with a
distal sensor to determine gripping forces and moments [181-184]. The possibility to imple-
ment such sensors as thin layers enables force sensing in such space-restricted applications as
MIS. Kim et al. further develop this sensor concept to a 3-axial force sensor [185] and also
to a full 6-DOF FTS [186]. Such sensors can then be applied for minimally invasive palpa-
tion examination [187-189], e.g., for the detection of lung nodules [190]. For application in
continuum robots, Lo presents a concept for a capacitive sensor that can be integrated into the
tip of a continuum robot and provides force feedback for an ablation needle at the robot’s TCP
[191]. The sensor measures the needle’s displacement with capacitive electrodes integrated in
the robot’s tip and derives forces applied to the needle.

Capacitive force sensing is also in the interest of robotic applications on grippers and hu-
manoid hands. In this field of research, capacitive tactile sensing allows to acquire information
on gripping forces and contact points, which is highly relevant information for grasping [167,
192], in-hand manipulation [193] and hand-over tasks [194]. Due to the low integration volume
of the transducers, also dense arrays of such sensors can be designed [195].

The two presented capacitive sensing concepts for proximity and tactility are also well-
suited to be integrated into a combined sensor. To achieve this, a multilayered structure as pre-
sented in [196] can be utilized. It allows for proximity and tactile sensing with often neglectable
additional volume for integration compared to a single modality sensor.
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4 Antagonistic Continuum Robot

Accessing the surgical situs in minimally invasive settings can be challenging. To address this
issue, this chapter investigates the lack of accessibility in a minimally invasive setting. There-
fore, a robot platform is to be developed which enables to bring spatial sensors to the situs. In
this chapter, the system’s actuation is addressed and the developed robot is presented and eval-
uated. The initial section will briefly repeat the motivation for such a minimally invasive CR.
Section 4.2 will go into detail on the requirements for such a system. In the following section,
the methods for the design of such a system are described. This design was substantially sup-
ported by the Master’s theses of Thomas Scherr and Felix Buck. Based on their work, the robot
design could be published in at-Automatisierungstechnik in 2023 [9]. Section 4.4 presents the
robot’s workspace and repeatability analysis, which is then discussed at the end of this chapter.
For look-up and overview purposes, Table 4.1 provides a reference of all symbols used in this
chapter, with constant values for the robot design denoted.

Table 4.1 — Overview of the symbols introduced in this chapter and the CR’s design parameters

Symbol Parameter Symbol Value Parameter
Myq,My1,Myx2,My>  Robot Servo Motors lpo 260mm  Backbone Length
Tix+)1, Tix1, Tivay1, Tivyr - Tendons Segment | ns 16 Number of Spacers
Tix+)2, Tix-y2, Tivay2, Tiv)2 - Tendons Segment Il Ngeg 2 Number of Segments
6 Servo Angle (general) [rad] ds 9.9mm  Spacer and Robot Diameter
d  Tendon Displacement ts 1.5mm  Spacer Thickness
d'"  Lengthened Tendon Displacement rrp 6.0mm  Tendon Drum Radius
I} Lengthened Tendon Length rr 3.5mm  Tendon - Backbone Distance
ls  Shortened Tendon Length dywy 1.0mm  Backbone Diameter
dg  Slack hgyyb 58mm Substruction height
r Backbone Bending Radius agp  230mm  Base plate side length

K  Backbone Curvature
¢  Backbone Angle
Fr  Tendon Force
Fic Load Cell Force
q = [0x1,6y1,6x2,0y2] Current robot configuration

4.1 Introduction

MIS constraints the motion for used instruments to a few ports chosen for access. From such a
port, conventional instruments can only access the situs on linear trajectories, and their motion
is restricted to pivoting, axial rotation, and insertion/extraction. Surgical CRs are investigated
to create minimally invasive systems that provide additional, distal DOFs inside the body of
a patient and improve the accessibility of the situs. This renders the manipulability in MIS
closer to the situation in open surgery and provides the surgeon with more flexibility to operate.
Examples for such CRs are presented in [98, 99, 102]. However, they often consist of large,
bulky setups with various separate peripherals required for operation. Furthermore, to allow
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for advanced research on CRs for MIS, an experimental setup should be equipped with force
measurement on each tendon. Combining such characteristics in a continuum robotic setup has
hardly been addressed by literature so far. Therefore, this chapter investigates the design of a
CR that incorporates force sensing for each tendon, and provides all means for operation in a
compact volume, by minimizing the number of motors required for actuation. The system is
designed with an application in MIS, and later integration of proximity sensing in mind.

4.2 Requirements for a Minimally Invasive Continuum Robot

Chapter 2 and Chapter 3 point out how gastroendoscopic devices benefit from robotic features
or even require them to integrate advanced diagnostic and therapeutic functionalities. For the
overall goal of this thesis, a robot platform is required, which fits in a research setting, allows
integration of capacitive sensing, and can demonstrate spatial sensor-based automation. To keep
close to a possible application, it should mimic the properties of a typical endoscopic device.
For the proof of concept in this work, colonoscopy is chosen as a motivator as here spatial
restrictions allow for the least trade-offs for the sake of miniaturization. In the following, the
requirements for the developed robot are listed:

Actuation Priniciple For the proposed application, the robot’s actuation setup should be kept
simple. Especially the robot’s distal parts support the system’s pursued use case in MIS, where
they enable a potentially disposable design of the robot’s invasive parts. To keep the system
cost-efficient, the design must minimize the number of required actuators. While the system is
not designed for in vivo use, it should still address practical challenges, like sealing the robot
body from liquid and humidity.

Dimensions The robot should represent an actuated tip of a gastroendoscopic system. To
minimize sedation and pain, an endoscope’s diameter is kept as small as possible while still
being able to integrate its functionalities and working channels. While for some of the robotic
approaches in research, this results in diameters of up to 25 mm, most standard instruments’
diameters remain below 10 mm. Therefore, the latter upper limit is also required for the system
to be designed. The system’s segment length should mimic the length of a typical endoscope’s
deflectable tip. As only an endoscope’s proximal part should be modeled by the continuum
robotic system, an upper limit of 15 mm is aimed for one segment’s length.

Degrees of freedom Most flexible endoscopes provide a tip that is deflectable in only one or
two directions, as more DOFs would overwhelm an endoscopist’s manual steering capabilities.
The new design should allow to research additional benefits through robotic control which is not
affected by such limits. The robot’s design should support at least two controllable segments,
with two-DOF bending for each.

Proprioceptive Sensing The review of literature on robot control (see Section 3.1.4) points
out benefits in accuracy of force-based kinematic models for CR control. Therefore, the design
should not only allow to position-control the displacement of a tendon but also monitor each
tendon’s force, thus allowing for the application of force-based closed-loop control models.
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Figure 4.1 — a) The design of the developed robot and various configurations of the robot body, viewed from the front. b)
A top view of the robot platform.

Versatile Research Setup As the setup is aimed for research purposes, it should still allow
for versatility and adaptability of hard- and software. Therefore, further requirements involve
a setup which can still be modified and parts exchanged. Additionally, to support the ongoing
development of the robot software, indications of the system’s states such as signaling LEDs
should be available. While the system should be modular, it should still comprise all necessary
peripheral parts such as power supply and onboard low-level control. It should provide an inter-
face to high-level control, ideally through the use of standardized APIs used in research such as
the Robot Operating System (ROS)[197]. This will facilitate conducting research studies, sup-
port the extension of the system, and enable future integration into advanced robotic research
systems and setups.

4.3 Robot Design

From the requirements in Section 4.2, the robot’s system design is derived and described in
the following. The robot is developed as a tendon-driven continuum robot with two segments
with eight sections each. Each segment is actuated by four tendons. In combination with the
antagonistic actuation principle described below, the setup minimizes the number of actuators
to two per segment, while still providing two DOFs per segment. Table 4.1 lists all symbols
used in this chapter and denotes the values for the robot’s design parameters for the system,
implemented in this thesis.

The robot is divided into four subsystems: The robot body forms the actuated continuum
structure with two segments and 16 sections. The base serves as a mount for the robot body,
the actuators, and tendon guidance. Four force sensing units redirect the tendons from the
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Figure 4.2 — The robot developed in this chapter and its dimensions. The robot body consists of 16 sections, separated
by spacer discs. It is separated into two, individually controlled, segments with eight sections each.

actuators into the base and transduce the tendon force. A substruction holds control and sensing
hardware as well as power supply. Figure 4.1 shows and describes the full robot’s design and
its subsystems in a Computer Aided Design (CAD) drawing.

The backbone of the robot body consists of a straight dgg = 1 mm diameter NiTi rod with
a transformation temperature of approximately —10 °C. This way, the backbone is in its super-
elastic state (i.e., austenite phase) at room temperature and can provide elastic deformation and
restoring force for large deflections without experiencing plastic deformation. Each of the two
robot’s segments has a length of 130 mm and contains 8 equally distributed sections, divided
by spacer discs of thickness t¢ = 1.5mm. These spacers are 3D-printed by stereolithography
(SLA) (Clear Resin, Formlabs Form3, Somerville, Massachusetts, USA) and glued to the back-
bone. In the following, the proximal segment is denoted as Segment I, and the distal segment
as Segment Il (see Figure 4.2). The backbone is placed in the robot base and fastened by a set
screw in such a way that the first section exhibits the same length as the other sections. This
way a CR is set up with a length of /[y = 260mm and a maximum diameter of the spacer disk’s
diameter ds = 9.9mm. The robot’s base coordinate system is defined with its origin in the cen-
ter of the backbone at the point where it exists the robot base. The z-axis is aligned with the
robot backbone’s axis in the neutral, upright position. X-axis and y-axis are pointing towards
the motors and force sensing units.

For actuation, a pair of tendons from braided polyethylene fibers (BeastMaster AX Round
Dyneema, Shimano, Osaka, Japan) are attached to a common tendon drum on the robot’s ac-
tuators. Each segment comprises two pairs of tendons. Each tendon is guided from the tendon
drum to the force-sensing units, into a return pulley, and back to the base. A second pulley on
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Figure 4.3 — The compliant body of the CR. a) End-spacer with terminated tendons. b) Spacer geometry and routing of
the tendons in the spacers with spacer coordinate frame.

the robot’s base then directs the tendon upward into the robot’s body. Here, the tendons are
guided in parallel to the robot’s backbone by channels in the ng = 16 spacer discs. The channels
are located at a distance of r7 = 3.5mm from the spacer’s center. Figure 4.3 shows the spacer
discs’ design. The tendons for Segment I are terminated in the robot’s eighth spacer discs, de-
noted as mid-spacer. For Segment II, the tendons are terminated in the robot’s end-spacer (16th
spacer disk). The end-spacer’s center marks the robot’s TCP.

To displace the tendons, each of the robot’s tendon drums is actuated by a position-controlled
servo motor (SF3218MG, SunFounder, Shenzhen, China). The motors provide 270° range of
rotation and a maximum torque of 2.05 N m. The tendon drum coils the tendons on a radius of
rrp = 6mm, on two separate planes of rotation, at a distance of 5 mm to avoid entanglement
(see Figure 4.4). Each tendon drum actuates two tendons that are coiled around the drum with
opposite sense of rotation. This way, the rotation of the tendon drum around an angle 6 results
in the shortening of one tendon and the lengthening of the opposing tendon by the same amount
(see Figure 4.5). With the servo angle 0 denoted in radian, this displacement d given by

d=0rmp 4.1)

A pair of antagonistic tendons is terminated on opposing sides of the end- or mid-spacer. When
a tendon is shorted, the robot body bends towards the side of the shortened tendon. As the
opposing tendon is lengthened it provides enough tendon to allow for such bending (see Equa-
tion 4.4). Each segment is controlled by two pairs of tendons with orthogonal bending planes
to provide each segment with 2 DOFs. The following list gives an overview of how the robot’s
four motors Mx; to My, actuate the eight tendons T{x4); to T(y.)> and affect the bending of the
robot’s segments, from a neutral upright position. A positive tendon index ", " indicates the
tendon which is shorted for bending in a positive direction:

» Segment I (proximal)
o My actuates T(x4) and Tix.y; to control x-bending.
o My actuates T(y4); and T(y.); to control y-bending.
* Segment II (distal)
o Mx; actuates T(x4)2 and Tix_y to control x-bending.
o My actuates Tiy4) and Tiy.)> to control y-bending.

Figure 4.4 provides visualizations of tendon routing and motor placement. The robot is set up
in such a way, that a positive (i.e., counter-clockwise, when viewed from the top) rotation 68 > 0

39



4 Antagonistic Continuum Robot

Figure 4.4 — Multiple visualizations of the routing of the tendons for robot actuation. Both tendons of an antagonistic pair
of tendons are coiled by one servo motor with an opposing sense of rotation. The tendons are guided through a return
pulley where force is measured and slack is picked up. Then another pulley on the robot’s base directs the tendon into
the robot’s body. a) Diagonal view. b) Front view. c) Top view view. d) Front-side view. [9].

of the servos My, and My, results in d > 0 (as given in Equation 4.1) and bending in positive
x-direction of Segment II. Due to the symmetry of the setup, Mx; and My; servo rotation is
inverted (i.e., 6 > 0 is defined as clockwise rotation) to achieve equivalent relations.

To measure the tendon force, the tendons exert on the CR-body, each sensing unit provides
two load cells (Miniature LC TAL220B Sparkfun, Boulder, USA) with a nominal force of 50N,
to measure the force of both antagonistic tendons of one pair individually. The return pulleys in
the force sensing units are spring-mounted on the load cell to allow for tensioning of the tendon
in case of slack. The load cells and pulley mounts are designed to allow for tendon routing
parallel to the load cells measuring direction. This way, tendon force Fr can be estimated from
the force measured by the load cell Fi ¢ by

Fr =0.5Fc. 4.2)

Figure 4.5 shows the tendon-driven actuation concept for one segment and one DOF. In
this thesis, constant curvature bending of the backbone is assumed. A displacement d > 0
results in the bending of the robot’s backbone at a radius r. From the geometric representation
in Figure 4.5, the displacement d required for a given radius is derived from the shortened
tendon’s length g by

I
d=1ly—1Is=ly—2ny(r—rr)sin ——. 4.3)
2ngr
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Figure 4.5 — Antagonistic actuation principle of the tendon-driven continuum robot. The illustration shows the actuation
of a single DOF, with slack visualized. The backbone of length [y is bent when a displacement d is induced by the tendon
drum rotation 6. The resulting robot bending radius r depends on the tendon drum radius rrp and the tendon distance
from the backbone rr as shown in Equation 4.3 [9].

In the same configuration, the lengthened tendon requires a minimum additional length of d’ to
allow for such a bending. This can be calculated from the lengthened tendon length /; by

lo
nSr'

d =1Ip—ly="2ns(r+ rT)sin2 4.4)
Slack arises for the lengthened tendon, as the displacement d from the tendon drum exceeds the
required displacement d’ for lengthening. From Equation 4.3 and 4.4 the amount of slack dg is
quantified by

>0 4.5)

ds = d' —d = ly— ngrsin =2

2ngr

for a given segment configuration (i.e., r in this case). In the presented robot system, this slack

is compensated by the force-sensing unit’s return pulleys. They are mounted on spring-driven

tensioning mechanisms (see Figure 4.4). From Equation 4.3, it can be seen, that the shortened

tendon defines the robot’s shape. Therefore, in the following, d is used as a representation of

the actuator state, describing the shortening of the (+)-tendon for d > 0 and a shortening of the
(-)-tendon for d < 0 with d being determined by Equation 4.1.

The robot’s substruction serves as a mount for the robot’s subsystems and as a housing
of peripheral components. A rectangular aluminum plate of agp = 230mm side length and
5 mm thickness, provides mounting threads for the robot base and the force sensing units. Fur-
ther holes allow for the feedthrough of cables from the load cells and servo motors. A second
mounting plate below provides further threads for underside mounting of peripheral electron-
ics. A distance of 10 mm between both mounting plates allows for cable management and
modularity. The substruction is mounted on four 40 mm long posts with rubber feet for stable
placement.

Peripherals required for the operation of the continuum robot are a microcontroller for servo
control, measurement electronics for force measurement, and power supply. The servo motors
are controlled by an Arduino Uno (Arduino S.r.l., Monza, Italy). A custom shield provides
connectors for the servo motors and eight addressable RGBW-LEDs mounted on the robot’s
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base. The robot’s firmware implements signaling sequences on turn-on and turn-off signals over
a serial interface. The load cells are read out by 4-channel Wheatstone bridges (PhidgetBridge
4-Input, Phighets, Calgary, Canada) with a Universal Serial Bus (USB)-Interface. Two of these
provide the raw data for all tendon forces to a connected computer. A 50 W power supply
provides a supply voltage of 5V to all electronic components. This way, the robot setup comes
with all required means for its operation and only interfaces to a single 230 V outlet and USB
for connections to a computer for high-level control.

The robot’s four servo motors are controlled by the Arduino, which provides a serial con-
nection over USB to a connected computer. The robot’s high-level control should allow to be
interfaced via ROS (version noetic). Therefore, the rosserial! package is used. It provides
a firmware for the microcontroller (i.e., the Arduino) and a ROS-client on the computer. This
allows sending ROS-messages from the microcontroller to a ROS-network and vice versa. For
the designed robot, four subscribers are implemented, which accept position commands for each
servo motor. The Arduino converts these messages to pulse width modulation (PWM) signals
which control the servo’s position.

The load cells’ resistances are sampled and analog-digital converted as voltage ratios by
the Wheatstone bridges on the robot’s substruction. These voltage ratios are uncalibrated raw
values, proportional to the tendon’s tension. These values are transmitted to a computer via USB
by a driver provided by the manufacturer. A ROS-wrapper was developed, which publishes
these raw values to the ROS-network. A custom calibration node calibrates the raw values to
provide absolute force readings to the ROS-network. To determine calibration parameters, the
node provides a calibration routine, which samples a ground truth from a commercial, calibrated
force gauge (PCE-DFG N 10, PCE Instruments, Meschede, Germany) with a resolution of
SmN. The raw values and ground truth are fitted to a linear calibration function, which is used
to map the raw values to a force.

4.4 Workspace Analysis

In the following evaluation, the robot’s motion capabilities are to be characterized. A first
demonstration provides a general qualitative impression of the robot’s dexterity. Then, a workspace
analysis is conducted, in which the workspace is sampled for maximum actuator configurations.
For an evaluation of the robot’s accuracy, a repeatability analysis is conducted.

The two segments of the robot each comprise two DOF. This allows bending of both seg-
ments in two axes. Figure 4.6 demonstrates the actuation capabilities for the robot’s configu-
ration. The robot’s neutral position is its upright position, when all servos are at = 0, as in
Figure 4.6a. Figure 4.6b shows Segment I in a bent position while Segment II remains neutral,
Figure 4.6¢ shows both segments bent in equal direction, while in d) the robot is "S"-shaped by
opposite bending of both segments.

For a qualitative evaluation, eight robot configurations are defined in the actuator space.
These configurations represent permutations of the upper and lower limits for each actuator.
The configurations are listed in Table 4.2. The robot is driven to a configuration, and its mid-
and end-spacer positions are sampled. This measurement is performed with a passive articulated
metrology arm (FARO Platinum, Faro Technologies Inc., Lake Mary, Florida, USA), which fea-
tures a handpiece for measurement of 3D-points in the metrology arm’s base coordinate system.

"http://wiki.ros.org/rosserial
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4.4 Workspace Analysis
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Figure 4.6 — Four major motion capabilities of the designed continuum robot. a) Shows the robot’s neutral upright position.
In b) Segment | is bent at 90° while Segment Il remains straight, c) shows a constant curvature of both segments and d)
displays the robot’s capability of adopting "S"-Shapes by opposite bending of both segments [9].

Table 4.2 — Robot configurations for workspace evaluation.

Configuration 0 1 2 3 4 5 6 7 8
Ox1 0° 135° -135° 0° 0° 135° -135° 135° -135
Oy, 0° 0° 0° 135° -135° 135° -135° -135° 135
Ox2 0° -135° 135° 0° 0° -135° 135° -135° 135
Oy, 0° 0° 0° -135° 135° -135° 135° 135° -135

The 3D position of the handpiece’s tip can be sampled on a button press with a precision of
0.037 mm. To determine a spacer’s position, four equally distributed locations on the spacer’s
perimeter are sampled. These measurements are averaged to determine the spacer’s center po-
sition. To transform the spacer measurements into the robot’s base coordinate system, the robot
base is also sampled with the metrology arm.

The resulting spacer locations are plotted in Figure 4.7. The figure provides four views of
the same data, to allow for a 3-dimensional impression. The sampled spacer positions of each
robot configuration are connected by lines to help understand spacer positions belonging to a
common robot configuration. In the plots, the robot’s origin is positioned at the location (0,0, 0).
The data shows that the robot workspace extends from —184 mm to 172 mm in x-direction and
172 mm to 178 mm in y-direction. Z-direction range extended from the robot’s neutral position
at 260 mm to —111 mm below the robot’s origin.

Table 4.3 — Robot configuration for repeatability evaluation.
Configuration PO P1 P2 P3 P4 P5

Ox1 0° -8° -12° 42° -125° -9°
Oy1 0° 31° -134° -15° 122° 75°
Ox2 0° -13° -6°  -44° 65°  30°
Oy, 0° -56° -63° 95° 54° 126°
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Figure 4.7 — Results of the workspace analysis. The plots show the 3D location data of the robot’s base, mid-, and
end-spacer. For a 3D impression lateral projects a) and b), top projection ¢), and a 3D view d) are displayed. Graphic
adapted from [9].

To evaluate the robot’s accuracy, five random robot configurations are selected and the robot
is driven to each of them two times. Mid- and end-spacer positions were measured in each run.
The selected configurations are denoted in Table 4.3. For the evaluation, the configurations
were set up in the order listed in Table 4.3. At each configuration position measurements are
conducted in the same manner as in the workspace analysis. Subsequently, the same five con-
figurations were repeated and measured in the same order again. As a result, for each of the
five configurations, two position measurements are available. These are compared to derive a
repeatability metric for the robot.

The resulting data is graphed in Figure 4.8. For comparability, the presentation of the data
is kept similar to the display of the workspace analysis’ results. In the plot, the mean positions
of both measurements for one configuration are plotted and connected with lines to represent
one robot configuration. As a metric for the robot’s accuracy, the distance of both measured
positions is evaluated. This error is plotted as blue disks at each location. A disk’s diameter
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Figure 4.8 — Results of the repeatability analysis. The plots show the mean positions of the robot’s mid and end-spacer
when assuming configuration PO—P5. The blue circles represent the deviation of a second run (scale by a factor of 6 for
better visibility). For a 3D impression lateral projects a) and b), top projection ¢), and a 3D view d) are displayed. Graphic
adapted from [9].

represents the measured error (i.e., the difference of both measurements for a configuration).
For better visibility and comparability, the discs are enlarged by a factor of 6. The evaluation
resulted in a minimum error of 1.2 mm for the mid-spacers and 1.6 mm for the end-spacers.
The maximum error was evaluated to 2.2 mm (mid-spacers) and 4.8 mm (end-spacers). This
represents a maximum error of 1.7 % of the robot’s length.

4.5 Chapter Discussion

Section 4.2 lists requirements for the robot setup. In the following, the resulting robot is com-
pared to these requirements. As an actuation technology, tendon-driven actuation was applied
and a new method for antagonistic actuation was introduced to address the challenge of keeping
the footprint small and the volume for integration low. Nevertheless, the robot can provide ten-
don measurement for each tendon and integrates all required peripherals in its setup. The robot
exhibits an outer diameter of 10 mm and a full length of 260 mm, providing a high aspect ratio
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(Iength to width), necessary for MIS. The robot incorporates 4 DOFs, however, the conducted
experiments show that the Segment II DOFs are strongly influenced by the actuation of Seg-
ment [. To achieve independent bending, a more complex control and model is required which
includes My and My in the control of Segment Il and My, and My, in the control of Seg-
ment I. Proprioceptive tendon force sensing is implemented in the system presented, fulfilling
the requirement. It can provide eight tendon force measurements to a higher-level controller.
The system can be reconfigured (e.g., the robot body or peripherals exchanged) in a facile man-
ner. However, this requires recalibration of the tendon’s tension and tuning of the robot’s neutral
position. To do this, the tensioning mechanism must be manually adjusted for each tendon until
a straight upward position can be achieved and no slack is present in the neutral position. On
the one hand, further investigations to improve modularity could research suitable tensioning
mechanisms, that facilitate tensioning. On the other hand, an automated calibration of the robot
using the tendon force sensors could be investigated. Addressing the requirement of a versatile
research setup, the control interface to ROS provides versatility of control in various research
setups, even for control over a network.

The presented robot implements a novel antagonistic actuation method with only one motor
for a pair of tendons. In contrast to [66], the design is optimized for a compact setup, suitable
for the OR. While [99] also focuses on medical intervention, their approach allows only for
sensing a force difference of both antagonistic tendons. Only the presented method allows for
an absolute tendon force measurement for each tendon.

From the results presented in the workspace analysis (see Figure 4.7), a shift of the planes
of motion could be observed. Intuitively it would be expected that an exclusive Ox; motion
would result in bending solely in the x-z plane. Figure 4.7 indicates, that the axes of motion
are rotated at approximately 20°. This could be explained by the manual fabrication process
of the robot body and thus introduced imperfections of the setup. While an assembly help is
utilized for spacer distancing and alignment on the backbone, the positioning and alignment of
the robot body in the base and the introduction of the tendons is still a manual procedure, limited
to manual accuracy. It is also possible that displacements of the spacers occur after assembly,
as the bonding of the spacers to the NiTi is challenging.

The evaluation only analyses static cases. It could be observed that the structure was prone
to overshooting at the end of its motion due to its long and compliant body. Therefore, the
robot positions were only acquired after the robot has come to a complete stop. For dynamic
use cases, the robot’s dynamic characteristics need to be examined, and options for a dynamic
model and suitable controllers can be investigated.

The evaluation method for the robot’s accuracy and repeatability is time-consuming and
results in only a small number of samples for evaluation. For a more thorough evaluation of the
robot system, a method for a contactless and automated sampling of the robot’s spacer position
should be investigated. Here, possibly an image-based tracking system could be applied. As the
robot’s motion should not be affected, a marker-less solution would be favorable.

To improve the robot’s accuracy, future work could investigate the improvement of man-
ufacturing and assembly or the integration of shape sensing for a closed-loop control. A cali-
bration of the robot motion would be useful as well, as the system displayed a systematic error
which could be reduced by thorough calibration. However, for application in medical scenarios,
often an absolute positioning of a flexible instrument is not a primary concern. An endoscopist
controls a flexible endoscope not for positioning it at an absolute position, but rather in a way,
that its tip is in an optimal position relative to the direct surgical environment. E.g., this is the
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case for the application of therapeutic instruments on the surgical situs, or to provide the best
view for a distal camera. Therefore, in the following chapter, a proximity sensor is presented
which should provide such spatial information to the surgeon or an automated system. Inte-
grated into the presented robot system, it should enable the CR to be autonomously controlled
in relation to its surrounding environment.
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5 Capacitive In Situ Spatial Sensing

MIS is lacking in situ sensing which can be integrated without disturbing the surgical workflow
and does not significantly increase an instrument’s size. Capacitive sensing provides an option
for very thin and disposable transducers while still economically efficient. Thus, this chapter
introduces a method of creating such a sensor for minimally invasive scenarios. To utilize the
sensor information in a minimally invasive scenario, a method for localization, based on ca-
pacitive proximity sensing, is introduced. The sensor developed and applied in this chapter is
based on works from Hosam Alagi and Prof. Bjorn Hein, who supported this work substantially.
Section 5.2 concentrates on the sensor architecture (Section 5.2.2), its processing (Section 5.2.3
and an evaluation (Section 5.2.4) of a sensor providing proximity feedback and relative local-
ization for a minimally invasive instrument. The kick-off for this topic was given through the
prototype, Olivia Rau developed in her Master’s thesis, advised by Prof. Jan Gerrit Korvink
and supported by medical advice from Prof. Jochen Hampe. With their support, this work
could be published successfully at the International Conference on Robotics and Automation
(ICRA) 2021 [10]. The experimental research on the electroplating of SLA prints, presented
in the discussion (Section 5.4.1) was supported by Jonas Kett through his Master’s thesis. Sec-
tion 5.3 demonstrates the sensor’s versatility in an application in a magnetic flexible endoscope
for multi-contact sensing. This work was made possible by the support of Nikita Greenidge,
James Martin, and Prof. Pietro Valdastri at the University of Leeds and is currently prepared for
publication at the IEEE Robotics and Automation Letters (RAL) [11]. As a reference, Table 5.1
lists all symbols introduced in this chapter.

Table 5.1 — List of symbols introduced in this chapter

Symbol Parameter Symbol Parameter
Eg  Sensor Electrode d!  Real Electrode Distances
E, Guard Electrode rm Measured Radius
A, Electrode Surface r,,  Real Radius
Sig  Voltage Source pP= [ Zx ] Position of the Sensor
)
SW  Electrode Switch p, Relative position
fs  Sensing Frequency rp  Cylindrical Phantom’s Inner Radius
R Resistance cand gx Indices for copper and ex vivo Phantom
C Capacitance n  Number of Experiments
A Capacitor Surface E  Error of the Relative Position
d  Capacitor Plate Distance E , Maximum Error
Cpp Ideal Capacitance o Standard Deviation
&  Vacuum Permittivity c¢; Contact Value of an Electrode
&- Relative Permittivity 7; Contact Threshold
Cyp Parasitic Capacitances M; Median
i Sensing Unit Channels Ui, Upp  Means of Gaussian Mixture Model
E; Electrode Raw Values a; An Electrode’s Confidence
d; Measured Distances q; A Pad's Contact Value

g Contact sensor pad
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5.1 Introduction

MIS challenges surgeons with operating with no direct line of sight to the situs. For navigation,
they rely on their anatomical knowledge, preoperative images, and endoscopic images. The
latter comes with limitations regarding field of view, resolution, illumination, and depth per-
ception, which results in a minimally invasive intervention being significantly more demanding
than open surgery. To restore the lost perception and provide assistive functions, the sensoriza-
tion of surgical and diagnostic instruments is investigated. Here, the challenges lie in finding
sensing methods that satisfy the demanding requirements of MIS, especially regarding size and
compatibility with surgical processes and sterilization. Research in this field, however, mostly
focuses on the restoration of haptic information. Various works present miniaturized force sen-
sors and their integration into surgical robots and tools [152, 153]. Additionally, the integration
of such sensors is mostly demonstrated in rigid instruments, and transferability to flexible tools
remains an open research question.

Investigated sensing methods for such sensors are mostly based on strain gauges [154, 155,
195] or optical fiber-based displacement sensors [157, 159]. In force sensing, capacitive meth-
ods have been applied as well. Such setups incorporate two electrodes as a displacement sensor
on a deformable structure which allows the estimation of a force applied, from a given displace-
ment [183, 191, 198]. However, capacitive sensing is also suitable for proximity sensing. While
it is well-established in an industrial context, in MIS, the application of capacitive proximity
sensing methods in instruments or robots has not yet been reported.

Capacitive sensing offers a simple and cost-efficient method for proximity sensing, as for
a transducer, only conductive surfaces are required. This could leverage the implementation of
disposable add-ons such as drapes with proximity sensing capabilities. Therefore this chapter
investigates a method to utilize capacitive sensing for proximity sensing in a medical context.
To demonstrate its application, a sensor is developed, that provides proximity information that
can be used for relative localization of an instrument’s distal tip in a closed environment. Such
information could be valuable feedback during navigation with a minimally invasive instrument
or endoscope and help the surgeon or a robotic system to regain perceptive information on the
situs in a minimally invasive procedure.

5.2 Capacitive Proximity Sensor

This chapter introduces methods of applying capacity-based proximity sensing. The concepts
of capacitive sensing, introduced in Section 3.3.2, have so far not been applied in a surgical or
minimally invasive context. For such a method, a setup is considered, where a sensing electrode
and the tissue in its proximity, form a capacitor of capacitance C. Based on the human model,
defined in the Electrostatic Discharge (ESD) standard [199], we assume that a patient in the OR
is grounded with a resistance of 1500 € and a capacitance of 100 pF. From [173] we adopt, that
this can be neglected for the following measurement principle. Based on this assumption, in the
following experiments, grounded conductive surfaces are used as phantoms for evaluation and
characterization. The modeled scenario is depicted in Figure 5.1. In a first approximation, we
model the physical setup of the sensing electrode and tissue as an ideal parallel plate capacitor
and apply Equation 3.2: As surface A the electrode’s surface is used, the second plate is formed
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Tissue/Organ C
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Figure 5.1 — Modeling of the sensing scenario and equivalent circuit. The sensor electrode Es and an organ are modeled
as two plates of a capacitor setup with a capacitance C. A voltage U is applied to the sensing electrode and the organ is
assumed to be grounded through a resistor with a resistance R.

by the tissue at distance d. This setup’s capacitance Cpp is then given by

Crp = Sogré, (5.1
d

where & is the vacuum permittivity, and &, is the relative permittivity of the medium in between
both plates. It can be seen that, by moving the sensing electrode away from the tissue (i.e., dis-
tance d increases), Cpp decreases inversely proportional to d. This correlation is the foundation
of the proximity sensor’s working principle. In a measurement setup, the electrode setup but
also the circuit and cables exhibit parasitic capacitance, which adds to the measurement. To ac-
count for these effects, the model is extended by a parallel capacitor Cy combining all parasitic
capacitances. A measurement circuit then reads a capacitance of

A
C=Cy+ 808,3. (5.2)

As a realistic measurement scenario diverges significantly from the described setup of an
ideal parallel plate capacitor, the parameters of electrode surface A and permittivity € = &&, of
medium between the plates are assumed as unknown but constant. Thus, the uncalibrated mea-
surement setup forms a proximity setup, which can be empirically calibrated to derive distance
measurements.

Based on the described method, capacitive sensing allows integration of thin electrodes
onto the outer surface of a minimally invasive instrument. To prove this concept, an add-on
sensor is developed, which allows for the integration of proximity sensing into an endoscope or
minimally invasive tool. The following section also presents a method to utilize the proximity
data to provide localization in a minimally invasive environment.

5.2.1 Sensor Requirements

To address the challenge of restricted perception in MIS, and provide data that can be utilized for
localization, a sensor technology is required, that can provide distance information in multiple
directions, especially outside of an endoscope’s field of view. In a minimally invasive setting, a
surgical or diagnostic instrument is surrounded by tissue. This circumstance can be exploited to
determine an instrument’s relative location at the situs. In most cases, this information is more
relevant to the surgeon than an absolute position (e.g., the instrument’s distal tip in its proximal
base coordinate system). This is because in MIS a surgeon needs to manipulate tissue relative to
the situs, not relative to a global coordinate frame. Especially in soft tissue interventions such as
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Figure 5.2 — Usage of proximity sensing for localization in a hollow organ.

colonoscopy, the absolute position (e.g., from preoperative imaging) of an organ in the body, can
deviate significantly at the time of the intervention. To be applicable in such an environment,
such a sensor should fulfill the following requirements:

Size The sensor should integrate well into a minimally invasive instrument. This means the
instrument’s radius should not increase significantly. This allows to keep an established surgical
workflow and avoids additional trauma or pain as a result of sensor integration.

Versatility The sensing method should allow for instrument-independent application. Its prin-
ciple should apply to any rod-like rigid or flexible instrument. As a demonstration for appli-
cation, a prototype should be fitted to a commercial flexible endoscope with a tip of 9.2 mm
diameter (Video-Gastroscope 13800PKS, Karl Storz, Germany). The sensor should be detach-
able to allow for usage in other applications and its integration should not require opening the
instrument.

Measurement Range Colonoscopy is an endoscopic intervention in one of the largest hollow
organs in the human body. As the colon is inflated during the intervention, its inner lumen can
assume diameters up to 60 mm during colonoscopy [200]. The sensor should therefore provide
sufficient range to cover such a distance.

Number of Electrodes A localization algorithm should determine the instrument’s centering
in a tubular hollow organ. To achieve this, sensing of at least three distances in a plane of
measurement is required.

52



5.2 Capacitive Proximity Sensor
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Figure 5.3 — Full sensor system with electrodes, sensing unit, and connecting cables.

5.2.2 Sensor Architecture

Capacitive measurement comes with the challenge of being receptive to several varying influ-
ences, such as humidity, parasitic capacitances, or the influence of cabling. To derive useful
data, a relative measurement method is suggested. It combines the clinical need for relative
localization data and a capacitive measurement principle that is based on a comparative mea-
surement principle to reject common errors on all electrodes.

While three distance readings would be sufficient to reconstruct the radius of a tubular
environment (cf. [132]), the suggested approach makes use of four electrodes to provide four
proximity readings to the sensor system. This brings the advantage, that two opposing proximity
readings can be compared to derive a relative position which remains unaffected by a common
error applying to both electrodes. Additionally, four proximity readings also enable the recon-
struction of an elliptical environment. The concept for this localization method is visualized in
Figure 5.2.

For the implementation of the capacitive sensing, the method presented by Alagi et al.
is applied [166, 173]. Figure 5.3 and 5.4 show the implemented sensing unit. To fulfill the
requirements defined, the sensor’s electrode design is set up as follows. A 3D-printed (Clear
Resin, Formlabs Form3, Somerville, USA), tubular scaffold can be attached to a commercially
available flexible endoscope. It integrates eight electrodes which are positioned in two rings of
four electrodes each. In one ring of electrodes four electrodes are equally distributed over the
perimeter of the scaffold (see Figure 5.5). All electrodes are equally sized as rectangles with a
surface of A, = 11 mm x 6mm = 66 mm?. The electrodes consist of an outer sensing electrode
layer, transducing the capacitive signal and an inner shielding layer, to achieve directivity away
from the sensor center. This way, the signal is concentrated on objects in front of each electrode,
and a signal from objects approaching from the electrode’s side or back is suppressed. The
electrodes are connected to the sensing unit by coaxial cables. Figure 5.5 shows the sensor
setup and its dimensions.

The sensor is assembled by hand. Electrodes and shields are cut from adhesive copper tape
(CFT-50/10M, Tru Components, Conrad Electronic SE, Hirschau, Germany). The shielding
layer is placed in the scaffold, then a layer of electric tape is used for insulation, and finally
the electrode from copper tape. The electric tape isolates the electrode and shielding layer and
serves as a distancer between both. A coaxial cable (MCRF-to-Pigtail 73116-0077, Molex,
Wellington, USA) with a diameter of 0.81 mm is used to connect the electrodes to the sensing
unit. Such a cable shields the electrode’s signals from outer influences over the length of the
cable up to the sensing unit. The coaxial cable’s outer conductor is soldered to the shielding
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Figure 5.4 — Power and data adapter for the sensor unit. A USB connection provides a data interface to a computer and
provides power to a DC-DC converter for +12'V supply of the sensor.
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Figure 5.5 — Manufacturing steps and the ready-to-use add-on sensor. a) The 3D-printed scaffold. b) Shielding Electrode,
Insulation, and Sensor Electrode in place. c¢) Coaxial cables soldered to the electrodes. d) Finished sensor with fixated
cables. e) Visualization of the electrode arrangement and connection with the coaxial cable.

electrode, the inner conductor is connected to the sensing electrode. The electrode assembly is
visualized in Figure 5.5

The sensing unit provides coaxial connectors for electrode readout. Figure 5.6 shows the
sensing unit’s working principle [166]. An excitation voltage source Sig, creates a sine voltage
with a frequency of f5. A software-controlled switch SW is configured to iterate through the
sensing unit’s eight channels i € {00,01,02,03,10,11,12,13}. A voltage follower provides the
shielding electrodes with a common shielding signal. On each channel, the time course of the
current is sampled as a voltage over a shunt resistor R. A microcontroller (UC) extracts the
signal’s phase and amplitude. The sampled amplitude is represented as a unitless integer raw
value that is proportional to the capacitance. By serially switching through the channels, these
raw values E; are sampled for each of the sensing unit’s eight channels. The uC interfaces to an
12C bus, on which this raw data is transmitted.

To transmit the data to a PC an USB-I2C-adapter (RB-Dev-41, Davantech, Attleborough,
England) is used. The sensing unit provides a connector for a flat ribbon cable. This cable
transmits the sensor’s 12C bus, a reset signal lane, and power supply of —12V and 12V to the
sensing module. To allow for operation from USB alone, a DC-DC converter is integrated into
a common housing with the USB-I2C-adapter and provides the required £12 V as well as the
I2C bus to a connector. This combined power and data adapter is pictured in Figure 5.4
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Figure 5.6 — Simplified working principle of the capacitive sensor unit, as presented in [166]. A sinusoidal voltage source
induces a current in one of the electrode’s channels Eg, as selected by the software-controlled switch SW. This current
is measured and converted to a digital value, transmitted, and 12C bus by a pC. A voltage follower provides a shielding
signal for coaxial cables and the shielding electrodes.

Through the I12C and USB interface, the sensor raw data can be read out on a computer.
Here, a custom ROS1 node allows configuration of the sensing unit and publishes the values to
a ROS-network for further processing and usage.

5.2.3 Sensor Characterization and Data Processing

For sensor characterization and calibration, the sensor’s raw data is compared to its distance
to an object. Therefore, the setup depicted in Figure 5.7 is used. The sensor is mounted on a
Stewart Platform (M-850, Physik Instrumente GmbH, Karlsruhe, Germany) which allows high
precision movements of 2 um repeatability. On top of the robot, a mount holds a phantom at-
tached to a FTS (F6D-80e-60, ME-Mefsysteme GmbH, Hennigsdorf, Germany). For sensor
characterization, a flat plane phantom is used. It consists of a 3D-printed, 10 cm x 10 cm plane
with mounting holes to attach it to the FTS. It is covered with copper foil to form a conductive
surface that is grounded with a cable. As introduced earlier, this allows for a sufficient repre-
sentation of approaching tissue. The sensor is mounted on the robot’s TCP in such a way, that
the normal at the center of the electrode which is to be characterized, is pointing towards the
phantom and is aligned in parallel to the robot’s x-axis. The sensor is then driven towards the
phantom until the FTS detects a contact. From this point, the sensor is moved backward again
(i.e., negative x-direction), while the sensor’s raw values and the distance from the phantom’s
surface are sampled and stored. This way, data tuples are sampled, which allow for characteri-
zation of the sensor. Through one such an experiment run, two vertically aligned electrodes can
be characterized at once. For the other pairs of electrodes, the sensor is rotated by 90° and the
run is repeated. From this characterization, a sensor calibration for each electrode is derived by
conversion to a lookup table, which assigns each sensor raw value E; a distance d;. Figure 5.8
plots this calibration for the implemented sensor. The sensor’s coordinate frame is defined with
its origin in the upper sensor ring’s center. The z-axis is aligned with the sensor’s central axis,
the x-axis is directed through electrode Eqg, and the y-axis through electrode Eg;. This results
in the right-handed coordinate frame visualized in Figure 5.8.

Even though the sensor values have been calibrated to distances, they are regarded as prox-
imity values, as unpredicted errors such as a change in the environment’s grounding, humidity,
and cabling can affect the sensor’s raw value during run time and falsify an absolute distance
reading. Under the assumption, that such errors occur equally on all electrodes, a relative mea-
surement concept is applied: Each measured distance d; is seen as affected by a constant error
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Figure 5.7 — The evaluation and calibration setup used for characterization of the proximity sensor. A Stewart Platform
can position the sensor to an evaluation phantom (depicted here) or a calibration phantom. The phantoms are attached
to a FTS to allow the detection of contact [10].

resulting in the actual distance d; being proportional to the measured distance d; as in
d; =< d; (5.3)

To account for errors, d; is referred to as pseudo distance in the following. For the closed
environment, a circular cross-section is assumed. Many hollow organs exhibit a tubular shape,
which justifies this as a first approximation. The four electrode distances d/,i € {00,01,02,03}
of one of the sensor rings determine the sensor’s location in such an environment. To determine
this location, the environment’s coordinate system is defined with its origin at the circle’s center
and its axes aligned with the sensor axis. The geometric relations to derive the localization are
depicted in Figure 5.9. Therefrom, the position p of the sensor in this environment is calculated

as in
Px 1 déz_d(/)o ]
— S . 54
P {Py} 2[d(’)1—d63 S

The environment’s radius can be calculated from the distances by

i =/ (g + P2+ 2. (5.5)

Given the error-prone, sensed pseudo distances d;, a resulting pseudo radius

i = B+ (dos — dion )2 (5.6)

can be calculated. It is proportional to the actual radius r}, (r,, < r},) and its proportionality
factor is equal to the one from d; to d/. Thus, a relative position p, of the sensor inside the
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Figure 5.8 — a) Calibration curves for all eight electrodes of the proximity sensor. From characterization experiments,
each sensor’s raw value gets a distance assigned by a lookup table. The plot shows the mapping from sensor value to
distance for each electrode. b) The positions of the electrodes on the sensor and the sensor coordinate frame. Adapted
from [10].
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Figure 5.9 — Model for deriving the sensor location p = [pxpy] and the environment’s radius 7,,. From the three distances
doo to dp3, measured by the sensor, the relations in Equation 5.6 and 5.7 can be derived.
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This position p,, can be calculated from the output of the sensor and allows to denote the sensor’s
relative position inside of the detected environment.

5.2.4 Sensor Evaluation

To evaluate the designed sensor and localization algorithm, a similar experimental setup as for
calibration is utilized (see Figure 5.7). Instead of a plane phantom, a cylindrical phantom with
an inner radius of rp = 25mm is used. Just like the calibration phantom, it is also 3D-printed,
covered with an adhesive layer of copper on the inside, and grounded. The robot is used to
move the sensor to known positions inside of the phantom and then compare the output of the
localization algorithm to the reference from the robot.
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To register the robot and sensor location to the phantom, an initial referencing motion is
conducted before an experiment: The sensor is placed on the robot’s TCP, inside of the phan-
tom. Then, the robot drives from this initial position in each of its x- and y-axis’ positive and
negative directions until the FTS registers a contact. From these four coordinates of contact,
the phantom’s position in the robot’s coordinate frame can be calculated. For the evaluation ex-
periment, the robot is driven to 72 locations inside of the phantom: The phantom’s inner space
is sampled in polar coordinates, with the origin in the phantom’s center. Angles from 45° to
360° are sampled in 45°-intervals, at radii from 10% to 90% radius at increments of 10%. At
each location, the sensor samples the relative position from the sensor and the reference from
the robot for evaluation.

To be able to compare these results to a more realistic scenario, the experiment is repeated
with an ex vivo tissue phantom. For such a phantom, a layer of fresh poultry is added to the
inside of the cylindrical copper phantom. This way the, reaction of the sensor to ex vivo tissue
can be observed. The experiment is conducted in the same way as for the copper phantom:
An initial referencing motion is conducted and then sensor values at 72 set points are sampled.
For a statistical accuracy analysis, the experiments are repeated nc = 14 times for the copper
phantom and ngx = 6 for the ex vivo tissue phantom.

Figure 5.10 shows a plot of the reference points and the locations measured by the sensor for
the copper phantom and the ex vivo tissue phantom. One exemplary experiment run is depicted
for each phantom. The sample points (robot reference) are graphed as grey dots on a polar
coordinate system and the measured locations are graphed as blue dots. Figure 5.11 shows the
mean values and standard deviations of the distance from the phantom’s center, measured by the
sensor. This evaluation is presented for each of the major and minor axes over all n¢ and ngx
runs. The numerical results for the accuracy statistics, including the maximum error E,, over all
experiments of the analysis, are listed in Table 5.2.

To evaluate the localization accuracy in a more dynamic context, an additional experiment
is conducted. In the same setup as in the previous evaluations, the localization data is continu-
ously sampled at a rate of 10 Hz, during robot motion from the Stewart Platform. To cover the
phantom’s inner volume in a continuous motion, an Archimedean spiral pattern fromr =0 % to
r =80 % in 2.5 revolutions, is conducted with the robot. To evaluate localization quality during
these experiments, the measured distance from the phantom’s center is compared to the refer-
ence, given from the robot position. The average absolute error over the whole spiral trajectory
is evaluated as a metric for accuracy. While the experiment in the ex vivo tissue phantom ex-
hibits an average error of (9.8 £ 5.1) % with a maximum error of 22.0 %, the copper phantom’s
experiments showed an average error of (7.2 £3.2) % and 15.5 % maximum error. The traced
locations, as well as the robot reference from both experiments, are plotted in Figure 5.12.

For qualitative evaluation closer to a medical use case and as a demonstration of sensor
integration, a third experiment is conducted. The sensor is mounted on the tip of a flexible

Table 5.2 — Results of the experimental localization accuracy evaluation.
Values are provided as % radius  45°Axis 90°-Axis 135°-Axis 180°Axis total

Phantom Ec -8.08 -5.51 -0.40 6.01  -2.0
n=14  o¢ 1.45 1.27 1.52 1.46 1.4
Ecm 4.27 10.07 13.36 15.84 15.84

ExVivo  Egx -6.44 -0.76 2.96 0.70 1.6
n==6 Oex 2.06 2.00 2.73 2.49 2.3
Eexm 3.79 12.26 14.80 18.95 18.95
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Figure 5.10 — Plot of an exemplary experiment run of the accuracy analysis. The gray dots denote the reference positions
approached by the robot. The blue dots mark the measured position from the sensor. a) shows the copper phantom, b)
the data for the ex vivo phantom [10].
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Figure 5.11 — Accuracy analysis for the proximity sensor. The sensed relative position -

relative distance from the center |p|/r},. The graph shows the mean values and standard deviations for all n runs for
a) the copper phantom and b) the ex vivo phantom, separately for each of the phantom’s four axes. As a reference, the
dashed black line marks a hypothetical errorless sensor reading. The sketch in b) visualizes the axes and the analyzed
metrics [10].

is compared to the real

gastroscope and moved in proximity to a fresh piece of poultry tissue. As the sensor scaffold
is fit to the endoscope’s tip it can simply be placed on the endoscope’s tip. The cables are
guided along the endoscope’s body. The sensor’s raw values are observed while the endoscope
is manually moved toward the tissue, using the gastroendoscope’s handpiece. This motion is
visualized in a series of photos in Figure 5.13. Simultaneously, the sensor’s raw data is recorded.
It is plotted in Figure 5.13c with the time points of the photographs marked. It can be seen, that
the sensor values increase (i.e., due to the inverse proportionality to the distance) as the sensor
approaches the tissue. Furthermore, it can be observed, that the electrode facing the tissue shows
the highest amplitude compared to electrodes facing away from the tissue. This demonstration
also supports the applicability of the sensor to standard-of-care instrumentation without further
effort. Further affirmation is provided in the next section, transferring the sensing principle to a
contact sensor and presenting an in vivo follow-up experiment.
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Figure 5.12 — Results of the dynamic evaluation. The blue dots mark the sensor position given from the robot. The red
dots represent the measured location from the sensor. a) depicts the data from the copper phantom experiments, b) the
data from ex vivo phantom experiments [10].
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Figure 5.13 — Ex vivo experiment. a) and b) show two time points of the endoscope approaching the tissue. In c) the
course of the capacitive proximity signal during the process is plotted. Adapted from [10]

5.3 Minimally Invasive Contact Sensing

In the following, the proximity sensor’s principle is applied in an in vivo experiment. The sens-
ing modality’s versatility is demonstrated by applying the sensor to another type of minimally
invasive robotic system, providing multi-touch information rather than proximity.

The robotic system in which the sensor is to be integrated is a development by the STORM
lab at the University of Leeds, UK [36, 201]. The Magnetic Flexible Endoscope (MFE) consists
of a 7-DOF serial robot arm with an actuating permanent magnet and localization circuit as
an end-effector. This is used to control an invasive endoscopic capsule comprising magnetic
sensing for proprioceptive localization, a camera, illumination, lens cleaning, insufflation, and
a therapeutic channel. To allow for actuation, the capsule contains a smaller permanent magnet,
which is manipulated by the external magnetic field. A localization circuit and algorithm allow
for closed-loop control of the MFE. A soft tether connects the capsule to power, data, and water
interfaces. To provide the system with information on contact to the situs at multiple locations,
this section investigates the integration of capacitive sensing capabilities into the capsule robot.

In this experiment, the area of interest is the upper surface of the MFE’s capsule. During
colonoscopy sensing modalities for tissue diagnostics (e.g., ultrasound) could be integrated in
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Figure 5.14 — The MFE’s capsule with the integrated contact sensor. Left) The capsule with the integrated sensor. Right)
Sensor integration and placement in the capsule scaffold.

such a location and provide information of the tissue, when in contact with the wall of the colon.
On a surface of 4 mm by 26 mm, contact information should be provided. Due to the curved
surface (see Figure 5.14), multi-point contact is of interest to derive information on the capsule’s
orientation in relation to the tissue in contact.

The sensor concept is based on the principle described in Section 5.2. The sensing unit is
utilized in a similar manner. For this approach, the electrode’s design is adapted to provide eight
electrodes in the area of interest. From Equation 5.1 it can be seen that the sensor sensitivity,
and therefore also its range, decreases with a smaller electrode size A. In the given case, small
electrodes were insensitive to approaching tissue and a significant signal resulted only from
direct contact. This allows the classification of such a signal, as contact and non-contact, for
each of the sensor’s electrodes.

Figure 5.14 shows a cut CAD model of the MFE’s capsule, with the sensor integration
visualized. The sensor is positioned at the top surface, as here contact information is of interest.
To not rely on manual manufacturing, the electrode is designed and manufactured as a Printed
Circuit Board (PCB). The sensing surface is split into eight contact sections, and based on the
shape of the sensing area, a 2 x 4 pattern is chosen. Figure 5.15 shows the PCB’s design and
electrode arrangement. Each section integrates a circular electrode surface of 1 mm diameter,
for capacitive sensing. To improve sensing accuracy, two sections are combined into one sensing
pad. This way, the four quarters of the sensing area allow for the characterization of roll and yaw
motion, when only three or fewer pads are in contact. Next to and below the circular sensing
electrodes, layers of shielding electrodes are located to suppress signals not resulting from pad
contact. To avoid short-circuiting in an in vivo humid environment, the PCB is sprayed with
insulation spray. The sensor-PCB is then mounted in a notch at the top of the capsule so that
its electrodes are flush with the capsule’s surface. A mounting hole in the PCB helps to align
and secure the sensor in the notch. The PCB comprises solder pads for the connection of cables
to the sensor unit. The PCB’s section with the solder pads is located in the capsules inside and
the opening is sealed with glue. To connect the electrodes to the sensing unit, a shielded multi-
core cable is used. As the individual channels of the sensing unit are sampled in series (see
Section 5.2.2), channel cross-talk can be neglected. The common shield protects all channels
from outer influences. Such a cable can be fed through the capsule’s tether, which has a length
of 2m. Proximally, the channels are connected to the sensing unit, which is connected to a
computer via USB.

In this experiment, the sensor was not calibrated beforehand. To classify contact and non-
contact, the sensor values are analyzed after the experiment. To acquire contact information for
the pads of the sensor, the capacitive sensor readings were processed as follows: The time series
of the sensor readings E;(r) were normalized to a range from 0 to 1 for all eight electrodes. A
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Figure 5.15 — Layout of the PCB for the sensing electrodes. a) Bottom view with solder pads and shielding layer b) Top
view with contact sensing pads and groups.

contact threshold 7; = M; — 0.450; was estimated from the median M; and standard deviation o;
from values E;(t) of electrode i. The contact value ¢; for each electrode was calculated by

Ci(l‘) :Ei(l‘)—fi. (5.8)

To combine two electrodes into a pad, each electrode’s contact value is weighted by a
confidence a;, before they are added to another. This a; confidence is calculated by fitting a
twofold Gaussian mixture model to the distribution of the sensor values. This results in two
means W;; and U, from the Gaussians for each electrode. As a confidence q;, the distance of
both means is then utilized as in

a; = Mg — Uiz (5.9)

The contact value g, for a pad (g) is then given by

qg :a2gc2g+a2g+lc2g+17 PSS {0717273} (510)
The sign of g, determines the classification as contact (positive) or non-contact (negative).

The sensor is evaluated in an animal trial, conducted in Leeds, UK. The MFE was applied
in a colonoscopy of an 34 kg female porcine model. The sensorized MFE setup was set up in a
veterinary OR. The pig was sedated and enema was conducted. The MFE was inserted through
the pig’s rectum and an additional conventional colonoscope allowed observation of the capsule
robot. The MFE’s tracking data and the sensor’s contact data were recorded while sweeping
motions were conducted with the capsule. These trials were conducted under the home office
(UK) license (procedure project license: PFS151DAF) in accordance with the animal (scientific
procedures) act 1986 [11].

In Figure 5.16, the sensor information from the contact sensors is plotted over the time of
motion. The data resulted from two sweeping motions along the colon’s upper wall. Contact is
indicated for each of the pads.

Further aim of the animal trial, was the restoration of the capsule’s restoration of a Roll-
DOF for better navigation and scanning motion in an endoscopic procedure. This research is
submitted for publication at RAL [11].

5.4 Chapter Discussion

Chapter 5 demonstrates the utilization of capacitive measurements for proximity and multi-
contact sensing, with application in endoscopic scenarios. A facile electrode implementation
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Figure 5.16 — Resulting time series from the in vivo experiments. Two exemplary motions are depicted respectively in a)
and b). For each of the contact sensors, contact information is plotted. A positive signal correlates to the pad being in
contact.

and versatile design allow for the application of such sensing in a proximity sensor for a gastro-
scopic device. By enabling relative localization, this can be crucial information in manual endo-
scopic interventions. In robot exteroception, such a sensing modality could offer high potential
for automation in robotic endoscopy or general surgery. As a demonstration of the method’s
versatility, it was adapted to a multi-contact sensor for a magnetic capsule endoscope. The
underlying technology is equivalent in both sensing modalities, yet through electrode design
and processing, it can be applied to sense proximity or contact. In the following discussion,
proximity (Section 5.4.1) and contact sensing (Section 5.4.2) are discussed separately, then a
comparison of both methods is presented in Section 5.4.3.

5.4.1 Proximity Sensor

The accuracy results for the proximity sensor demonstrated, that even a complex trajectory could
be recreated. In the copper phantom, the accuracy is higher than in the ex vivo phantom. This
is expected as the ex vivo phantom exhibits a more inhomogeneous and non-ideal environment.
The phantom’s surface deviates stronger from a perfectly circular cross-section than the copper
phantom’s printed surface, and inhomogeneities in the tissue could affect local conductivity.
Over the time of the experiments drying of the tissue was observed, presumably, increasing this
effect.

The presented electrode fabrication method highlights the adaptability of the sensor to al-
most arbitrary geometries. The main consideration for a sensor design is the electrode area,
being the main factor influencing the sensor’s sensibility and range. The presented sensor man-
ufacturing suffers from the manual fabrication process. Such a manufacturing process possibly
introduces inaccuracies and differences in electrode sensibility. However, as the only require-
ment for a suitable electrode is a conductive layer, various manufacturing processes are applica-
ble as future alternatives. As demonstrated for the contact sensor, a commercially manufactured
PCB is a suitable option for future versions of such a proximity sensor. Conventional PCBs
would restrict electrode geometry to a planar surface. The possibility of manufacturing flexible
PCBs enables also equipping curved surfaces with sensor electrodes.

Even more flexibility could be achieved by 3D-printing electrodes from conductive filament
or electroplating of 3D-printed structures. For the latter, preliminary studies for feasibility were
conducted: A flexible SLA print was sprayed with graphite spray for priming and then im-
mersed in a copper sulfate (CuSOy) solution. The surface of the print is contacted by a cathode
(negatively charged), the anode (positively charged) is immersed in the solution without further
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Figure 5.17 — The process of electroplating of a 3D-printed 30 mm X 30 mm electrode surface. a) The sample before
plating, b) after 5min, c) 15min, and d) finished after 45 min. e) The sample maintains its elasticity. f) Shows a magnified
image (40x) of the copper deposit.

contacting. A voltage of 0.6 V is applied for the copper to deposit on the print’s surface. Fig-
ure 5.17 shows the progress of the electroplating process. After electroplating, the surface could
be contacted and successfully used for proximity measurement. Such a method allows to con-
vert any arbitrary (i.e., 3D-printable) surface into an electrode. A copper deposit also provides
the beneficial characteristic of being well suited for soldering, i.e., the connection of cables. In
the future, such a manufacturing method could enable full design freedom in electrode geome-
try and further improve the integration of capacitive proximity sensing into a robotic structure,
even under tight spatial restrictions.

With the presented method for sensor calibration, differences in the electrodes from man-
ufacturing can be balanced for the most part. It should be noted, however, that the presented
calibration is lengthy, and for repetition, the robotic setup needs to be available. This conflicts
with the observations of the sensor exhibiting drift over time and decalibration when the sensor
is mounted or dismounted. These effects require a repetition of the calibration after several
hours of operation. Future work should therefore investigate a facilitated calibration method
that can be repeated in a facile manner and without requiring specialized equipment.

The four proximity values, provided by the sensor, not only allow for the estimation of a
circular environment but could also approximate an elliptic environment. While such a calcula-
tion would result in the same estimation of the environment’s center, it could provide additional
feedback on the shape of the environment and pass it to a user or high-level controller, in a
future version of the sensor.

In the proposed method, the localization algorithm only made use of four of the sensor’s
eight sensing elements. The data of the second sensor ring could be used to improve the sensing
range while maintaining the presented sensing method. To achieve this, the sensor module
allows to combine multiple channels and use them as a single electrode with the combined
electrode area. An alternative benefit would be to utilize the second set of sensor electrodes for
an estimation of the sensor’s tilt. When the sensor is tilted in relation to a tubular environment,
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the localization of both rings results in a localization offset in both rings. From this offset, the
sensor’s tilt can be estimated. Such a tilt measurement could serve as additional information for
navigation and input autonomous camera alignment.

The demonstrated capabilities of the sensor are suitable for integration into a robotic sys-
tem. The localization feedback can be utilized for closed-loop control, which allows to center
the sensor in a minimally invasive environment. A method for such a controller and the demon-
stration in a continuum robotic system is presented in Chapter 6.

5.4.2 Contact Sensor

The integration of capacitive sensing into the presented capsule endoscope demonstrated the
sensor’s versatility. The sensor principle was successfully transferred to a flexible PCB design,
and made integration possible in a system with even more stringent spatial constraints, as in the
proximity sensor. The sensor setup could also address another issue of practical relevance: For
the animal trials, it was necessary to connect the electrode to the sensing unit via cables of more
than 2 m length. As part of the design process, the connection of the electrodes to the sensing
unit with single-core coaxial cables and a commonly shielded multi-core cable were compared.
In these evaluations, no major deviation in the signal quality was found. Furthermore, it could
be shown, that an increased overall length of either cable hardly affects the sensor readings
(comparing the proximity sensor’s 30cm length to the capsule robot’s 200 cm length). For
future designs, this finding allows for more freedom in the sensor design regarding the method
for cabling the sensor. Additionally, it proves applicability to systems which require a long
distance from the location of in situ sensing to an instrument’s or robot’s proximal end.

While the presented contact sensor could still work as a proximity sensor, it showed, that
due to the size reduction of the electrodes, the range was limited substantially. Through the
processing, the capacitive signal was solely utilized for the characterization of contact. This
did not require any preceding calibration, due to the data-driven characterization of the data.
However, this method was only demonstrated for a retrospective analysis of the sensor data.
Future work should investigate the application of this method for an online characterization.
The recorded history of the data could be used to classify new raw data online and combine an
ongoing calibration and an online classification.

5.4.3 Comparison

The proximity sensor could demonstrate the data processing for online processing, suitable for
integration into a closed-loop controlled system. However, its calibration method is cumber-
some and might result in challenges like sensor drift. While the contact sensor’s processing was
unsuitable for the delivery of online values, it demonstrated the feasibility of a calibration-free
classification. Even though it is in a rudimentary state, it could serve as a starting point for
future work, combining the online processing of the raw data with an online calibration, based
on the sensor data history.

Regarding manufacturing, the manual proof of concept for the proximity sensor’s electrode
manufacturing could be developed further by the implementation as a PCB. Together with the
preliminary study on electroplated 3D prints and further manufacturing methods in research
such as 3D printing and stretchable electrodes, a variety of methods can be chosen from [202].
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The facile and space-saving integration makes capacitive sensing a well-suited candidate
for continuum robots. Future improvements should look into online calibration methods to
counteract drift and the sensing modality’s susceptibility to various changes in the environment.
Furthermore, the sensor can be further developed to incorporate not only proximity or contact
sensing but also combine proximity and tactility, taking the force of a contact into account.
Fundamentals of a suitable electrode architecture have been presented in [166] and could be
investigated for adoption in minimally invasive instruments and robots. Such a development
could result in a useful sensing technology for manual and autonomous endoscopy or MIS, as
in many scenarios, contact does not necessarily need to be prevented, but rather contact needs
to be limited.
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Chapter 4 and Chapter 5 presented a robot platform and a proximity sensor, respectively. As
advertised in the respective discussions, and as a logical consequence, the combination of both
methods is now presented and evaluated. Next to the physical integration of the robot and the
sensor, a kinematic model and a controller are presented, which allow for proximity control
of the developed CR. The implementations required for this integration were considerably sup-
ported by Maximilian Themistocli in his work as a student assistant. The accomplished methods
and results are submitted for publication at IEEE - Transaction on Medical Robotics and Bionics
(TMRB) [12].

Table 6.1 — Overview of symbols used in this chapter. When applicable, symbols from Chapter 4 and Chapter 5 where
taken over.

Symbol Parameter Symbol Parameter
D = [dy,d]T  Tendon shortenings Sy(Ey)  Calibration Function
q=1[6:,6,]7 Actuator space pc  Goalin TCP frame
o,B,y Task Space Angles pp Goal in base frame
ty,ty,t;  Task Space Translations Py TCP position in base frame
Tcr  Transformation Matrix CR n  Controller lteration
p=,/62+62 Substitution to improve display m  Video Frames
k  Current Frames

Prcp CR TCP position
he{X+,Y+,X—,Y—} Sensor channels
SX+,8Y+,85x—,Sy—  Sensor distances

€Ay, Cop,  Calibration parameters

qacc  Quality Mean Distance
gwai  Quality Percentage on wall

6.1 Introduction

In typical interventions with flexible endoscopes, the surgeon screens the endoscope’s image for
potentially malignant nodules, lesions, or polyps. In this process, a complex instrument con-
trol can be a distraction and expose the surgeon to additional cognitive as well as physiological
stress [7]. The introduction of robotic systems in MIS is well suited to address the aspect of
ergonomics and can provide intuitive surgeon’s consoles for control, tailored to an ergonomic
posture. As such systems are mostly teleoperated, they still challenge the surgeon regarding the
control of the available DOFs. Thus a highly actuated flexible robotic system, such as needed
for endoscopic interventions, would still result in a high cognitive load for control. To address
this issue, a flexible robotic instrument’s control can be enhanced by autonomous functions.
Aiming to reduce the number of control inputs, this could support the surgeon in navigation
and manipulation during an intervention. Such supportive functions are rarely implemented as
of now. Therefore, this chapter introduces a self-centering capability in a minimally invasive
continuum robot, based on capacitive proximity sensing. With the robot presented in Chapter 4
and the sensor introduced in Chapter 5, methods are presented that integrate both in one setup.
To control this system, a suitable control algorithm is developed and implemented. Similar
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Figure 6.1 — Layout data of the end-effector PCB. a) Top view with pads for LEDs and front of electrodes. b) Bottom view
with pads for LED resistors. The PCB integrates capacitive electrodes, illumination, and camera mount.

methods for control based on spatial sensing have been demonstrated, based on an endoscope’s
image [55-58]. Utilizing an endoscope’s camera, however, only allows for the acquisition of
spatial information in the front-facing field of view. Lateral obstructions can only be considered
from intraoperative maps. However, in soft tissue interventions, such maps are often rendered
invalid very fast as the tissue is moving. To gain lateral spatial information, fiber-based optical
distance sensors have been applied for closed-loop control of a continuum robot [132, 133].
Such sensors are strongly reliant on the varying reflectivity of the tissue to be sensed. To over-
come such issues, the method presented in the following applies capacitive proximity sensing
for control.

6.2 Sensorized Continuum Robot

The sensor, developed in Chapter 5, has been designed as an add-on sensor for a commercial
endoscope. Integration into a continuum robotic device should comprise more than the sensor
just being attached to the robot’s top. The aim of this chapter is to design a complete robotic
system, that comes close to providing the functional features, expected from an endoscopic
device. Therefore, the robot’s tip, from chapter 4 is redesigned into a multi-functional end-
effector, providing vision, illumination, and proximity sensing.

Sensorized Tip As discussed in Section 5.4.1, the sensor’s electrode manufacturing depends
on manual precision during assembly. To reduce this dependence, the sensor electrodes are
integrated into a manufactured PCB. This allows for better repeatability of sensor manufacturing
and more efficient use of space. The shielding and sensing electrodes can be realized as a two-
layer PCB. Solder pads on the inner layer are designed to fit the employed coaxial cables, a
via connects the cable’s inner conductor to the outer sensing electrode. To maximize the sensor
range, the sensor area is increased in a trade-off for the second ring of electrodes. In this thesis,
proximity control is presented without the use of tilt information of the sensor. Thus, the sensor
comprises only four electrodes with an area of 7mm x 20 mm. Figure 6.1 shows the sensor-
PCB layout. The PCB is manufactured on a flexible substrate. This allows to manufacture
the 3-dimensional tip assembly as a single PCB. The center of the PCB contains footprints on
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Figure 6.2 — a) The end-spacer design (CAD) with camera cable guidance and tendon fixture. b) The separate com-
ponents before assembly. c) Intermediate assembly process with electrodes be pushed in the mount. d) The finished
sensorized head of the CR. Adapted from [12].

its top, for two high-power white LEDs (GW VIJLPE1.EM, Osram, Germany) with a size of
1.08 mm x 1.08 mm. The backside integrates four 2012 (metric) footprints for SMD resistors
to limit LED-current. A central via of 2 mm diameter allows a miniature camera to be placed in
the PCB.

The sensor electrodes are connected to the sensing unit with coaxial cables (Coaxial Ca-
ble 9442 WHO033, Alphawire, USA) with 0.3 mm diameter. These small-diameter cables were
chosen to minimize the effect of the cable stiffness on the robot’s motion. The LEDs circuit
is connected to the power supply via flexible silicone cables. In the central via of the PCB, a
miniature camera (NanEye 2D, AMS, Premstaetten, Austria) is mounted, using a 3D-printed
adapter.

To hold the sensor PCB in place, the robot’s end-spacer was redesigned to comprise a
scaffold for the end-effector electronics. A notch in its bottom center allows it to be placed
on the backbone. The backbone ends on the z-position of the center of the electrodes. Further
features allow the fixture of each of the four Segment II tendons. For PCB assembly, the four
electrodes are folded downward and slid into tailored mounts in the scaffold. This assembly
process is shown in Figure 6.2. When set in place, an electrode’s normal point in each of the x-
and y-directions. Therefore, in the following, the electrodes are referred to by X+,Y+,X—, and
Y — (see Figure 6.2d). A central channel in the scaffold guides the LED power wires and camera
wire from the PCB through the end-spacer. The coaxial cables are attached to the electrodes on
their inward-facing surface and can be guided directly to the spacer disks.

To incorporate the cables for the new end-spacer, the robot’s spacer disks were fitted with
additional holes to guide coaxial and power cables. A T-shaped notch was included to accom-
modate the camera cable. This allows for the dismounting of the camera without disassembling
the robot. The revised spacer layout is depicted in Figure 6.3. The robot base now includes a
channel to guide the camera, power, and coaxial cables directly through the base to the substruc-
tion. To provide protection and demonstrate the possibility of sealing the robot, a 3D-printed
cover was fitted over the base and load cell units. The robot’s body is protected by a sili-
cone drape. It was manufactured by molding silicone (EcoFlex 0030, KauPo Plankenhorn e.K.,
Spaichingen, Germany) onto a 8 mm aluminum rod. For curing it was held upright for excess
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Figure 6.3 — The revised spacer design for the sensorized robot in a 3D view a) and an annotated top view b). Besides the
holes for the backbone and the tendons, the spacers comprise channels for the cables of the sensor and the illumination
at the robot’s tip. For the camera’s flat ribbon cable, a T-shaped notch allows the dismounting of the camera without the
disassembly of the robot.

Table 6.2 — Serial commands for controlling the CR with their parameters P1 and P2.

CMD P1 P2 Function

s [0,1,2,3] [0 - 180] Set motor P1 to position P2

f [0,1] - Enable (P1 = 1) or disable (P1 = 2) the robot servos
1 [0-255] - Set end-effector illumination to power level P1

m [0,1,2,3] - Get the current motor position of motor P1

silicone to flow off and form a thin layer. The process was repeated three times to gain a thin
(< 1 mm) but resistant silicone layer. For demolding, magnesium carbonate is used to reduce
the silicone’s adhesiveness. Figure 6.4 shows the fully set up robot including cover and drape.

Adaptions to the Robot Body and Base The coaxial cables for the sensing unit are fed through
a central hole of the substruction’s bottom plate and can be connected to the sensing unit as
shown in Figure 5.5. In this case, only the first four channels (i = 00 to i = 03) are used. To
power and control the LEDs for camera illumination, the Arduino shield of the robot is adapted:
The LEDs are driven with a current of approximately 50 mA. PWM of the current allows to dim
the LED’s intensity. As the Arduino cannot directly provide such a high current, the amplifier
circuit, depicted in Figure 6.5 is implemented on the Arduino shield. The figure also shows
the assembled shield. The end-effector camera is read out by the NanoUSB2 Eval Kit (AMS,
Premstaetten, Austria), which provides the images over USB to a PC. The image has a resolution
of 250 x 250 pixels, the image quality strongly depends on the illumination of the scene. As
a preliminary experiment, the integrated camera was tested in a phantom to evaluate the image
quality and suitability of the illumination. The robot’s tip was placed inside the inferior vena
cava of a plastic heart model, facing the right atrium (see Figure 6.6a). The model was closed to
test the illumination of the robot’s tip (Figure 6.6b). For a sufficient illumination of the scene, at
approximately 10 mm distance, an intensity value of 25 (i.e., 9.8 %) of the LEDs was required.
The resulting image of the atrium is shown in Figure 6.6c.

Robot Firmware The control of the robot system is implemented in the latest ROS version,
which was foxy at the time of development. For this version, the rosserial package, used in
Section 4.3, is not available anymore. Furthermore, data transmission between the uC and a PC
through ROS-topics results in an unnecessary overhead for this peer-to-peer use case. There-
fore, a custom serial interface is implemented with control commands as listed in Table 6.2. It

I'The range of 0 - 180 is mapped to the servo’s available range. i.e., 0° - 270° in the presented case.
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Figure 6.4 — The continuum robotic platform with the capacitive proximity sensor, camera, and illumination integrated into
the robot’s tip. Adapted from [12].

operates at a rate of 57600 Bd and allows to set each motor’s position, set the LED’s bright-
ness, and query a motor’s current position. Furthermore, it provides functionality to enable and
disable the robot. In its disabled state the robot does not accept new position commands, the
current state is shown by the robot’s signaling LEDs.

6.3 Proximity Control

A demonstrator of the sensorized continuum robotic system is further evaluated for proximity
control in an endoscopic scenario. As discussed in Chapter 2 such a controller could form a
useful extended functionality for robotic endoscopic devices to support surgeons with an opti-
mal view for navigation, less cognitive load for endoscope control, and a lower risk of injury.
The following section describes the derivation of a kinematic robot model and the utilization of
localization information from the sensor. Both are then combined in a control algorithm that
aims to center the robot TCP in a hollow organ. Unless explicitly noted, the definitions of the
symbols from Chapter 4 and Chapter 5 are applied here, respectively.

6.3.1 Kinematic Model

The robot is modeled as a single-segment robot, whose backbone takes the shape of a constant
curve. To augment the presented, two segment robot to such a model, the Segment II servo
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Figure 6.5 — a) Photo and b) circuit diagram of the Arduino shield. It provides the amplifier circuit for the end-effector’s
LED control and connectors for the motors and signaling LEDs.

Figure 6.6 — Preliminary evaluation of the integrated image sensor. a) The robot’s tip is placed in a plastic heart model.
b) The closed model with the robot inserted. c) An image of the right atrium from inside the closed model, taken by the
robot’s image sensor using the integrated illumination.

positions Ox, and Oy, are controlled in dependence of the Segment I servo positions Oy and
Oy by the following control rules:

1

1
Ox1 = Eexz and Oy1 = 59)’2- (6.1)

This ensures, that T(, 1, T(x_)1, T(y4); and T, ), follow the backbone shape determined by
T1)2: Tix—)2: T(y4)2 and T(,,_ ), and do not apply an interfering force.

To set up the robot model and the forward and inverse kinematics, the following spaces are
defined corresponding to Section 3.1.4:

* Actuator Space Q: It comprises the motor positions 6, = 6y, and 6, = 6y,. Due to the
control rule in Equation 6.1, Oy and 6y are not defined as part of the actuator space.

* Configuration Space C: It comprises parameters describing the constant curvature robot
configuration: x as the constant curvature and the direction of deflection as angle ¢ from
the positive x-axis.

* Task Space T: It comprises a homogeneous 3D transformation 7cr defining the TCP
coordinate frame in the robot’s base coordinate frame

The kinematic concept and the robot’s parameters are visualized in Figure 6.7. The robot
is assumed to form a constant curve K in the direction of ¢. The tendon displacements d,d>
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Figure 6.7 — Visualization of the kinematic model applied. A tendon displacement d; causes the backbone to bend in
the bending direction determined by 3. In doing so, the backbone assumes a constant curvature arc with a radius r. The
robot’s forward kinematic maps the tendon drum rotations 6, (and 6,, not shown here) to a homogeneous transformation
from the robot’s base coordinate frame XYZ to the TCP frame X"Y"Z". [12]

resulting from tendon drum rotation (see Equation 4.1) are given by

dl = eerD and d2 = GerD. (62)

The robot’s TCP coordinate frame can be described by three translations from the robot’s
base coordinate frame t,,7,,;, and three rotations Rz(B )Ry (&)Rz»(7) (i.e., a global rotation of
o around the global y-axis, a rotation of  around the global z-axis, and a rotation of y around
the local z-axis ). From the geometric relation (see Figure 6.7) it can be derived, that y = —f3.
Then, this transformation can be expressed as a homogeneous transformation matrix 7¢g as in

cos® B cos ¢ + sin® B cosfBcosgsinfB —sinfBcosfB singcosf iy
T — | €08 ¢ sinf cos B —sinf cos B cos ¢ sin” B + cos? B singsinff ¢, 6.3)
R —sin¢ cos 8 —sin¢sin cosp t, '
0 0 0 1
For a mapping C +— T, the following relations can be geometrically derived:
K
o= B=2¢ (6.4)
0

ty=(1- cos(Klo))%cosﬁ ty=(1- cos(Klo))% sin t,= sin(Klo)% (6.5)

Tcr from Equation 6.3 can now be expressed as a mapping from actuator to task space QQ —
T. Therefore, the following relations of the configuration space parameters k, 3 are applied:

\/d3+d}
A B = arctan ) (6.6)

K=
lorr I

Equations 6.6 in combination with Equation 6.2 allows to express Equation 6.3 as forward
kinematic, projecting an actuator space position g = [6, Gy]T to task space:
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Here p is calculated as

p=1/62+62. (6.8)

From Tcg’s fourth column, the TCP’s position pycp 1s derived by

rop? (6.9)

As Equation 6.9 is undefined for 6, = 6, = 0, this singularity is counteracted by defining

. 0
m@(M)=()- (6.10)

lo

6.3.2 Sensor Data Processing

The sensor data is processed similarly to the method presented in Section 5.2. The four elec-
trodes h € {X+,Y+,X—,Y—} are used to provide a new goal state for the CR’s TCP position.
The work presented in Chapter 5 showed, that the sensor values are prone to a shift (constant
over all electrodes) over time, likely due to environmental changes. Thus, calibration is re-
quired to be repeated for the sensor to work reliably. Conducting the calibration based on a
sensor characterization, as presented in Section 5.2.2 is costly in terms of time and equipment
required and unsuitable for repeated calibration, especially with regard to an application in the
clinic. Therefore, a simplified calibration method, suitable for sensor calibration on the CR 1is
required. As suggested by Equation 5.1 and supported by the data presented in Figure 5.8, the
mapping of the sensor’s raw value E}, to the sensor distance sy, is reciprocal. Thus, a calibration
function Sy, : Ej, — sj, is needed for each electrode £ fitting the model function

EA,

= —. (6.11)
E, —Cop

Sh

As this model is used as an approximation of the physical setup, €4, and Cy j, purely represent
calibration parameters with no direct physical representation in the sensor setup. Cp can be
determined at a clearance measurement where s, — oo can be assumed, and Cy;, = Ej, can be
set. Despite Cy , being set at a clearance measurement, noise can result in values of Ej, > Cj .
As a result, the denominator in Equation 6.11 could assume small negative numbers and result
in s;, < 0. This does not correspond to a representation in the physical setup. To prevent this, an
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Figure 6.8 — a) The application of the calibration bodies on the robot. b) The three calibration bodies, used for calibration
of the sensor. ¢) An exemplary calibration as least square fit through the three calibration samples. Adapted from [12]

upper limit sy 1s defined. Above this level, all raw value changes are considered as noise and
the sensor output is set to spmax. This provides an equivalent representation to no object detection
or an object being out of range. Hence, the calibration functions S;, mapping the raw values to
distance values are defined as

. €A
Sh(Eh) =85y = mm{m,smax} . (612)

€Ay, can now be determined by calibration measurements with an object at known distances. To
conduct such an experiment in a simple fashion and with the sensor attached to the robot system,
three calibration bodies, shown in Figure 6.8, are designed. These consist of aluminum cylinders
with 40 mm, 30 mm, and 20 mm inner radius, respectively. For conducting a calibration, a
calibration body is grounded and placed on the robot’s sensorized tip. A 3D-printed inlet keeps
the sensor centered. This way, each electrode has a distance of 15 mm, 10 mm, or 5 mm to the
calibration body’s wall. The calibration is repeated for each of the three calibration bodies. The
number of samples was chosen to cover the close-, far-, and mid-range of the sensor and as a
trade-off of accuracy and practicability. With these three known distances, €A;, can be fitted
to the resulting raw values for each electrode using a least-square optimizer. To account for
sensor noise, the raw value used for calibration is averaged over a measurement of 50 values.
Figure 6.8c plots the resulting calibration curve for an exemplary calibration process.

The calibrated sensor now provides four distance values sy, Sy+,Sx—,sy—. These allow
determination of the surrounding’s center as in Equation 5.4. Figure 6.9 depicts this principle.
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Figure 6.9 — Visualization of the goal determination of the controller. a) The robot should be centered in a hollow organ.
b) Therefore, the environment is approximated by an ellipse and the center p is targeted. [12]

The determined center is expressed in the TCP’s coordinate frame by

1 SX+ —Sx—
Pc = 5 Sy+—sSy— |- (6.13)
0

These center coordinates p. are passed to the controller as goal state and are then processed as
described in the following section.

6.3.3 Controller

The controller’s task is to continuously calculate a new actuator configuration g from the current
sensor input. Therefore, the sensor provides the current goal position p in the TCP’s coordinate
frame. In each iteration n, p. is transformed into the robot’s base frame and then passed to a
solver which solves the linearized inverse kinematics to approximate the new actuator pose
q,.1- This is then passed to the hardware interface, controlling the servo motors, and a new
iteration n 4+ 1 is started.

The goal position, p., is provided in the TCP’s coordinate frame. To transpose these to
robot base frame coordinates p,, the forward kinematics at the current robot configuration g,
given by Equation 6.7, is applied as follows:

m = Tex(4,) m - (6.14)

To create a control command for the motors, a new actuator configuration g, ; needs to be
found which minimizes the TCP’s deviation e from the goal position:

e =Tcr(q,11)és— Py (6.15)

with é4 being the fourth dimension’s unit vector. As the inverse function of Tcr(q) does not
have a closed form solution, Tcr(q) is linearized at the current robot configuration g,,, such
that the pseudoinverse Jacobian J* = J7 (JJT)~! can be used to solve for the configuration’s
derivative g as in

{SX} =g=JT ") 1 p,. (6.16)
y
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For the given CR, the servos do not provide a velocity interface to which ¢ could be assigned to.
Instead, only a position interface is available. To derive a position command, that can be passed
to the robot at the end of the current control cycle, Equation 6.16 is integrated over the duration
from control cycle start ¢, to the control cycle end ¢, 1:

Tnt1 . + Int1 . +
qn+1=/t qdt =J /; Podt =J7(po— Py)- (6.17)

Here, p, is the robot’s current position. Due to the linearization, Equations 6.16 and Equa-
tion 6.17 are only valid for small deviations of p,, from p,. In implementation and application,
the control cycle is kept short and it can be assumed that the environment changes without ma-
jor discontinuities or abrupt changes, this supports the assumption of small deviations from the
current position to the goal position.

The control loop is implemented in a custom ROS2-control controller. It subscribes to
the sensor raw values which are published at a rate of 100 Hz. The controller runs at 5 Hz,
which allows the usage of a 20-value mean sensor raw value as input for the controller to re-
duce noise. ROS2-control architecture prescribes a hardware interface for the robot. This was
implemented as a wrapper of the interface described in Table 6.2. The hardware interface al-
lows loading the robot model parameters from an Unified Robot Description Format (urdf) file
and passes them to the implemented kinematic model. This allows for the adaptability of the
software to a changed robot design and variations.

6.4 Evaluation

To evaluate the sensorized robot and the controller, an initial qualitative evaluation of the robot’s
capability for obstacle avoidance is presented. Then, a qualitative analysis is conducted in which
the controller’s accuracy is evaluated in a dynamic environment.

Obstacle Avoidance Due to limiting the sensed distance to a defined range smax, by Equa-
tion 6.12, the sensor is expected to remain at rest when located in open space. However, as
the sensor is prone to noise, choosing smax too large results in the sensor measuring a distance
lower than sy« even when operating in open space. This can cause the proximity controller to
jitter or drift. Experimentally, spmax = 40 mm was found to represent a reliable upper limit of
Smax, Where the system is still stable in open space. With this limit set, the robot is able to con-
duct motions for obstacle avoidance when an object is approaching. The respective electrode(s)
measure a distance below spax and from Equation 6.13, it can be seen that a new goal is set
on the opposite side to the approaching obstacle. Figure 6.10 shows a series of images from
such an evasive motion away from an approaching hand. This experiment also demonstrates the
sensor’s responsiveness to tissue.

Accuracy Evaluation In the following, an experimental setup and an evaluation of the robot’s
accuracy are presented. In these experiments, the controlled system’s position is compared to the
ideal center point of a closed environment. The setup for conducting accuracy analysis is shown
in Figure 6.11. It consists of a serial manipulator (UR10e, Universal Robots, Ordense, DK),
a cylindrical phantom, and an optical tracking setup. To simulate a dynamic environment, in
which the proximity controlled CR should center itself, a tubular phantom of 50 mm is created.
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Figure 6.10 — To demonstrate receptiveness to tissue, obstacle avoidance is demonstrated with a hand. The robot
conducts evasive motion when approached by a hand. [12]

As presented in Section 5.2.4, the phantom is made from a 3D-printed base with the inner
surface revetted with copper foil that is grounded. The phantom is moved by the serial robotic
arm on predefined trajectories. The tracking system, described below, is used to track the CR’s
TCP position relative to the phantom. The tracking system’s cameras are rigidly attached to
the phantom and the serial robot’s end-effector. This allows to compare the trajectory of the
phantom’s center (i.e., the proximity controller’s desired goal) to the actual TCP position during
the experiment.

The tracking system consists of two Raspberry Pi 4 (Raspberry Pi Foundation, Cambridge,
UK) with a Raspberry Pi HQ camera attached to each. The cameras are equipped with a 6 mm
objective lens and are mounted on a rigid frame which also holds the phantom. The cameras are
aligned for their fields of view to fully overlap in the phantom’s center plane. After mounting,
the cameras are intrinsically and extrinsically calibrated. Intrinsic calibration is conducted with
a checkerboard pattern, using the default methods by the OpenCV library [203]. For extrin-
sic calibration, a 3D-printed calibration body is designed, which attaches to the phantom. It
consists of nine markers at predefined locations in relation to the phantom’s origin. In a sub-
sequent calibration process, the markers are selected in each of the camera’s images as user
input. This allows to conduct an extrinsic calibration of each of the cameras to the phantom’s
coordinate frame. This process indirectly provides the cameras’ calibration to each other. A
tracking algorithm makes use of the CR’s camera LEDs: The cameras’ objective lenses are set
to a small aperture, such that only the LEDs’ light is pictured as bright spots and environmental
light is suppressed. This facilitates segmentation of the LEDs’ location. The center point be-
tween the two LEDs marks the CR’s TCP. Both cameras record a video during an experiment.
Subsequently, the videos can be further processed to provide 3D TCP localization data: The
videos are synchronized by the detection of the moment when the LEDs are switched on at the
beginning of each experiment. Using the extrinsic calibration, the tracked TCP locations from
each image are triangulated to a 3D position of the TCP. Due to the extrinsic calibration to
the phantom’s coordinate system, the traced coordinates x, yx,zx for each frame k represent the
TCP location as a distance from the phantom’s center.

Equipped with this tracking, the phantom is now moved around the CR and in a predefined
x-y-pattern, parallel to the table. To achieve this, the phantom and tracking frame are mounted
to the serial robot arm’s flange. The traced trajectory starts at the CR’s TCP, in a neutral posi-
tion. During the execution of the trajectory, the proximity controller is running. Therefore, the
proximity controller causes the CR’s tip to follow the trajectory of the phantom’s center point,
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Figure 6.11 — The setup used for accuracy evaluation of the CR. a) The full setup: A robot arm holds the phantom and
the tracking setup. The CR’s sensorized tip is placed inside of the phantom. As the phantom is moved with the robot arm,
the tracking system can evaluate the CR’s tip position while the proximity controller is active. b) Concept of the tracking
system. For the stereo camera setup, two cameras are aligned to have an overlapping field of view inside of the phantom.
A detection algorithm for the CR’s tip tracks the robot’s motion in relation to the phantom.

during phantom motion. To quantify the controller’s accuracy, the tracking system tracks the
deviation from the ideal position over time. As a metric for accuracy g,cc, the mean Euclidean

distance over all m frames
1 m
acc = n_12 \/X%+y1% (6.18)

k=1
is calculated.

As a more practical quantification of controller quality, the relative time of the sensor in
contact with the phantom’s wall, gcontact, 1S €stimated by evaluating

no(1, if \/x2 4y =20mm,
Gcontact = — Z KTk (6.19)

k=1 |0, otherwise.

A sensor distance of 20 mm corresponds to the sensor being in contact with the wall, as the
phantom’s radius is 25 mm and the sensor exhibits a radius of 5 mm.

The experiment is conducted for a cross-shaped trajectory with an extend of 12 mm and a
square-shaped trajectory with 10 mm side length. The coordinates, traced for these trajectories,
are listed in Table 6.3, denoted in the CR’s TCP coordinate frame, when it is in an upright
neutral position. For the execution of the trajectories, the serial robot moves the phantom at a
speed of 10 mm.

The results for the square and cross trajectory are visualized in Figure 6.12a and Fig-
ure 6.12b. The plots show the trajectory of the phantom’s center and the sensor position from
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Figure 6.12 — The results of the dynamic accuracy evaluation for the square trajectory a) and the cross trajectory b). The
phantom is represented by the trace of its center line (blue dotted line) and the trace of its inner volume (blue shaded
area). The motion of the CR’s tip, as a result of the proximity control, is traced by the red line (TCP trace) and the red
shaded area (sensor volume trace) [12].

the optical tracking system as lines. The spaces occupied by the phantom and the sensor during
the experiment are traced as shaded areas. To visualize the phantom’s inner size, it is plotted as
a circle at the start position. The runs were evaluated with the metric from Equation 6.18. For
the square trajectory, an accuracy of (10.37 £ 0.49) mm was calculated. During the execution
of the cross trajectory, the controller performed at an average accuracy of (9.62 + 0.38) mm.
Contact could be avoided most of the experiment’s time: The square trajectory resulted in
Geontact = 2.07 %. The cross trajectory exhibited a lower contact value of gcontact = 0.96 %.

To help understand the temporal behavior of the controller, for the square trajectory, the
position of the phantom and sensor as well as the positional error are plotted over time, in
Figure 6.13.

Centering in a Tubular Environment As an additional, qualitative experiment, further evaluat-
ing the system towards an application, an insertion process of the CR into a bent section of an
organ is simulated. It aims to provide a proof of concept for the implementation of a controller
navigating a CR through a hollow organ. Therefore, a second phantom was created similarly
to the one from the previous experiment: The phantom is tubular but with a smaller diameter
of 40 mm and the center line following a 40° bend with a bending radius of 40 mm. To pro-
vide a responsive inner surface, it is coated with copper. To provide a physiological look for
the endoscopic camera, the phantom is additionally coated with a thin layer (<1 mm) of silicone
(EcoFlex 0030, KauPo Plankenhorn e.K., Spaichingen, Germany) with red coloring pigments to
represent tissue. The phantom is mounted to the serial robot arm’s flange and positioned above
the CR in a neutral position and with active proximity control. The serial robot then executes a
downward motion with the phantom which simulates the insertion of the CR into the phantom.

Table 6.3 — Coordinates of the evaluation trajectories. Units are mm. The coordinates are denoted in the TCP’s frame
when in the neutral position.

Position # 1 2 3 4 5 6 7
Cross [0,0] [-60,0] [60, 0] [0, O] [0, -60] [0,60] [0, 0]
Square [0,0] [50,50] [-50,50] [-50,-50] [50,-50] [50,50] [0, Q]
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Figure 6.13 — Temporal course of the cross trajectory for accuracy evaluation. a) x- and y-position of CR TCP and the
phantom’s center as ideal controller goal. b) Course of gacc during the experiment. ¢) The sensor raw values for all four
electrodes. Adapted from [12].

During the insertion process, the controller is tasked with keeping the phantom centered. In this
case, this means the robot should follow the phantom’s center line and reproduce the phantom’s
curve.

Figure 6.14a shows the setup and Figure 6.14b, as a result, the CR’s end position after
passing the phantom. In the endoscopic camera, the corrective movements of the CR to center
the robot during the passing of the bent section can be observed.

6.5 Chapter Discussion

The combined system of sensor and CR can be controlled to evade obstacles autonomously
and to center itself in a closed environment. The evaluation presented shows significant devia-
tions from the goal state, which partially leads to contact with the phantom’s wall. To improve
accuracy, further optimization is required. However, the system could demonstrate the applica-
bility of a combination of capacitive, exteroceptive sensing, and continuum robotic actuation.
In an endoscopic intervention, no highly dynamic motion of the environment is expected and
endoscope control does not necessarily require highly accurate absolute positioning but rather
spatial exteroception to refrain from wall contact, and centering to improve visibility of the
situs. Yet, for advanced autonomy features, various points could be addressed to improve accu-
racy. As listed in Section 5.4.1, the sensor could provide a more accurate signal when electrode
geometry is optimized, and online calibration could be implemented. Noise in the sensor signal
may cause oscillation in the determined goal position p. and the derived control commands.
To address this issue, approaches for improving sensing hardware or digital filtering should be
investigated.
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\a)

Figure 6.14 — The experiment for center line following. a) The CR before introduction into the curved phantom. b) At the
end of the curved phantom, centered at the phantom’s exit [12].

Besides sensor signal accuracy, also robot accuracy offers potential for improvement. A
fairly simple kinematic robot model was applied for the sake of computation time and simplicity.
Applying a more complex model would improve the representation of the robot in the controller.
However, to be able to apply the control method presented, the robot’s forward model Tcgr(q)
should still be representable in a closed form (cf. Equation 6.7). Only for this case, it is possible
to form an analytic solution of the Jacobian J and its pseudoinverse J*. Otherwise, numerical
methods have to be applied to solve Equation 6.16.

The robot structure and hardware itself most likely also contribute to the system’s error.
Overshoots through the compliant structure are not regarded by the controller. Therefore, they
can be observed in Figure 6.13 at the times when the phantom is at rest, but the CR tracking
shows periodical oscillations. Further investigation could research the introduction of dampen-
ing elements in the robot structure or the introduction of dynamics in the robot model.

The combination of proximity sensor and CR creates a system that can conduct evasive
motion autonomously and without any user input. The same controller serves for obstacle
avoidance in open spaces and centering in closed environments. With the given sensor setup
and CR kinematics, the system is restricted in its DOFs concerning motion but also regarding
its sensing. As sensing is restricted to four electrodes in X+,Y+,X—, and Y — directions, an
evasive motion can only be calculated in 2D (i.e., the plane perpendicular to the sensor’s center
axis). A second ring of sensors would allow the determination of the relative position of the
system to an environment in two locations along the CR’s body and derive an orientation in
three dimensions. As the set-up kinematic model includes the full homogeneous transformation
matrix 7cr the controller can be easily extended to not only take a goal position into account
but also consider a goal with orientation information.

The third experiment demonstrates a proof-of-concept of the controller’s capability to allow
for center-line following, but also shows limits of the robot’s kinematic setup, as contact of
proximal parts of the robot, below the robot’s tip cannot be avoided. This does not affect the
quality of navigation and situs visibility as the tip can still be centered. However, to achieve
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a contact-free advancement, a robotic system would require additional DOFs and additional
sensors along its body to be able to sense the centralization of a respective robot body part
and to allow for null space optimization (i.e., to maintain the robot’s TCP at its pose while
conducting evasive motion with a proximal part of the CR). Another approach to this issue is
the implementation of kinematics which allows for a follow-the-leader motion. With this, the
robot conducts a non-holonomic motion, i.e., its body only occupies space which is part of
the TCP’s trajectory during advancement. Approaches, addressing this issue are for example
presented in [99].
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7 Discussion

In this chapter, the presented results are discussed collectively and their significance for the
overall goal of this thesis is elaborated. Section 7.1 discusses common aspects of accuracy and
calibration in the presented methods, and provides a comparison to the state of the art. Sec-
tion 7.2 addresses mutual limitations and their interaction focusing on actuation (Section 7.2.1)
and sensing (Section 7.2.2). Section 7.3 projects the thesis’ findings on the research questions
of this thesis, introduced in Section 1.2.

7.1 Consolidated Analysis and Discussion

Each method of this thesis presents a discussion of its results. To link the individual results, the
following section discusses the interdependence of the results and findings and puts them into
the application’s perspective.

Accuracy A general challenge all presented methods are facing is low accuracy. The sys-
tems presented are developed for a proof of concept, and the underlying principles were to be
demonstrated. This resulted in an overall system that still offers various working points for
optimization as illustrated in each method’s discussion. However, it should also be pointed out,
that in such a demanding field of application, such as MIS, absolute accuracy is not the primary
concern. During an endoscopic intervention, a surgeon does not rely on precise information
about the position of the endoscope’s tip in relation to the handpiece (or robot base). Similarly,
in colonoscopy, the exact distance of the camera to the colon’s wall is not of primary interest,
as long as centering of the distal tip provides sufficient sight and reduces the risk of perforation
or constriction. The fact that only a few to no systems are available that provide such informa-
tion (even at low accuracy), highlights the need for research in the field of sensor-actor systems
with in situ spatial exteroception for MIS. Despite the low accuracy presented, Section 8.2 will
point out, that there are many promising points of action to improve the accuracy of the in-
vestigated systems. Especially, advanced robotic applications and surgical process automation
would benefit from reliable sensor values and precise robot actuation.

The presented method of exteroception-based control competes with similar methods es-
pecially based on vision (i.e., the integrated camera) [55-57] and optical fiber sensors [132,
133]. Both are sensing modalities that can hardly present highly accurate measurements. The
cited works do not provide results that allow for a directed comparison of the accuracy, but
their findings report similar challenges. Van der Stap et al. evaluate their approach by compar-
ing the image-based target pose to an experienced surgeon’s choice and evaluate their systems
success rate of conforming to this choice by an intra-class correlation analysis as a metric for
image similarity. They could present a success rate of 84.7 % to 98.8 % [56]. Chen et al. could
demonstrate their system’s ability to avoid touching the wall (a distance of > 0.8 mm could
be maintained) while being inserted into a tubular phantom. An accuracy measurement is not
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presented. For the comparison of this system, and the CR presented in Chapter 4 it should be
noted, that the aspect ratio of length to width of a continuum robotic system plays a crucial
role in its stability and ability for accurate control. While Chen’s presented system comprises
an approximate actuated length of 100 mm' and a diameter of 17 mm, it comprises an aspect
ratio of 5.8. In contrast, the robot presented in this thesis comprises a length of 260 mm and
a diameter of 10 mm, resulting in an aspect ratio of 26. The controlled system by Liu et al.
could present an average error of —0.93 mm for maintaining a nominal distance of 5.2 mm to
an object. Their system comprises an aspect ration of 360mm/20mm = 18. Here, as diameter
the average diameter was used as the robot is cone-shaped with a diameter range of 30 mm to
10 mm diameter.

This comparison to the literature shows, that accuracy is a general challenge in this field of
research. The robot presented in this thesis already comprises one of the highest aspect ratios
compared to similar robotic systems researched. A higher aspect ratio correlates with a higher
effect of leveraging, impeding accurate control. Nevertheless, such an aspect ratio is required
for endoscopy and MIS and should be aimed for in minimally invasive robotic systems. For
comparison, the commercial gastroendoscope utilized in Chapter 5 (see Figure 2.1b) comprises
a length of 2000 mm and 9.2 mm diameter (aspect ratio of 217). This illustrates the need for
high aspect ratio robotic systems and the contribution of the presented method.

Sensor Calibration In this thesis, three different methods for the mapping of the capacitive
raw value to a proximity or contact value are investigated:

1. Section 5.2 applies an extensive calibration procedure to create a lookup table-based ca-
libration.

2. Section 5.3 achieves a binary classification on a purely data-driven method without the
need for a preceding calibration process.

3. Section 6.3.2 introduces an intermediate calibration process based on only a few calibra-
tion samples.

Calibration method (1) is associated with the most effort for calibration and requires the robotic
setup presented in Figure 5.7. This restricts the versatility of the calibration method, as the sen-
sor needs to be calibrated before integration or needs to be detachable as in the given method.
However, this method results in the most accurate mapping of raw value to distance, as for each
possible raw value a corresponding distance can be assigned from a physical measurement.
Conducting the calibration of the sensor when it is already integrated into the robot would re-
sult in a complex calibration method. Considering a calibration method that is more suitable for
application in or close to the OR, the calibration process (3) was implemented for the integrated
continuum robotic setup. The amount of sample points acquired for calibration is crucially re-
duced (from the full range of sensor raw values) to three samples. A reciprocal model function,
as presented in Equation 6.11, is fitted to these samples as a regression for the mapping from
raw value to distance. The model function is derived from a first approximation of the physical
setup and respectively a strong simplification. The number of calibration samples (i.e., three)
was chosen for practicability and could be varied to improve the sensing results. As an investi-
gation of further reduction of the sample size, calibration method (3) investigates an approach
that requires no calibration. It is based on the a priori knowledge, that the sensor responds to

IThe precise value is not denoted in the publication and estimated from the images presented in [132].
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Section 5.2.3 Section 5.3 Section 6.3.2
Lookup Table 3 Calibration Bodies Retrospective Data-Driven

Number of Calibration
Sample

Simplicity of
Calibration Process

Mapping Accuracy

Figure 7.1 — Qualitative comparison of the three investigated calibration methods for sensing. The calibration as lookup
table, as presented in Section 5.2.3 trades off a high number of calibration samples and a resulting high mapping accuracy
with a high effort for conducting the calibration process. The retrospective data-driven method, presented in Section 5.3,
presents contrary features of low accuracy but also low (or none) calibration effort. The usage of calibration bodies as
suggested in Section 6.3.2 presents an intermediate method in which effort and accuracy can be varied through the
number of calibration bodies utilized.

contact, and a high raw value correlates to contact and a low sensor signal correlates to no con-
tact. On such a base, the sensor signal output is classified as contact and non-contact, using the
sensor data history. The presented implementation only allows for a retrospective analysis of
the data and is not directly suitable for the mapping to a distance value. Compared to methods
(1) and (2) this results in less information provided by the sensor, which was only sufficient
for the presented use case of contact classification. The three presented calibration methods
demonstrate the versatility available for capacitive sensing concerning raw data processing on
the one hand. On the other hand, they highlight the need for careful consideration of the ap-
plied calibration method, as typically calibration effort and practicability are in trade-off with
achievable accuracy. Figure 7.1 summarizes the comparison of the three calibration methods
graphically.

7.2 Limitations

As an addition and summary to the limitations listed in each of the method chapter’s discussions,
this section discusses limitations of the overall approach, divided into actuation and sensing. In
Chapter 8, approaches to address limitations are presented and discussed.

7.2.1 Actuation

The robotic system introduced in Chapter 4 and then integrated into the system from Chapter 6
exhibits drawbacks from being a proof of concept setup. As a research setup, its manufacturing
comprises a large portion of manual assembly steps. This results in the introduction of inac-
curacies and lack of repeatability for the setup. The studies were conducted with one physical
setup, so no statement regarding the repeatability of the setup’s manufacturing can be made, and
the evaluation of the performance can only be assumed to be transferable to an equal setup.

The imprecision of the selected manufacturing methods also contributes to the hysteresis
that could be observed in the robot’s motion. Especially, in the robot’s neutral position, the
clearance in the channels for tendon guidance and backbone fixture results in sudden jumps,
as tension changes from one tendon to the antagonistic one. Furthermore, the servo motors
also contribute to motion accuracy: As they are controlled with an 8-bit integer PWM value,
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they provide a low position resolution of 256 steps over their range of —135° to 135°. For
the proximity-controlled robot, this means that the complete workspace only consists of 256 x
256 = 65536 possible robot poses, due to the control rule in Equation 6.1. As the controlled
system utilizes only a small fraction of the robot’s full workspace, discretization effects are
likely to affect the system’s accuracy. The independent control of both of the robot’s segments
could improve the accuracy of the controlled system as two additional DOFs could be utilized to
control the robot tip’s pose. Therefore, another limitation lies in the kinematic model, based on
a single constant curvature representation of the robot system. The robot’s hardware is prepared
for more complex kinematic modeling, taking the tendon forces into account. As a result, the
robot model could be extended to deviate from the constant curvature assumption and take
tendon forces as well as tendon (or tendon drum) positions into account.

7.2.2 Sensing

As discussed in Section 7.1 the results of the evaluation show limited accuracy. While this is
also a challenge in all works that present similar systems for MIS, it does represent a limitation
that hinders the application of such spatial sensing in minimally invasive tools and robots. A
further limitation of the sensing resulted from a limited range of the sensors. While the required
range for colonoscopy could be reached by setting an adequate maximum range, Figure 6.13c
indicates the low signal-to-noise ratio that is to be expected for far-range obstacles and environ-
mental borders.

Capacitive sensing in general gains attractiveness for application in surgical interventions
through the wide range of options available for integration. A versatile and facile electrode
design allows the implementation of disposable and economically efficient electrodes. E.g. in
the form of a disposable drape or add-on sensor. While this work could demonstrate a rigid
add-on sensor for an endoscope’s tip, it lacks the demonstration of electrodes implemented in
soft covers or drapes, which would be ideal for surgical applications. In the presented robot,
the electrodes were integrated in a manner that would require the disposal of the full robot body
in a single-use design, as the electrodes were integrated into the rigid robot tip and not in the
elastic drape.

To fully support the thesis that capacitive proximity sensing is a suitable candidate for sur-
gical interventions, more research needs to be conducted, which takes the unidealized circum-
stances into account. In real-world applications of surgical or therapeutic interventions, the
lumens are subject to debris and liquids. Even after an enema in the colon or in the compara-
bly clean trachea or bronchi, humidity and mucosa will be present. This work was limited to
phantoms that did not comprise a humid environment or to ex vivo phantoms in situations that
could ensure no direct contact with wet objects. Preliminary experiments on the moistening of
the sensor surface and successive removal resulted in a reversible offset of the sensor readings.
This indicates, that liquid contact does not fully prevent achieving a distance value but knowl-
edge of the context is required to reconstruct a distorted sensor reading. Possible options to
achieve this are discussed in Section 8.2.

7.3 Review of the Research Questions and Contributions

In this thesis, the automation of an endoscopic continuum robot, with integrated exteroception
for proximity could be demonstrated. The intermediate developments of the continuum robot
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platform and the proximity sensor could also contribute its findings to the field of research.
The following section summarizes the contributions of this thesis as well as the answers to the
research questions introduced in Section 1.2.

Research Question Q1:

How can a continuum robotic platform be designed to be suitable for minimally
invasive intervention but also fulfill requirements for sensor integration and sensor-
based control?

Chapter 4 addressed question Q1 of how a continuum robot platform can be designed to pro-
vide access to the situs in a minimally invasive manner. The presented investigation contributes
a method, providing a continuum robotic setup with antagonistic actuation and proprioceptive
force sensing on each tendon. Through the antagonistic actuation, the number of motors in the
presented robot can be minimized and the footprint is kept small for the setup to be suitable for
application in the OR [9].

Research Question Q2:

How can capacitive sensing be applied to provide exteroceptive information such as
proximity and contact to a minimally invasive instrument or robotic system?

In Chapter 5 focus was put on question Q2 of how spatial information can be made avail-
able in situ when conducting a minimally invasive intervention. While methods from literature
for such sensing have only investigated fiber-based optical sensing, this chapter contributes a
method based on capacitive proximity sensing as a cost-efficient and versatile sensing modality.
This supports the development of disposable endoscopic and therapeutic devices with integrated
proximity [10] or contact [11] sensing as feedback for navigation or automation.

Research Question Q3:

How can capacitive sensing and a continuum robot control be integrated into closed-
loop control, and how can a method for controlling such a system be formulated?

To leverage the benefits from both preceding contributions, Chapter 6 investigated ques-
tion Q3 of how capacitive proximity sensing can be integrated into the new continuum robotic
system to allow for closed-loop control. As a result, a sensor-actor system and a method for a
closed-loop controller that allows for autonomous centering in a hollow organ were presented.
The controller provides the capacitive spatial information to an inverse kinematic model of the
endoscopic CR to control the robot tip’s position for camera view optimization or navigation
[12].

Superordinate Research Question:

How can capacitive sensing and continuum robotics form a closed loop controlled
system, which can utilize the capacitive sensing as exteroceptive input for automa-
tion in MIS?
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The combination of these three research questions investigated in this thesis pushes forward
the field of sensor systems and methods suitable for application in MIS. Capacitive proximity
sensing can be combined with continuum robotic actuation in an endoscopic continuum robot.
The controlled system with capacitive exteroceptive feedback demonstrated the presented meth-
ods’ potential for novel autonomy capabilities in endoscopic and minimally invasive surgical
robots.
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As a closing chapter of this thesis, in the following, the results and their discussion are summed
up and an outlook for suggested future research directions is provided. The following Sec-
tion 8.1 summarizes the thesis’ methods and findings as a take-home message for the reader.
Building on the limitations presented in Section 7.2, Section 8.2 suggests ideas for future work,
necessary to address the presented limitations and to further advance the methods and systems.

8.1 Summary

The three major contributions of this thesis are a novel endoscopic continuum robot (Chapter 4),
the acquisition of in situ spatial information by capacitive sensing (Chapter 5), and the presenta-
tion of a closed-loop system combining continuum robot and minimally invasive spatial sensing
(Chapter 6).

For the design of CRs, a novel actuation method was presented, which applies antagonistic
actuation with a single motor per tendon pair, while still providing tendon force sensing on each
tendon individually. This results in the compact 4-DOF continuum robotic setup, meeting the
requirements for research on surgical continuum robots, shown in Figure 4.2.

To provide a surgeon or an autonomous surgical robot with spatial information on the situs,
capacitive sensing is investigated. The resulting sensor could demonstrate its ability to provide
localization information in a hollow organ. As an add-on sensor on a conventional endoscope,
it can provide centering feedback to an endoscopist.

Integrated into the presented CR, the sensor can provide spatial feedback which is utilized
for autonomous centering in a dynamic environment. The developed algorithm implements
a proximity controller that transforms the sensor data to a goal position for the CR’s inverse
kinematics. The controller is then utilized to demonstrate the new centering capabilities in an
endoscopic continuum robotic setup, comprising the sensor as well as camera and illumination
(see Figure 6.4).

These contributions demonstrate the potential of capacitive sensing in combination with
continuum robotic actuation for autonomy in robotic MIS and endoscopy. The remaining chal-
lenges mainly concern the optimization of the robot and sensor for improved accuracy and the
investigation of the sensor’s behavior in humid environments.

8.2 Open challenges

Manufacturing To improve the robotic system’s hardware, the robot platform’s design could
undergo some revisions. The system’s accuracy would benefit from the introduction of pro-
fessional manufacturing processes for the manufacturing of parts. Parts for which not only
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precision but also stability is crucial, are the robot’s spacer discs, the robot base, and the tendon
pulleys. As they are currently 3D printed from plastic material by SLA, their geometry can
deviate from the designed shape and they are prone to wear. Micromachining or laser cutting
these parts from metal could improve the robot’s accuracy and reliability. Similarly, the NiTi
backbone is affected by the spacers being glued to it, the research of a suitable joining process
could help reduce the robot hysteresis.

Actuation The resolution of the applied servo motors furthermore limits the robot’s motion.
Here, high-resolution motors and motor drivers could not only benefit a higher resolved workspace
but also provide a velocity interface that could be utilized by the controller as in Equation 6.16.
This would also be required for the investigation of the dynamic behavior and modeling of the
continuum robot indicated in Section 6.5. As CR control is an active field of research, the pre-
sented setup can be applied to implement, test, and compare various kinematic models. Here,
the robot’s force-sensing capabilities can be utilized for a closed-loop kinematic model, based
on tendon force proprioception. Such a model also brings the opportunity to improve the robot’s
position accuracy and leverage its possibilities of fully independent four-DOF actuation.

In the presented approach, tendon-driven actuation was selected as an actuation technology
due to its effectivity and simplicity. As an alternative, the intrinsic actuation with solid-state
actuators could facilitate increasing the number of DOFs and miniaturizing the CR. Solid-state
actuators still require further research to be suitable for a system as presented in this thesis.
Nevertheless, these actuators are attractive candidates for continuum robotic designs, as they
show the potential for highly miniaturized intrinsic actuation, which would enable highly ac-
tuated, small-scale endoscopic CRs. To support this development, research accompanying the
work on this thesis has been conducted on light-actuated materials. Such actuators would allow
for the design of MRI compatible CRs, additionally to the benefits of miniaturization [204]. (A
summary of this work is provided in the Appendix A.2).

Sensor Improving the sensor performance would have a strong influence on the achievable
accuracy of the autonomous centering controller. Currently, the sensor circuit is not optimized
for this specific use case. In the measurement bridge that is implemented on the sensing unit, a
comparative resistor can be tuned to a working point of the nominal capacitance of the robot’s
sensing electrodes. This would result in an increased signal-to-noise ratio, which is of special
relevance for far-range objects. The electrode design itself can also be the focus of further
optimization. As investigated in [205], the geometry (especially distance and surface coverage)
of the shielding layer has a strong influence on the sensor’s directivity and range. Similarly,
the electrode surface could be optimized for the given use case, a larger surface will result in
an improved sensitivity. The mentioned parameters could be optimized in a parameter study to
determine an ideal sensor geometry, improving sensor accuracy and range.

To address the challenge of humidity influence on the sensor. Various countermeasures can
be investigated. On a physical level, liquid adhesion to the electrode surface can be reduced by
investigation of hydrophobic coatings on the sensor surface. Here, the challenge contains, on
the one hand, the examination of the characteristics of the fluids present in a minimally invasive
intervention, and its adhesion to a coated surface. On the other hand, a respective coating’s
biocompatibility for a biomedical application can pose a challenge. On the level of signal
processing, the first step to be investigated would be the detection of a liquid contamination of
the sensor surface. Knowledge about such could allow for an offsetting of the liquid’s influence
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or a recalibration. The research on online recalibration in general could be a crucial factor to the
applicability of capacitive sensing in MIS. Capacitive signal offsetting can occur due to many
influences. A priori knowledge of the sensed scene or input from other sensing modalities could
provide valuable information that could be used for an online recalibration of the capacitive
sensing system. Hereby, also the capacitive signal’s history could be investigated for pattern
detection on possible indications for recalibration. Data-driven methods could leverage the
respective detection and determine updated calibration parameters. The classification conducted
for contact information in Section 5.3 can be seen as a first, very basic approach and could be
developed further to be not only used for retrospective classification but for online recalibration
of the sensor.

The hypothesis, that capacitive sensing could also work in a humid or wet environment
is supported by reports on fish which discover their environment using electrical field sensing
organs [206]. Such observation can be researched to implement biomimetic approaches as sug-
gested by Smith et al. Based on such a principle they developed a sensor and control algorithm
for pretouch alignment of a robotic gripper [207]. While their approach addresses a dry en-
vironment, further investigation of the biological sensing mechanisms in these fish could be
transferred to humid and wet environments for approaches in MIS.

For the application in endoscopic devices, the fusion of the presented capacitive sensing
method with image-based localization methods should be investigated. As in most minimally
invasive interventions, a camera (i.e., an endoscope) is present, visual information is almost al-
ways available. Section 3.3.2 shortly introduced research investigating visual spatial feedback
for instrument or robot localization. As a foundation of a suitable image processing method
in future research, the acquisition of displacement sensing in a surgical scenario was also in-
vestigated during the work on this thesis. The findings have been published in [208] and are
summarized in Appendix A.1.

Transfer to an Application As an ultimate evaluation of the system’s suitability for application
in surgery, the full system has to be evaluated in its dedicated use cases and under review by
the surgical experts it is aimed at. In the end, the system will only be relevant to the field of
therapeutics or surgery, if surgeons find its usage helpful and supportive. Consequently, user
studies should be conducted to evaluate the system’s practicability in scenarios close the real-
world applications. As a starting point, this could be phantom experiments on artificial models
of the trachea or colon, in which endoscopic interventions can be simulated with the system
and its autonomy capabilities. They could be conducted similarly to the evaluation presented
in [57, 58]. Such studies result in user feedback on the practicable usage and are likely to
also address aspects of ergonomics and human-machine interfaces [209]. Only if such aspects
are successfully addressed in the development of an automated minimally invasive continuum
robot, it can unfold its potential for restoring the restricted access and restricted perception in
MIS and support surgery for surgeon and patient.
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Appendix

A Summary of Further Publications

As areference, this section provides summaries of the author’s further publications which do not
directly relate to the topic of this thesis but to the general field of research of medical robotics.
As a summary, the publications’ abstracts and summarizing graphics are provided.

A.1 Continuous Feature-Based Tracking of the Inner Ear for Robot-Assisted
Microsurgery

Figure A.1 — Overview of the method presented in [208]. A surgical microscope’s displacement is estimated by detecting
features in successive images.

Robotic systems for surgery of the inner ear must enable highly precise movement in relation
to the patient. To allow for a suitable collaboration between surgeon and robot, these systems
should not interrupt the surgical workflow and integrate well in existing processes. As the sur-
gical microscope is a standard tool, present in almost every microsurgical intervention and due
to it being in close proximity to the situs, it is predestined to be extended by assistive robotic
systems. For instance, a microscope-mounted laser for ablation. As both, patient and micro-
scope are subject to movements during surgery, a well-integrated robotic system must be able
to comply with these movements. To solve the problem of online registration of an assistance
system to the situs, the standard of care often utilizes marker-based technologies, which require
markers being rigidly attached to the patient. This not only requires time for preparation but
also increases invasiveness of the procedure and the line of sight of the tracking system may
not be obstructed. This work aims at utilizing the existing imaging system for detection of rel-
ative movements between the surgical microscope and the patient. The resulting data allows
for maintaining registration. Hereby, no artificial markers or landmarks are considered but an
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8 Appendix

approach for feature-based tracking with respect to the surgical environment in otology is pre-
sented. The images for tracking are obtained by a two-dimensional RGB stream of a surgical
microscope. Due to the bony structure of the surgical site, the recorded cochleostomy scene
moves nearly rigidly. The goal of the tracking algorithm is to estimate motion only from the
given image stream. After preprocessing, features are detected in two subsequent images and
their affine transformation is computed by a random sample consensus (RANSAC) algorithm.
The proposed method can provide movement feedback with up to 93.2 um precision without the
need for any additional hardware in the operating room or attachment of fiducials to the situs.
In long term tracking, an accumulative error occurs.

C. Marzi, T. Prinzen, J. Haag, T. Klenzner, and F. Mathis-Ullrich. “Continuous Feature-
Based Tracking of the Inner Ear for Robot-Assisted Microsurgery”. In: Frontiers in
Surgery 8 (2021). 1SSN: 2296-875X. DOI: 10. 3389/ fsurg. 2021 .742160. URL:
https://www.frontiersin.org/articles/10.3389/fsurg.2021.742160

A.2 Biocompatible Soft Material Actuator for Compliant Medical Robots
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Figure A.2 — The solid state actuator presented in [204]. A graphene oxide enriched silicone elastomer is actuated by
illumination with infrared light. The upper series shows the actuator’s passive state, the lower its actuated state. From left
to right the load is increased.

Robots from material-based actuators offer high potential for small-scale robots with abilities
hardly achievable by classical methods like electric motors. Besides excellent scaling to mini-
mally invasive systems, allowing for omission of metallic components, such robots can be ap-
plied in imaging modalities such as MRI or CT. To allow for higher accessibility in this field of
research, a facile method for fabrication of such soft actuators was developed. It comprises only
two materials: graphene oxide and silicone elastomer. The facile fabrication method does not
require specialized equipment. The resulting actuator is biocompatible and controllable by light
mediated heat. The bending motion can be controlled by the intensity of applied infrared light
and the actuator was experimentally shown to move five times its own weight. Thus, providing
capabilities for a medical soft robotic actuator.

C. Marzi, N. Fischer, and F. Mathis-Ullrich. “Biocompatible Soft Material Actuator
for Compliant Medical Robots”. In: Current Directions in Biomedical Engineering 7.1
(2021), pp. 58-62. DOI: 10.1515/cdbme-2021-1013. URL: https://www.degruyte
r.com/document/doi/10.1515/cdbme-2021-1013
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B Disclaimer on the Usage of (Al) Tools

Guidelines: At the time of the writing of this thesis, the usage of generative Artificial In-
telligence (Al) in the creation of a thesis is part of an ongoing discussion. Various institutions
engage in creating guidelines for the usage of generative Al in copyright and scientific writing
but no general consensus or widely accepted standard is present at the time of the writing of
this thesis. For this thesis, Al tools were used with the aim of improving the thesis but without
the introduction of invalidated content or content not created by the author. To conform to the
scientific best practice of disclosing all used means and methods, the following statement serves
to clarify which tools were used and how they contributed to the content of this thesis. All con-
tent not listed here was created only by the author himself without the help of any Al tools. No
content generated by any Al tools is directly copied into this thesis. Any generated content was
critically reviewed and only served as an input for content created by the author.

The following publications served as major guidelines. Concerning a work as this thesis,
they agree on the acceptance of the usage of (generative) Al tools on the condition, that gener-
ated context is thoroughly reviewed and explicitly annotated when published in direct form.

* The KIT’s Center for Technology-Enhanced Learning refers to the guidelines published
by the Hochschulforum Digitalisierung (HFD): Leitlinien zum Umgang mit generativer
K1, Jens Tobor (HFD/CHE), 07.02.2024, last accessed on: 25.05.2024.

* The German Federal Ministry of Education and Research (BMBF) references guidelines
published by the European Commission: Living guidelines on the responsible use of gen-
erative Al in Research, 20.03.2024, last accessed 25.05.2024

* The IEEE’s Submission and Peer Review Policies provide a paragraph on Guidelines for
Artificial Intelligence (Al)-Generated Text, last accessed on: 25.05.2024.

Graphics:  All images included in this thesis either designate their source in a citation or, if
not annotated, were entirely created by the author by editing self-made photographs and renders
or creating digital drawings using the following (non-Al) tools:

* GIMP (v2.10.38) for editing of pixel graphics, photographs, and renders.
* Inkscape (v1.3.2) for the creation of vector graphics, sketches, and annotations in photos.
* Autodesk Inventor 2024 for CAD designs of parts, and 3D rendered images.

e Altium Designer 24 and KICAD (v7.0.10) for CAD of PCBs and creation of rendered
images of circuits.

Images annotated as adapted from a cited source were edited by the author as well using the
listed tools, but the image content strongly follows the cited source. This thesis contains no
images or parts of images that were generated or edited by generative Al tools.

Text Structure and Wording: The thesis structure, the title of chapters and sections, and
sentence variations were discussed with the Chatbot by OpenAl (ChatGPT v3.5). This was
done to gain ideas on possible improvements of the wording and find more precise terms and
definitions.
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Proofreading and Translation: This thesis was typeset in Latex using the online editor by
Overleaf. Suggestions from Overleaf’s built-in proofreading tool were taken over after re-
view. Additionally, proofreading was conducted by the online tool provided by Grammarly.
Text format, grammar, and spelling were kept in conformity with the Chicago Manual of
Style (Edition 17). For help with composing an English text, the online translator https:
//dict.leo.org/englisch-deutsch/ was utilized to provide German-to-English translation
for single words.
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