Imperial College London
Department of Surgery and Cancer

Cable-Driven Parallel Robot for Transoral
Laser Phonosurgery

Ming Zhao

April 2021

Supervised by
Dr. George P. Mylonas
Mr. Guri Sandhu
Prof. Daniel S. Elson

Submitted in part fulfilment of the requirements for the degree of Doctor of Philosophy in
Clinical Medicine Research (Surgery and Cancer) of Imperial College London and the

Diploma of Imperial College London



Declaration

I hereby declare that this thesis presents original work of the author and any work that is not
from the author has been accordingly referenced.

Ming Zhao

"The copyright of this thesis rests with the author. Unless otherwise indicated, its contents
are licensed under a Creative Commons Attribution-Non Commercial 4.0 International
Licence (CC BY-NC).

Under this licence, you may copy and redistribute the material in any medium or format.
You may also create and distribute modified versions of the work. This is on the condition
that: you credit the author and do not use it, or any derivative works, for a commercial

purpose.

When reusing or sharing this work, ensure you make the licence terms clear to others by
naming the licence and linking to the licence text. Where a work has been adapted, you
should indicate that the work has been changed and describe those changes.

Please seek permission from the copyright holder for uses of this work that are not
included in this licence or permitted under UK Copyright Law.'

1I



Abstract

Transoral laser phonosurgery (TLP) is a common surgical procedure in otolaryngology.
Currently, two techniques are commonly used: free beam and fibre delivery. For free beam
delivery, in combination with laser scanning techniques, accurate laser pattern scanning can
be achieved. However, a line-of-sight to the target is required. A suspension laryngoscope is
adopted to create a straight working channel for the scanning laser beam, which could
introduce lesions to the patient, and the manipulability and ergonomics are poor. For the fibre
delivery approach, a flexible fibre is used to transmit the laser beam, and the distal tip of the
laser fibre can be manipulated by a flexible robotic tool. The issues related to the limitation
of the line-of-sight can be avoided. However, the laser scanning function is currently lost in
this approach, and the performance is inferior to that of the laser scanning technique in the

free beam approach.

A novel cable-driven parallel robot (CDPR), LaryngoTORS, has been developed for TLP.
By using a curved laryngeal blade, a straight suspension laryngoscope will not be necessary
to use, which is expected to be less traumatic to the patient. Semi-autonomous free path
scanning can be executed, and high precision and high repeatability of the free path can be
achieved. The performance has been verified in various bench and ex vivo tests. The technical
feasibility of the LaryngoTORS robot for TLP was considered and evaluated in this thesis.
The LaryngoTORS robot has demonstrated the potential to offer an acceptable and feasible

solution to be used in real-world clinical applications of TLP.

Furthermore, the LaryngoTORS robot can combine with fibre-based optical biopsy
techniques. Experiments of probe-based confocal laser endomicroscopy (pCLE) and
hyperspectral fibre-optic sensing were performed. The LaryngoTORS robot demonstrates the

potential to be utilised to apply the fibre-based optical biopsy of the larynx.
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Chapter 1

Introduction

1.1 An Overview of the Development of Medical Lasers

1.1.1 A brief introduction of medical lasers

The first working solid-state laser, Ruby laser, developed by Theodore Maiman in 1960, was
based on the principle of stimulated emission theorised by Albert Einstein [1], [2]. After that,
various types of laser were developed and applied in clinical use. The neodymium-doped
yttrium-aluminium-garnet (Nd: YAG) laser was introduced in 1961 and first used in the
treatment of vascular lesions in 1964; the carbon dioxide (CO.) laser was developed in 1964
and first applied in otolaryngology and gynaecology in 1972 and 1973 respectively; the Argon

laser was introduced in 1962 and used in retinal photocoagulation in the late 1970s [3]-[5].

Currently, medical lasers are widely used in ophthalmology [2], [6]-[10], dermatology
[11]-[15], wurology [16]-[22], gynaecology [23]-[25], gastroenterology [26]-[29],
otolaryngology [30]-[35], neurosurgery [36]—[38] and general surgery etc. [1], [39], [40]. In
general, for a desired clinical application, a suitable laser system can be decided based on
three parameters: laser wavelength, energy/power and pulse duration. Usually, different
components of tissue will have different absorption peaks over different wavelengths. Figure
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1.1 shows absorption curves of four typical components of tissue: oxyhaemoglobin,
deoxyhaemoglobin, melanin and water. Erbium: yttrium aluminium garnet (Er: YAG) lasers
and CO» lasers can be used to vaporise the water within tissue to perform tissue cutting or
ablation because water absorbs the light these lasers emit. Oxyhaemoglobin and
deoxyhaemoglobin absorb a high proportion of light from Argon laser, Nd: YAG potassium
titanyl phosphate (KTP) laser and pulsed dye laser (PDL). Therefore, these lasers can be
utilised in photocoagulation. The 755 nm Alexandrite laser is commonly used in the treatment
of pigmented lesions since the energy is mainly absorbed by melanin. Based on the absorption
characteristics of different tissues components, the laser wavelength will determine the
penetration depth. Generally, a longer wavelength has a better penetration effect. However,
only the laser energy which has not been absorbed by the tissues of previous layers can reach
the target tissue. Laser energy/power, or energy/power density, will affect the level of tissue
interaction and the size of the affected area. The energy/power setting depends on the tissue
reaction: too low and the laser will not have sufficient effect, too high and the laser will
generate thermal damage to surrounding non-target tissue. The pulse duration will determine
the type of tissue interaction. A short pulse duration is used for photodisruption and a long
duration or continuous wave (CW) is utilised for ablation, vaporisation or photocoagulation.
For instance, in Q-switched Nd: YAG lasers, the pulse duration is commonly few nanoseconds
and can be utilised for the photodisruption effect to be used in tattoo removal [11], [41] or in
the treatment of vitreous floaters [42]. A long-duration pulse (dozens or hundreds of
milliseconds) Nd: YAG laser can be used for superficial cutaneous vascular lesions due to the
photocoagulation effect [43]. The effects of wavelength, energy/power and pulse duration
with tissue have been summarised as the theory of selective photothermolysis proposed by

Anderson and Parrish [44], [45].

With the advances of the past few decades, the three parameters of medical lasers have
almost reached the boundary of the applicable range. In current medical laser applications, to
the author's knowledge, the shortest wavelength is 193 nm. This wavelength is used by
excimer lasers in laser assisted in situ keratomileusis (LASIK) surgery [46], [47]. The longest

wavelength used is 10.6 ym in CO; lasers, which is mainly used in dermatology,



otolaryngology, gynaecology and general surgery. The minimum laser power is 50 mW,
produced by diode lasers that are used in photodynamic therapy (PDT) [48]. In the treatment
of benign prostatic hyperplasia (BPH), the maximum laser power can reach 300 W (980 nm
diode laser) for vaporisation of the prostate [49]. The shortest pulse duration is only hundreds
of femtoseconds for laser cataract surgery [8]. The infinite pulse duration, CW mode, can be

provided by many laser types and is used in various clinical applications [40].
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Figure 1.1: Absorption curves over wavelength of four typical components of tissue: oxyhaemoglobin,

deoxyhaemoglobin, melanin and water [1].

The laser techniques have been well developed and widely used in clinical work. For
known medical laser applications, proper laser interaction with the target tissue can be

achieved with a relevant laser, and the outcomes of laser treatments are satisfactory [40], [45].

1.1.2 Laser delivery techniques

The development of laser delivery techniques also plays a vital role in medical laser
applications. Highly steerable, accurate and reliable laser beam transmission are essential to
ensure the outcomes of laser treatments. There are two main laser delivery approaches: free
beam delivery and fibre delivery. In general, in the free beam delivery approach, the laser

beam is transmitted by optical mirrors and lens and is limited by the constraint of the line-of-



sight. An articulated arm controlling reflection mirrors is a typical device used in free beam
delivery [50]. A handpiece or a laser beam manipulator can be attached at the end of the arm.
Figure 1.2 a) shows an example: the articulated arm was connected to a slit lamp in the
treatment of retinal photocoagulation. In contrast, in the approach of fibre delivery, the laser
beam is transmitted via a flexible optic-fibre (Fig 1.2 b) and the laser output aperture is usually
inside the patient's body closed to the target tissue. The optical fibre can be inserted into the
working channel of an endoscope and used in endoscopic surgery, such as lithotripsy of bile
duct stones [51], [52] or urinary calculi [17], [19]. Initially, the controllability of the two
approaches was quite limited. However, advanced computer-assisted laser scanning and
robotic techniques significantly improved the outcomes of both the free beam delivery and

fibre delivery approaches, respectively.
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Figure 1.2: a) A slit lamp-coupled argon laser used for retinal photocoagulation [2]. b) An example of flexible

optic-fibre (CO2 laser fibre, Omni Guide Inc, USA). c) An optic-fibre working with a flexible endoscope [53].

1.1.2.1 Computer-assisted laser scanning and autonomous surgery

The technique of computer-assisted laser scanning has been widely used in the free beam
delivery approach in various medical laser applications, such as laser treatments in
otolaryngology [54], [55], dermatology [56]-[58] and ophthalmology [46], [59]-[61]. In the
computer-assisted laser scanning technique, a laser scanning unit is attached at the laser output
aperture or combined with a handpiece or a laser manipulator. Usually, the laser scanning unit
includes two mirror-based laser beam scanners that are used to manipulate the laser spot in
the X and Y-axes, as well as a steerable focusing unit acting along the Z-axis (depth) to control

the laser spot (Fig 1.4 a). With a laser scanning unit, patterns such as straight lines, arc lines,
4



circles or matrixes can be generated for performing vaporisation, incision, excision, ablation,
or photocoagulation of soft tissue. Pattern scanning improves the surgical outcomes by
accurate laser targeting and removing diseased tissue while preserving non-targeted areas.
Due to the speed of pattern scanning, the operation time can be reduced, and the thermal
damage is also limited, especially for non-sequential laser scanning. Thus, the depth and width
of thermal damage can be adequately controlled and the surrounding tissue can be optimally

protected from the thermal damage [58].

Figure 1.3 shows two typical applications of matrix pattern laser treatment in dermatology
and ophthalmology: fractional ablative laser resurfacing of facial skin [56] and pan-retinal
photocoagulation (PRP) for proliferative diabetic retinopathy (PDR) [60]. As demonstrated in
Figure 1.3, in these two applications, numerous laser spots were generated on the facial skin
and retina. It is rarely possible to finish the treatment manually in one time without the matrix

scanning function.

Figure 1.3: Left column: An example of fractional ablative laser resurfacing of facial skin. (A) immediately

after treatment, (B) The photo was taken 3 days after the laser treatment [56]. Right column: Two

representative results of different areas of the retina after PRP [60].



Furthermore, by combining the computer-assisted laser scanning technique with advanced
computer vision and image navigation techniques, high-level autonomous laser surgery can
be achieved. A well-known case is laser-assisted in situ keratomileusis (LASIK) surgery. In
the wavefront-guided or topographic-guided LASIK surgery, once the planning stage is
completed, the laser system will perform the surgery automatically [62]-[65]. Besides LASIK
surgery, laser cataract surgery and retinal laser photocoagulation surgery also achieve high
autonomy level. As shown in Figure 1.4, a surgical plan can be decided with the guidance of
optical coherence tomography (OCT). The optical path of the femtosecond laser beam and
OCT beam from the scanner to the eye are the same. The anterior capsulotomy pattern and
lens segmentation and fragmentation pattern can be planned and registered on the OCT image.
The anterior capsulotomy and fragmentation of the cataract lens can be executed by the laser
scanning system precisely and safely [66]-[69]. Figure 1.5 demonstrates the representative
results of anterior capsulotomy and cataract lens fragmentation performed by the OCT-guided

laser system.
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Figure 1.4: a) Schematic of the optical path of the femtosecond laser beam and OCT beam. The optical axes of
these two beams are aligned from the scanner to the eye [66]. b) An example of the surgical plan interface of
a cataract laser system (LenSx, Alcon, Inc. USA). The capsulotomy pattern and lens segmentation pattern are
defined on the microscopic and OCT image. The laser cutting depth range is adjusted and decided on the OCT

image [67].



Figure 1.5: a) The microscope view of a perfectly circular shaped laser anterior capsulotomy. b) The microscope

view of the cataract lens after laser fragmentation and segmentation [61].

The above examples have demonstrated the superior performance of the laser scanning
technique in various clinical applications. The treatment outcomes of these applications have
been significantly improved by the laser scanning technique [58], [63], [66], [67], [70], [71].
One common feature of these applications mentioned above is that the line-of-sight
requirement can be fulfilled effortlessly. A scanning laser beam can be easily projected onto
the target tissue such as the skin surface, cornea or retina under the line-of-sight constraint.
However, in some clinical applications such as the Holmium: YAG (Ho: YAQG) laser
enucleation of the prostate (HoLEP) [19], [20] or laser lithotripsy of urinary calculi [17], [72],
the line-of-sight constraint cannot be met so easily and a fibre delivery technique is required.
Furthermore, in transoral laser microsurgery (TLM), advanced laser scanning technology can
be utilised to generate accurate and highly repeatable path scans on the target soft tissue such
as vocal folds [54]. However, a suspension laryngoscope needs to be used to create a straight
working channel for the scanning laser beam. Complications caused by using a suspension
laryngoscope are also introduced, such as lesions of the cervical vertebra and dental arch
postoperative pain for the patient [73]. Besides the surgical trauma, the current laser scanning
technique in TLM also has other limitations, such as poor manipulability and ergonomics
(more details are presented in Chapter 2). An advanced method that can achieve safety and

better performance than the current laser scanning technique is required for TLM.



1.1.2.2 Surgical robotics and medical lasers

With the advent of robotics technology, more and more surgical robots are used clinically [74],
[75]. The most renowned is the da Vinci® surgical robot (Intuitive Surgical Inc., USA), which
is widely used in clinical practice, with applications ranging from orthopaedic, urologic,
cardiac, gastroenterological and gynaecologic surgery, to general surgery and neurosurgery
[75], [76]. There are 5,669 da Vinci® systems installed globally and more than 7 million
procedures performed to date (based on Intuitive Surgical company's data on 315 March 2020)

[77].

The four robotic arm da Vinci® surgical systems, for example the da Vinci® Si/Xi, have
been successfully used in laparoscopic surgery. However, there are still a number of
limitations, such as invasive lesions and the setup time for robotic surgery being more
prolonged than conventional minimally invasive surgery (MIS) and open surgery [78]. To
reduce the invasive lesions and the setup time, robotics for single-access surgery, including
single incision laparoscopic surgery (SILS), natural orifice endoluminal surgery (NOES) and
natural orifice transluminal endoscopic surgery (NOTES) robotics are possible future
directions of surgical robotics. The da Vinci® SP is an advanced system for single access
robotic surgery. One endoscopic arm and three robotic instrument arms can be inserted
through a single port cannula [79]. The da Vinci® SP system has been reported in transanal
and transoral surgery [80]-[82]. Both the da Vinci® Si/Xi and da Vinci® SP surgical system
can be used in medical laser surgery, such as laparoscopic endometriosis laser surgery [83]
and transoral laser surgery [32], [35], [84]. Figure 1.6 shows the combination of the laser fibre
and robotic instruments. When use of laser fibres was beginning, the laser fibre was simply
fixed to the robotic tool with rubber rings (Fig 1.6a). Currently, a laser fibre guiding tube has
been developed by medical laser corporations, where the distal tip of the tube can be held by
the robotic instrument such as a needle driver (Fig 1.6b). Also, a specific robotic laser tool, a
laser introducer, is available to use with da Vinci® surgical robotic systems (Fig 1.6¢c). The
robotic instrument arm can steer the distal tip of the laser fibre. The controllability of the laser

fibre operation can be significantly improved via robotic control [53].



Figure 1.6: The combination of the laser fibre and robotic instrument. a) A CO2 laser fibre was fixed on the
robotic instrument with rubber rings [85]. b) A fibre guiding tube (FlexGuide, OmniGuide Inc., USA) is held by a
robotic needle driver [86]. c) A robotic laser introducer (Intuitive Surgical Inc., USA) is used to manipulate the
distal tip of a laser fibre [84].

Besides the combination of the laser fibre and the robotic instrument, as shown in Figure
1.6, the laser fibre can also be steered by other mechanisms developed for laser surgery. Figure
1.7a demonstrates a hand-held transendoscopic robotic system with two concentric tube
manipulators designed for the laser treatment of BPH. The laser fibre can be inserted and
accommodated in the concentric tube manipulator. The concentric tube mechanism is
utilised to manipulate the distal tip of the fibre [87]. The Micron robotic system, as shown in
Figure 1.7b, is a hand-held robotic tool for intraocular retina photocoagulation. The distal tip
of the fibre probe is driven by a miniature Gough-Stewart platform which is a parallel
mechanism actuated by six linear actuators. Highly accurate laser beam control was achieved

via visual servoing control and precise miniature parallel mechanism [88].

Figure 1.7: a) A robotic system with two concentric tube manipulators designed for transurethral laser prostate

surgery [87]. b) Micron, a hand-held robotic tool for intraocular laser photocoagulation [88] ©2014 IEEE.



High-level autonomous robotic surgery is also desired and pursued by scientists and
engineers. Patients, surgeons and hospitals will benefit from the improved surgical precision
and accuracy, enhanced efficiency and execution offered by robotic automation in surgery
[89]-[91]. Several surgical robots have achieved a high autonomy level in their clinical
applications, such as the TSolution One Surgical System (formerly called ROBODOC,
THINK Surgical Inc., USA), which offered image-guided automatic knee arthroplasty and
CyberKnife stereotactic radiosurgery system (Accuray Inc., USA) for autonomous radiation
therapy with image-guided robotic positioning [92], [93]. Currently, to the author's
knowledge, there is no fibre-delivered laser surgery robotic system that can achieve the
autonomous performance realised in the wavefront-guided/topographic-guided LASIK
surgery or OCT-guided laser cataract surgery mentioned in the previous section. However,
with advanced mechanisms design and robotic automation technology, high autonomy level

fibre-delivered robotic-assisted laser surgery is a promising direction to continue to pursue.

1.2 Cable-Driven Parallel Robot and Potential Surgical Applications

Cable-driven parallel robot (CDPR) is a type of parallel robot that uses cables as the actuation
link [94]. CDPR have some intrinsic advantages such as a relatively large workspace, high
payload and force transmission, high speed and accurate motions. Additionally, the entry and
attachment points of cables are highly configurable, resulting in versatility in the workspace,
and when the scaffold of CDPR is made foldable or inflatable, the mechanism can be rapidly
deployed. Earlier research has shown that the CDPR can be designed for minimally invasive
robotic surgery, such as neurosurgery, gastrointestinal (GI) surgery and laparoscopic surgery
[95]-[99]. Although these prototypes are still in the pre-clinical stage, the studies have shown
the technical advantages of the CDPR compared to other conventional medical devices. In

this section, the CDPRs developed for endoscopic and laparoscopic surgery are presented.

1.2.1 CDPR for endoscopic surgery

In order to reduce the invasiveness of procedures, endoscopic techniques have been developed

that gain access to the surgical field through natural orifices, such as NOES and NOTES. As
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a result, the invasiveness is reduced when compared to open surgery and multiple keyholes
laparoscopic surgery. Typically, the control of endoscopic instruments such as graspers is
limited to the insertion and withdrawing through the endoscope’s working channel. The
positioning of the instruments is achieved predominantly by the motion of the steerable distal
tip of the endoscope, and therefore this can not be performed independently from the field of
view of the camera and, in case of multiple instruments, from each other. The independent
control of multiple instruments is essential for performing triangulation and traction required
to dissect tissue. Many surgery robotics research projects are focused on solving this problem

[100].

CDPRs can be used to offer adequate triangulation and enhanced manipulability of the
instruments in endoscopic surgery and therefore improve the performance and safety of
surgical tasks. Additionally, the scaffold can be used to fixate the peripheral tissue and provide
a stable operative space. The CYCLOPS robotic system is a CDPR for single-access, NOES
and NOTES [97]. Figure 1.8 shows the early prototype of the CYCLOPS robot with core
components. It is composed of a cable-driven parallel mechanism (CDPM) and a cable driving
motor unit. The manipulator includes a rigid scaffold, one hollow shaft, six cables and one
over-tube. The shape of scaffold is an open-ended bulb. The conventional endoscopic surgical
instruments can be placed in the over-tube. The CDPM manipulator can manipulate the end
tip of the surgical instrument, which are close to the operative field. High force delivery and
good manipulability of surgical instruments can be achieved. The maximum execution force

of the end-effector can reach up to 65 N [97].

Tendon Fulcrum

Figure 1.8: The first CYCLOPS working prototype at its early stage of development [97] © 2014 IEEE.
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The ESD CYCLOPS robot is designed for GI surgery, especially for endoscopic
submucosal dissection (ESD) in the GI tract. The ESD CYCLOPS is a bimanual CDPR
system. Two six-cable CDPMs are used to manipulate surgical instruments which are placed
in the over-tubes. Two over-tubes are accommodated in a deployable scaffold (Fig 1.9) [95].

The overview and main components of the ESD CYCLOPS system are shown in Figure 1.10.

Deployable scaffold

Endoscope

Over-tube
Cable

Surgical instrument

b)

Figure 1.9: a) Close-up view of the ESD CYCLOPS with fully deployed scaffold [98]. b) The undeployed scaffold,
the sizeis 30 X 18 X 72.9mm3 (W X H X L)[99].
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Figure 1.10: Overview of the ESD CYCLOPS system. (A) The deployable scaffold with a soft silicone sleeve. (B)
Bowden cables used to guide the cables from the motor units to the end-effectors and the flexible instruments
along the endoscope. (C) The flexible GI endoscope for visualisation. (D) A flexible injector needle is inserted
into the endoscope working channel and used to lift the mucosa by injecting a liquid. (E) The diathermy
surgical tool. (F) A cable splitter for cables separation between the motor units and CDPM. (G) Motor units for
controlling two instruments, each motor unit containing 6 motors. (H) Instrument control device for opening
and closing of the forceps [95] ©2018 IEEE.
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Figure 1.11: In vivo test - pre-clinical validation in the porcine intestine tract [95] ©2018 IEEE.

Compared to the conventional method, the ESD CYCLOPS system significantly decreased
the execution time in an ex vivo ESD test on a piece of chicken tissue. The system has
undergone pre-clinical validation (Fig 1.11) [95]. To navigate in the GI tract and generate
enough workspace to perform ESD surgery, the scaffold of the CDPM has been made
deployable. Figure 1.9 shows a deployable rigid link mechanism. The deployed shape and
size of the scaffold can be precisely adjusted, and a strong and stable supporting frame can be
offered during the ESD task operation. However, with the metal linkage-based deployable
scaffold, the difficulty of endoscopic navigation in the GI tract may increase. The inflatable
scaffold can overcome this limitation and perform better GI tract navigation (Fig 1.12) [95],

[96].

Figure 1.12: The early prototype of the inflatable scaffold [95] ©2018 IEEE.
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1.2.2 CDPR for laparoscopic surgery

The CDPR also could be utilised in laparoscopic surgery. Similar to the CDPR for endoscopic
surgery, a folded CDPM can be inserted through a trocar deployed at the target location. As
well as holding the laser fibre distal tip (Fig 1.6), the CDPM can be held by a conventional or
robotic laparoscopic instrument such as a grasper, and then be positioned and held in place by
exploiting the motion of the holding instrument. Also, the CDPM can also be designed as a
laparoscopic tool. Figure 1.13 shows the conceptual design of a robotic CDPM instrument
which can be mounted on a da Vinci® robotic platform. A standard laparoscope can be used
to provide the visualisation of the operative field. Such application of the CDPM offers
advantages in terms of increasing the dexterous workspace and precision operation. By
introducing one or more surgical instruments steered by CDPMs, the fine control for a specific
task can be realised, thus potentially reducing the number of access ports while improving the
manipulability and safety. Furthermore, the operational time of the laparoscopic procedure

may be reduced.

Figure 1.13: The conceptual setup of the CDPM laparoscopic instrument mounted as a robotic surgical

instrument on the da Vinci® robot [99].

Another CDPR designed for laparoscopic surgery is called the SIMPLE, Single-Incision
15



Micro-Port Laparo-Endoscopic system. Instead of inserting a CDPM into the patient, the
scaffold of the CDPM in the SIMPLE system remains outside (Fig 1.14 and 1.15). Without
being limited by anatomy size, the SIMPLE surgical robotic system offers a sizeable
dexterous workspace to perform laparoscopic operations. The cable access micro ports can be

sited based on the specific surgical task and more details are presented in [99].

Umbilical port Pediatric Laparoscope

Motor Units

Exterior Scaffold

micro ports

Figure 1.14: The conceptual scheme of SIMPLE [99].

Figure 1.15: The prototype of SIMPLE. a) Side view from the outside of the exterior scaffold and b) Inner view
[99].
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1.3 Motivation and Objectives

Transoral laser phonosurgery (TLP), uses a laser beam to perform vaporisation, incision,
ablation, or photocoagulation on the soft tissues of the larynx, such as the vocal cord [4]. TLP
has been developed both in free beam delivery and fibre delivery approaches. The techniques
of laser scanning and robotics control are also applied in the two approaches [54], [101], [102].
In the free beam delivery approach, surgical lesions could be introduced by using the straight
suspension laryngoscope. For fibre delivery approach, with the development of transoral
robotic surgery (TORS) systems such as da Vinci® SP and Flex Robotic System (Medrobotics
Inc., USA) have been successfully used in TLP [102]-[104]. A curved laryngeal blade could
be used, with the distal tip of the laser fibre manipulated by a flexible or semi-flexible robotic
tool. The issues related to the limitation of the line-of-sight can be avoided. However, due to
the loss of the laser path scanning function, the performance is inferior to that of the laser

scanning technique in the free beam approach.

A CDPR can be utilised to steer surgical instruments [97]. As mentioned in the previous
section, various types of CDPR have been developed and have demonstrated the potential to
be used in clinical applications, such as ESD CYCLOPS robotic system currently undergoing
pre-clinical validation in GI surgery [95], [96]. Precise and repeatable control of an end-
effector can be offered by CDPR due to its intrinsic advantages. Thus, a CDPR can be utilised
to control the distal tip of the fibre to perform laser scanning. Additionally, the CDPR does
not require a direct pathway for actuation. Therefore, CDPR is a suitable candidate for fibre-
based laser surgery. This thesis focuses on the development of a CDPR for TLP. Furthermore,
as described in the previous section, the use of both the laser technology and robotic systems
for surgery can optimise outcomes and improve surgical precision via image guidance. Fibre-
based optical biopsy techniques have proven their ability to detect disorders of the larynx,
such as probe-based confocal laser endomicroscopy (pCLE) [105]. By steering the fibre probe,
the CDPR also can be expected to perform the fibre-based optical biopsy of the larynx.

The main hypothesis of this thesis is:

A CDPR is a technically feasible solution for precise fibre-based laser scanning and
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optical biopsies in TLP.

To research this hypothesis, the study aims to design and develop a fibre-delivered laser
surgery robot for TLP and evaluate its technical feasibility. Additionally, this study also aims
to combine the fibre-based optical biopsy techniques with the developed robotic system to

evaluate its technical feasibility for intraoperative optical biopsy in the larynx.
The objectives of this thesis are:

e To identify the technical gaps of current techniques in TLP and clarify the requirements
of robotic surgery system for TLP.

e To design and develop a CDPR for TLP and evaluate through a technical feasibility
study if it fulfils the proposed requirements of TLP.

e To evaluate through a technical feasibility study if the approach of the developed robot

is suitable for fibre-based optical biopsy of the larynx.

1.4 Thesis Structures and Contributions

The outline of the thesis follows:

Chapter 2 introduces the background of TLP and describes the advantages and
disadvantages of free beam delivery and fibre delivery techniques in TLP. The related work
on robotics-assisted fibre delivered laser scanning for TLP is described and discussed. The
current gaps and demands of transoral laser phonosurgery are identified, and the potential

solutions are discussed.

Chapter 3 starts with an introduction to the modelling and analysis of CDPM for TLP,
including kinematics, dynamics, tension forces distribution and the controllable workspace.
Then follows the simulation, various designs and early prototypes of CDPMs for TLP are

presented and discussed.

Chapter 4 focuses on the validation tests and technical feasibility analysis of the
manufactured CDPR, LaryngoTORS robot for TLP. The core technique of motion control of

the robot is introduced. An approach to semi-autonomous free path scanning is addressed.
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Both the bench tests and ex vivo tests are described, and the experimental results are discussed.
The design and prototype development of a second version of LaryngoTORS robot for further
preclinical study are presented. The technical feasibility considerations of the LaryngoTORS

robot are addressed.

Chapter 5 demonstrates the possibility of the fibre-based optical biopsy of the larynx by
using LaryngoTORS robot. Experiments of pCLE and hyperspectral fibre-optic sensing were
performed by LaryngoTORS robot. Experimental results will be presented and discussed. The

assessment of CDPM for optical biopsy of the larynx is presented.

Chapter 6 summarises the key achievements of this thesis and addresses the future

directions of this study.
The key contributions of this thesis are summarised as follows:

1. Identification of the current gaps in TLP. The requirements of the robotic-assisted TLP
have been clarified.

2. Design and development of the first CDPR, LaryngoTORS robot for TLP.

3. Development and validation of a novel approach of semi-autonomous free path laser
scanning with high precision and high repéatability.

4. Development of a CDPR for TLP and evaluation of the technical feasibility.

5. The first description and demonstration of the use of CDPM in fibre-based optical

biopsy of the larynx.

1.5 Publications

The work presented in this thesis has resulted in below peer reviewed conference

proceedings and journal publications:

e M. Zhao, H. Zhang, G. Mylonas, and D. Elson, "Cable-Driven Parallel Robot Assisted
Confocal Imaging of the Larynx", OSA Biophotonics Congress: Biomedical Optics,
Florida, 21st April 2020.

Partial content of Chapter 5 is based on this paper.
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e M. Zhao, T. J. C. Oude Vrielink, A. Kogkas, M. Runciman, D. Elson, and G. Mylonas,
"LaryngoTORS: A Novel Cable-Driven Parallel Robotic System for Transoral Laser
Phonosurgery", IEEE Robotics and Automation Letters (RAL) and International
Conference on Robotics and Automation (ICRA), VOL. 5, NO. 2, APRIL 2020, pp.
1516-1523.

Partial content of Chapter 3 and 4 are based on this paper.

e M. Runciman, J. Avery, M. Zhao, A. Darzi, and G. Mylonas, "Deployable, Disposable,
Self-Propelling and Variable Stiffness Devices for Minimally Invasive Surgery,"
Frontiers in Robotics and Al 2020 10th January; p141.

Partial content of Chapter 1 is based on this paper.

e M. Zhao, T. J. C. Oude Vrielink, A. Kogkas, D. Elson, and G. Mylonas, "Prototype
Designs of a Cable-driven Parallel Robot for Transoral Laser Surgery," in 12th Hamlyn
Symposium on Medical Robotics (HSMR), London, UK, 2019, pp. 103-104.

Partial content of Chapter 3 is based on this paper.

e M. Runciman, J. Avery, M. Zhao, A. Darzi, and G. Mylonas, "Soft, Deployable, Cable
Driven Robot for Minimally Invasive Surgery," in 12th Hamlyn Symposium on
Medical Robotics (HSMR), London, UK, 2019, pp. 51-52.

Partial content of Chapter 1 is based on this paper.

e T.J.C.O. Vrielink, M. Zhao, A. Darzi, and G. P. Mylonas, “ESD CYCLOPS: A New
Robotic Surgical System for GI Surgery,” in 2018 IEEE International Conference on
Robotics and Automation (ICRA), May 2018, pp. 150-157.

Partial content of Chapter 1 is based on this paper.
e Patent application GB 1901147.7 Trans-Oral Surgery Device.

Partial content of Chapter 3 is based on this patent.
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Chapter 2
Transoral Laser Surgery of the

Larynx

This chapter introduces TLP briefly and describes the advantages and disadvantages of two
main techniques in the surgery: free beam delivery and fibre delivery. The related works of
robotics-assisted fibre delivered laser scanning for TLP are described and discussed. Finally,
the current gaps and demands of TLP are identified, and the potential solution is discussed at

the end of this chapter.

2.1 Transoral Laser Surgery of the Larynx

Transoral laser surgery is a common procedure in otolaryngology and transoral laser surgery
of the larynx has a long history. With the development of laser equipment, the study of
transoral laser surgery in the larynx started at the beginning of the 1970s [106]. Carbon
dioxide lasers (COy) have been used in laryngeal surgeries since 1972 and the first surgical
laser treatment of benign laryngeal lesions in human patients was reported by Strong and Jako
[4]. TLP uses a laser beam to perform vaporisation, incision, excision, ablation, or

photocoagulation on the larynx soft tissues, such as epiglottis, glottis and vocal cords. The
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indications include polyps, cysts, nodules, stenosis, leukoplakia, papilloma and early
carcinoma (Tis—T2) [4], [107]. Compared to radiation therapy or diathermy treatment, use of
surgical lasers may have a better outcome, such as larynx preservation rate, preserving organ

function, lower overall morbidity and minimal complications [33], [107].

COg; lasers have been widely used and have been well proven in phonosurgery in the past
few decades, becoming the gold standard of transoral laser surgery. The wavelength of a
CO2 laser is 10600 nm, matched to the peak of absorption of water. Due to water’s strong
absorption of light at this wavelength, the CO- laser can rapidly vaporise water in the tissue
and the high pressure generated by the vaporisation can efficiently perform soft tissue removal.
Therefore, the interaction between the CO; laser and soft tissue takes place rapidly and the
penetration depth is superficial to the tissue surface. Precise tissue cutting can be achieved by
COz laser [108]. Besides CO; lasers, others laser types are also utilised in phonosurgery, such
as Thulium YAG lasers, KTP lasers, diode lasers (805-980 nm) and blue lasers [34], [109],
[110]. KTP and diode lasers have excellent haemostasis outcomes and are better in
comparison with the CO> laser in haemostasis but inferior in tissue cutting. Thulium lasers
offer an compromise of cutting and haemostasis, which is utilised in laryngeal surgery since
2006 [32]. Surgeons can select the laser wavelength matched to different outcomes of laser-

tissue interactions.

There are two main techniques to perform TLP: free beam delivery and fibre delivery [4],
[111], [112]. The free beam delivery technique combines microscopic visualisation and direct
laryngoscopy which was developed in 1972. The fibre delivery technique came later than the
free beam delivery technique, as it required fibre technology, especially the CO: laser. The
first commercial hollow-core optical fibre-delivered medical CO» laser system was made by
OmniGuide (OmniGuide Inc., USA) [38], [111]. Currently, medical laser manufacturers, such
as Lumenis (Lumenis Ltd., Israel) and OmniGuide (OmniGuide Inc., USA), can provide
integrated CO: laser medical devices that combine the modalities of free beam and fibre
delivery [113], [114]. Surgeons can shift between the two modalities based on the requirement
of the surgery. However, they cannot use the two modalities at the same and the limitations of
the two techniques have not been solved. The advantages and disadvantages of free beam
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delivery and fibre delivery will be discussed in section 2.2 and 2.3 respectively.

2.2 Free Beam Delivery Technique in Transoral Laser Surgery

In the free beam delivery approach— also known as TLM — an articulated arm with reflective
mirrors is used to transmit the laser beam to a laser micromanipulator. The micromanipulator
consists of optical lenses and mirrors, which are each used to adjust focus distance and deflect
the laser beam to the target tissue, respectively. A joystick is connected to a deflection mirror
to control the position of the laser spot (Fig. 2.2) [115]. The micromanipulator is attached to
a surgical microscope, which offers the surgeon a magnified view of the surgical field. A rigid
suspension laryngoscope (Fig. 2.3) is utilised to create a straight working channel for the laser
beam and instruments (Fig. 2.4). Figure 2.1 shows the typical setup of transoral laser laryngeal

microsurgery.
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Figure 2.1: The setup of transoral laser laryngeal microsurgery [116].
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Knob of focus adjustment
of the micromanipulator

Joystick

Figure 2.2: The laser manipulator with a focus adjustment unit coupled with a surgical microscope [115].

Figure 2.3: a) Selection of various laryngoscopes used in TLM for larynx exposure. b) Insertion of suspension

laryngoscope [115].

Figure 2.4: Specially designed microlaryngeal instruments, such as forceps and scissors, for use in TLM [115].
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With the development of laser scanning technology, a pattern scanner is used in TLM. Two
galvanic mirror-based laser beam scanners can be integrated with the laser micromanipulator
(Fig. 2.5), allowing pre-defined patterns such as straight lines, arc lines and circles, to be
generated for laser cutting on the target soft tissue. The size and shape of the pattern can be
changed via the user interface, and accurate, fast and highly repeatable pre-programmed laser
scan can be achieved. Furthermore, the operation time and thermal damage can be minimised
[54] and the surgical outcome is improved by precisely removing diseased tissue while
preserving non-targeted healthy areas. As such, TLM with scanning functionality has become

the ‘gold standard’ of the surgery.

/\ v \} ‘(\

Linear or arc incision

b)

Circular incision

Figure 2.5: a) Schematic of a combination of a surgical microscope and a laser manipulator with the scanner; b)
Example scanning patterns: straight line, arc line and circle, the position and the rotation of patterns can be
adjusted by a joystick [117].

With regards to autonomy, laser scanning incision and ablation have been achieved in
TLM with semi-autonomous control. The location and parameters of laser scanning, such as
shape and size, are selected by the surgeon. The joystick on the micromanipulator is used to
set the centre of the scanning pattern and to change its direction. Then, a pattern is scanned
automatically, using the pre-programmed path. It may be difficult to match irregular
pathological margins perfectly while relying on pre-programmed paths. An arbitrary free scan

path can overcome this problem and improve the performance of laser scanning.

As shown in Figure 2.1, the working distance between the laser aperture and the target

tissue is approximately 400 mm, the joystick has to be carefully controlled, and the length of
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the microlaryngeal instruments (Fig. 2.4) is approximately 200 mm [118]. Therefore, hand
tremors and fatigue can affect the precision of the operation and extensive training is required
[119]. A suspension laryngoscope must be used in TLM to provide a straight working channel
for the laser beam, as shown in Figure 2.6, leading to the complications such as of lesions of
cervical vertebra and dental arch and postoperative pains [73]. In addition, the manipulability

and ergonomics of the current TLM method also need to be improved [119], [120].

=t

———Endotracheal tube

Figure 2.6: The setup of the suspension the laryngoscope introduced into the larynx [121].

Some researchers are focusing on the improvement of TLM. A vision-based laser
microsurgical control system was developed by Istituto Italiano di Tecnologia (IIT). As shown
in Figure 2.7, the direct line-of-sight can be avoided via a CCD camera. With a virtual scalpel
control system and a vision-based laser scanning controller, free trajectory laser scanning
could be achieved, with a root-mean-square error (RMSE) of 0.03 mm [120]. Furthermore,
some robotic systems are under development aiming to solve the challenge of microlaryngeal
instrument control [118], [122]. Figure 2.8 shows an example, a “steady-hand” microsurgery

platform that was developed by Johns Hopkins University to mitigate the hand tremor [122].
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Figure 2.7: The IIT robot-assisted laser phonomicrosurgery system: a) the motorised laser scanner; b) the

surgical microscope with a built-in CCD camera and c) the virtual scalpel control system [120].

Figure 2.8: A “steady-hand” microsurgery platform and the setup for transoral microlaryngeal surgery [122].
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However, these advanced systems - vision-based laser microsurgical control system and
the robot-assisted microlaryngeal instrument control system - are currently at the pre-clinical
stage and are not being translated routinely into TLM. The combination of these complex
systems in TLM remains a challenge. In addition, a less traumatic approach is required that

can obviate the need for a straight suspension laryngoscope.

2.3 Fibre Delivery Technique in Transoral Laser Surgery

In fibre delivered transoral laser surgery, a flexible optical fibre is used to transmit the laser
beam. In contrast to conventional TLM, a line-of-sight is not required for laser beam
transmission. The working distance between the fibre tip and the tissue is commonly 1 mm.
The laser fibre tip can be controlled by a hand-held surgical instrument or a teleoperated

surgical robot arm.

With the advent of robotics and computer technology, transoral robotic-assisted surgery
(TORS) pioneered by Dr Gregory Weinstein and Dr Bert O’Malley is more and more widely
used [123]. Dr Weinstein and Dr O’Malley performed the first TORS with a multi-arm da
Vinci® surgical robotic system (Intuitive Surgical Inc., USA), including tonsillectomy and

tongue base resection [123].

Figure 2.9: a) side view [124] and b) front view [82] of settings of the multi-arm da Vinci® surgical robotic

system in TORS: @ FK retractor, @ stereo endoscope, @ teleoperated robotic instruments.
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Although some research projects have reported the applications of the da Vinci® Si/Xi
surgical robotic system in transoral laryngeal surgery [124], [125], the camera and instruments
are too large to perform phonosurgery. The workplace in phonosurgery is narrow and deep,
and it is difficult to manipulate long, rigid robotic arms. Figure 2.10 shows a comparison of
the triangular shape between da Vinci® instruments set up for both oropharyngeal and
hypopharyngeal lesions. Due to the deeper lesion location, the instrument triangulation is
inadequate in hypopharyngeal surgery. The distance between instruments is closer and
collisions will occur more frequently [126]. As shown in Figure 2.9, the settings of the da
Vinci® surgical robotic system in TORS are quite complicated. The robotic arms take a large
working space around the patient’s head, and as a result, the assistant, nurse, anaesthesiologist
cannot approach to the patient’s head easily. Furthermore, the endoscope is straight and rigid.
Even though the endoscope can be offered with different view angle, such as 30°, there is
limited exposure of deeper tissues of the larynx. A semi-flexible/flexible laryngoscope or a
flexible robotic system with a camera can be expected to offer the visualisation of the surgical

area through a curved airway [127].
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Figure 2.10: Comparison of the triangular shape between instruments for oropharyngeal and hypopharyngeal
lesion [126].
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Medrobotics Flex® Robotic System (Medrobotics Inc., USA) is a surgical platform
consisting of a steerable articulated multi-linked robotic endoscope which is intended for
robot-assisted visualisation, with an instrument working channel at each side of the robotic
endoscope (Fig. 2.12). The size of the endoscope is 15 x 17 mm (2D camera) [128] or 28 mm
(3D camera) [104]. Specific 3.5 mm flexible surgical instruments with different functions are
offered by Medrobotics to perform various surgical tasks [129]. Each flexible instrument
allows a 4 degrees-of-freedom (DoF) controllable motion. Figure 2.11 shows the Flex Robotic

system and the compatible flexible instruments.

Flex Base (Reusable)

Flex Transoral
Table Mounted
Stand

Flex Cart
(for trans port)

Figure 2.12: a) the end tip of the flexible robot with a camera, light source, and two flexible instruments [101].

b) demonstration of the operational position of the Flex Robotic System in the larynx [130].

31



The Flex Robotic System received FDA approval in 2015 can be used in TORS for
oropharynx, hypopharynx and larynx lesions [101], [103], [104]. As demonstrated in Figure
2.12b), both the endoscope and two instruments can fit within the curved airway. One of the
flexible instruments is a laser fibre holder with a build-in fibre sheath. The Flex Robotic

System can be utilised in transoral laser phonosurgery, such as cordectomy (Fig. 2.13) [128].

Figure 2.13: Endo views of the right side cordectomy successfully performed by Flex Robotic System with two
flexible instruments: a Maryland dissector (*) and a laser fibre holder (#) with a CO2 laser [128].

Figure 2.14: Instrument operation of Flex Robotic System [131].
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However, the Flex Robotic System may lack the manipulability of the tip of the instrument.
As shown in figure 2.14, the tool operation is manual as in conventional laparoscopic surgery,

and the levels of precision and manipulability of instruments are inadequate.

The da Vinci® SP is a robotic system for single access surgery. All the robotic and
endoscopic arms are inserted through a single 2.5 cm diameter port. The two semi-flexible
robotic arms enable more freedom of movement and enough triangulation for surgical
operation within a limited working space (Fig. 2.15). The da Vinci® SP robotic system is also
intended for use in TORS and received FDA approval for radical tonsillectomy and tongue
base resection on 15th March 2019. Although approval has not yet been given for transoral
phonosurgery, many case studies of the da Vinci® SP being used in the hypopharynx and
larynx have been reported [79], [126]. Figure 2.16a) shows the da Vinci® SP in TORS and the
end view of two robotic arms in transoral phonosurgery. With the two joggle joints of the
endoscopic arm, the endoscope is semi-flexible and steerable. In comparison to the da Vinci®
Si/Xi, the endoscope of da Vinci® SP is slimmer and can reach into the larynx and expose the

larynx tissue closely (Fig. 2.16b).

Figure 2.15: a) the da Vinci® SP robotic system with b) three instrument arms and one endoscopic arm. All

robotic arms have two joggle joints [79].
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a) DaVinci Xi

Figure 2.17: Comparison of the endo view between a) da Vinci® Xi and b) da Vinci® SP in TORS. The endoscope
of da Vinci® SP can be driven close to the surgical field and offers better visualisation of the lesion in the
larynx [126].

The da Vinci® SP can achieve similar visualisation of the surgical field in the larynx
compared to the Medrobotics Flex® Robotic System (Fig. 2.13 and Fig. 2.17b), although
compared to direct manual control of the surgical instrument, remote control suffers the loss
of haptic feedback and tactile sensation. With two teleoperated joggle joints, the robotic arms
of da Vinci® SP are more steerable than the Flex Robotic System. The da Vinci® SP appears
to be the most successful commercial robotic system in transoral laser phonosurgery. However,
the da Vinci® SP is a universal robotic surgery platform with a design aimed at abdominal
surgery and transanal surgery [80]. In comparison with the size of microlaryngeal instruments
in TLM (Fig. 2.4), the 6 mm robotic arm still makes the operation in the deep narrow larynx
difficult. Specific instruments for transoral phonosurgery, such as miniature vocal cord

holders and micro forceps are required. Furthermore, the master and slave control type could
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only achieve limited precision, repeatability, and velocity, while scanning functionality is

missing. The performance cannot compare to TLM with the laser scanning function.

2.4 Related Works of Fibre-Based Laser Scanning

Using a flexible optical fibre to transmit the laser beam can avoid the use of a suspension
laryngoscope and the traumas and lesions associated with it. However, even with the
assistance of commercial surgical robotic systems as discussed in the previous section,
without the laser scanning function, satisfactory laser operation is not achieved. Recently, two
types of fibre-based laser scanning robotic system, a micro-electromechanical system (MEMS)
controlled mirror steering system [132]-[138] and a magnetically controlled fibre steering
laser scanning system [139]-[142], have been developed with the aim of improving fibre-

based laser scanning.

To achieve the laser scanning function in fibre delivered transoral laser phonosurgery, it is
intuitive to add a miniature laser scanner with steered mirrors or optical lenses at the end of
the fibre tip like the conventional laser scanner mounted at the end of the articulated arm in
TLM. Since the laser scanner needs to access the deep larynx, it is required to be compact,
and miniature actuators need to be used to steer the laser beam to the desired location on the
tissue. In addition, the laser scanner needs to carefully connect with the laser fibre tip and
integrate with an endoscope to offer the visualisation of the surgical field in the larynx. In
recent years, some MEMS controlled mirror steering laser scanning systems have successfully
solved these challenges [137], such as the pRALP robotic system developed by Mattos ef al.
[138], a compact laser-steering end-effector manufactured by Bothner ef al. [136] and a
microrobotic laser steering system developed by York ef al. [137]. These systems have similar
working principles and characteristics, as well as similar advantages and limitations. Since
the uRALP robotic system has been well developed and validated by cadaver trials [143] (Fig.
2.18), as a typical MEMS controlled mirror steering laser scanning system, uRALP robotic

system will be further discussed in this section.
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surgeon ({3

Figure 2.18: (a) URALP robotic surgery system, picture taken during the last cadaver trial; (b) multifunctional
tip, include a stereo camera, light source, fluorescence imaging, laser deflecting micro-mechanism unit [143]
©2017 IEEE.

In the uRALP robotic system, an elegant micro-fabricated laser deflecting MEMS [143] is
built in the distal tip of a semi-flexible robotic endoscope. Figures 2.19 and 2.20 show the
delicate parts of the MEMS, a silicon on insulator (SOI)-based micromirror and a micro-
piezoelectric linear motor, respectively. The computer-assisted design (CAD) view of the laser
micro scanner and the assembled prototype are shown in Figure 2.21. The size of the compact

micro scanner is only 11 x 9 x 42 mm.

(a) (b)

Figure 2.19: (a) SOI-based micromirror and (b) the components of the micromirror [143] ©2017 IEEE.
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(b)

Figure 2.20: (a) the micro piezoelectric linear actuator (2.8 x 2.8 x 6 mm) and (b) the assembly of the SOI-based

micromirror and the piezoelectric linear actuators [143] ©2017 IEEE.

(b)

Figure 2.21: The CAD design (a) and the assembled prototype of the SOI mirror-based miniature laser scanner

[143] ©2017 IEEE.
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Figure 2.22: The functioning principle of the laser beam steering mechanism [143] ©2017 IEEE.

The working principle of the laser beam steering and the laser beam pathway is shown in
Figure 2.22. An inclined right-angle prism is used to transmit the laser beam from the end of
the optical fibre to the steering mirror. The piezoelectric linear motors are used to tilt the
mirror to reflect the laser beam to the target tissue. The root-mean-square (RMS) error of the
path follow scanning test is 0.08 mm [143]. The miniature laser scanner is assembled into the
semi-flexible directional and steerable robotic endoscopic tip with diameter 18 mm. During a
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cadaver test, the robotic endoscope with the miniature laser scanner was successfully inserted
into the larynx. The working distance between the distal tip and the target tissue such as the
vocal cords was 20-25 mm. The laser scanning area depends on the tilt angle of the mirror
and the anatomic constraints. The available static scanning area is 20 x 20 mm? and can be
enlarged by moving the robotic endoscopic tip. The nRALP robotic system has been tested
and validated in a cadaver test [ 143]. With the fibre delivery and the semi-flexible endoscope,
the uRALP robotic system can overcome the line-of-sight limitation and achieve laser patterns

or path scanning functionality.

However, the unRALP robotic system can only generate 2 degrees-of-freedom (DoF) laser
beam steering control. The steerable tilt angle of the mirror is 15° [134], [143] and the angle
of incidence to the target tissue is 20° to 35° (Fig. 2.22). In this approach, the laser scanner
must be close to the tissue. To achieve a large enough scanning area, the angle of incidence
of the laser beam is significant. With the laser beam divergence, the significant incidence
angle will enlarge the size of the laser spot and the spot shape will become an ellipse. Non-
targeted healthy tissue will be removed due to the resulting tilted cutting. This issue can be
minimised by making the laser shoot straight at the target tissue. The MEMS is mounted on a
directional robotic endoscope, it can be moved around to increase its workspace and minimise
the angle of incidence. A laser focusing unit is required for precision laser cutting. However,
good laser focusing remains an issue to be addressed. In contrast, in TLM, two scanning
mirrors are used as laser beam scanners and the working distance is approximately 400 mm.
For the same scanning area, the laser beam is almost perpendicular to the target tissue
compared to the pRALP. The shape of the laser spot is a circle and the focusing distance of
the laser beam is adjustable (Fig. 2.2). Therefore, the laser cutting in TLM is precise and will
not suffer the problems of pRALP. The approach of MEMS controlled mirror steering laser

scanning still needs to be further validated for clinical application.

An alternative is direct control of the distal tip of the optic fibre to generate the laser
scanning motion. The second type of fibre-based laser scanning robotic device, a magnetically
controlled fibre steering laser scanner, uses magnetic fields to manipulate the motion of the
distal tip of the optic fibre. A permanent magnetic ring fixed near the distal tip of the laser
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optic fibre and 4 electromagnetic coils were used to generate a magnetic field and produce
torque to change the direction of the fibre tip (Fig. 2.23). The main components and a
prototype of the magnetic laser scanner are shown in Figure 2.24. The magnetic laser scanner
was developed at IIT, which also participated in the development of the pRALP robotic
system. To prevent the beam quality issue caused by the beam divergence, two lenses are used

to focus the beam (Fig. 24).
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Figure 2.23: a) Conceptual design of the magnetic laser scanner as a flexible endoscopic tip [140] and b)
Schematic illustration of one DoF magnetic control and the focusing laser light on the target with collimating
and focusing lenses [139] ©2017 IEEE.
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Figure 2.24: Components (a) and assembled prototype (b) of the magnetic laser scanner [140].
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Figure 2.25: (a) Experimental setup of the magnetic laser scanner, including optical fibre, lenses, laser source,
and camera. (b) Schematic presentation of the 2 DoF control and the laser beam focusing on the target [141]
©2019 IEEE.
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Figure 2.26: a) experimental result of circular path following [139] ©2017 IEEE, and repeatability tests of the
scan trajectories for 10 passes of a ‘8’ shape b) [140].

The laser steering workspace of the magnetic laser scanner depends on the distance
between the paired electromagnetic coils in each axis (Fig. 2.25b). The workspace of the 13
mm diameter magnetic laser scanner (Fig. 2.25a) is a 4 X 4 mm square [142]. Similar to the
LRALP robotic system, the magnetic laser scanner has 2 DoF laser beam steering (Fig. 2.25b).
Path following of an approximately 2.5 mm diameter circular path was performed via
teleoperated control and a RMSE of 0.035 + 0.018 mm was reported (Fig. 2.26a) [139]. The
repeatability study performing 10 repeated automated patterns of a figure of 8 shape in a 2 x
2 mm square exhibited a RMSE 0f 0.021 + 0.010 mm [140] and an ‘M’ shape ina 3 x 3 mm
square resulted in a RMSE o0f 0.048 + 0.016 mm in the y-axis and 0.075 £+ 0.035 mm in the z-
axis [139]. The experimental results demonstrated high repeatability. The experimental setup
of the magnetic laser scanner is shown in Figure 2.25a). The validation of variant automated
paths scans also performed. The RMSE will increase with the increasing of the size of the
path [141]. However, while the accuracy and repeatability were high, the static workspace of
the magnetic laser scanner is quite small. As the magnetic laser scanner was conceived to be
used with a driven mechanism such as the end-effector of a robotic arm, the entire workspace

can be enlarged by the driven mechanism.

A limitation of non-contact laser scanning is the 2 DoF fibre steering, which in combination
with the fixed focal length makes it difficult to maintain the focal point on the target tissue, as

identified by a research group at Leibniz University Hannover. A steerable and extendable
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robotic endoscopic tip for teleoperated robotic non-contact laser surgery was developed by
this group. A vision-based colour map with associated laser caustics of distance can be offered
as user guidance to teleoperate the position of the robotic endoscopic tip (Fig. 2.27) [144].
However, the complexity is increased, and if the visual camera is moved with the endoscopic

tip, the unstable imaging of the surgical field will cause discomfort to the user.
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Figure 2.27: a) Conceptual set-up of the image-guided focal positioning teleoperated robotic endoscope for
non-contact tissue laser ablation. b) The extendable monolithic continuum structure. c) The endoscope tip,
sampled surface phantom and master controller. d) Example of the colour map (CM) with associated laser

caustics (LC) of distance [144] ©2019 IEEE.

The two types of fibre-based laser scanning robotic system, a MEMS controlled mirror
steering and a magnetically controlled fibre steering laser scanning system, can achieve non-
contact laser ablation with laser scanning. This avoids damaging the fibre tip through contact
and prevents the tip sticking to the tissue [140], [145]. However, unlike in TLM, where the
laser scanner is located outside of the patient, the aperture of the laser scanner needs to be
inserted into the larynx. The laser aperture can be contaminated easily, causing damage and
eventually breakage of the laser aperture, such as a focusing lens. Currently, almost all laser
fibres are single-use or reusable up to a limited number of times. As presented, there does not
seem to be a practical way of replacing the fibre. Finally, the two types of fibre-based laser
scanning robotic systems must also consider sterilisation issues and performance degradation
due to repeated sterilisation and reuse.
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2.5 Summary

As discussed above, both the free beam delivery and fibre delivery techniques, as currently
practised, have significant drawbacks. A system for TLP should fulfil the following

fundamental requirements:

e Avoid the use of a suspension laryngoscope by obviating the need for a line-of-sight.
Provide a solution to access and exposure the larynx through a curved pathway.

e Provide precision, repeatable, healthy-tissue sparing, through user-driven and semi-
autonomous control of the laser.

e Provide a technically feasible and practicable proposition.

The MEMS controlled mirror steering and a magnetically controlled fibre steering laser
scanning systems have demonstrated the potential to overcome the limitations of current
methods and use in TLP. However, as discussed above, some issues such as good laser beam
focusing, and laser aperture quality control are needed to be addressed. These two types of
fibre-based laser scanning robotic systems still have to face critical challenges to become
practical for clinical use. As discussed in the previous chapter, CDPRs have proven their
ability to control surgical instruments through the use of multiple cables working in a parallel
and antagonistic fashion [146], [147]. High force transmission, relatively large workspace and
low cost are some of the intrinsic advantages of such mechanisms. Unlike serial mechanisms,
parallel approaches do not suffer from errors accumulating through the kinematic chain and
thus could provide precise and repeatable control of an end-effector accommodating a laser
fibre. A laser fibre can be inserted in the end-effector through a fibre sheath. The laser fibre is
replaceable through the fibre sheath during the surgery. If the fibre tip is damaged, it can be
renewed easily, a common routine in clinical practice and costing less than replacing the
aperture of the above laser scanners. For TLP, the CDPM can be attached at the end of a
flexible or curved instrument, obviating the need for a suspension laryngoscope. Therefore,
this approach has the promise to overcome the limitations related to the line-of-sight and
perform accurate laser scanning. The details of simulation, design, prototyping and validation

of the CDPR for the TLP will be discussed in following chapters.

43



Chapter 3

Simulation, Design and Prototypes

In this chapter, the modelling and analysis of CDPM for TLP will be introduced, including
kinematics, dynamics, tension forces distribution and the controllable workspace. Then
follows the simulation, various designs and early prototypes of CDPM for TLP are presented

and discussed.
3.1 Modelling and analysis of CDPM for TLP

3.1.1 CDPM

A CDPR is usually composed by a CDPM and a motor control system. A typical CDPM
includes a moving platform or end-effector, an outer frame referred to as scaffold and the
actuation cables. Each actuation cable goes through the entry point on the scaffold and
connects to the attachment point of the end-effector (Fig 3.1). Hybrid type mechanisms, in
which actuation cables are combined with rigid links, can provide partial advantages of serial
and parallel mechanisms [148]-[150]. However, the hybrid type mechanisms may increase
the complexity of the control and the design, which can compromise the advantages CDPMs

have. Therefore, this thesis focuses on purely cable actuated CDPMs.
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Figure 3.1: An example demonstrates the core concept of CDPM [151].

The shape and size of the scaffold and the end-effector can be specified to fit a wide range
of workspace and force requirements. This is achieved by changing the position of the entry
and attachment points on the scaffold and the end-effector, respectively. Since the actuation
cable is soft, the scaffold can be folded and deployed at the desired location. And due to the
parallel mechanism, all the cables act on the end-effector directly and simultaneously.
Therefore, high payload and fast motion of the end-effector can be generated. The parallel
mechanisms do not accumulate positional errors through the kinematic chain, and therefore a
precise and repeatable control of end-effector can be achieved. For a better understanding of
the capability of CDPMs, some feature-based applications of CDPM are shown in Figure 3.2
and 3.3. Utilising the feature of large workspace and high speed and accurate motion control,
the CDPM can be used for sports events transmission (Fig 3.2a). And combined with the
capability of high payload, the CDPM is utilised for handling, storage and retrieval of goods
(Fig 3.2b and Fig 3.3) [148], [152]. Furthermore, the CDPM is developed as a motion
simulator due to the outstanding dynamics capability[150]. More applications of CDPMs can
be found in [148]-[150], [153], [154].
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Figure 3.2: a) The cable-driven Skycam used for sports events broadcasting [148). b) Prototype of the CoGiRo, a
CDPM for goods handling [149].
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Figure 3.3: Conceptual design of a cable-driven storage and retrieval system [152] ©2018 IEEE.

3.1.2 Versatility of configuration of CDPM

The CDPM can achieve different combinations of degrees-of-freedom (DoF) depending on
the distribution of cable connection and the number of cables. Figure 3.4 shows possible DoF

of various types of CDPM [155].
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a) 1T, linear motion of a point b) 2T, planar motion of a point
¢) 3T, spatial motion of a point d) 2T1R, planar motion of a beam
e) 3T2R, spatial motion of a beam f) 3T3R, spatial motion of a body

Figure 3.4: Possible DoF and motion types of CDPM (T stands for translation and R for rotation) [155].
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a) b)
Figure 3.5: Two types CDPM: a) Fully restrained and b) under-restrained CDPM [151].

In general, there are two types of CDPM: fully restrained and under-restrained CDPM. The
two types of CDPM are differentiated by the control approach on the end-effector. The under-
restrained CDPM utilises an external force, such as gravity, to achieve the desired DoF control
of the moving platform (Fig 3.5b). Fully restrained CDPM depend on an additional cable to
provide this reactionary force. Therefore, these mechanisms are redundantly actuated: the
number of cables is larger than the DoF of the moving platform, so that m > n + 1, where
m denotes the number of cables and n indicates the DoF of the moving platform. And thanks

to this redundancy, a singularity free workspace can be achieved [156].

For the surgical application of TLP, a singularity-free workspace is preferred and a fully
restrained CDPM should be used. To accommodate the distal tip of a laser fibre, a slim over-
tube is used as. the moving platform to place and steer the fibre tip. As shown in Figure 3.4 d)
and e), the over-tube can have 3 DoF planar motion driven by four cables or 5 DoF spatial
motion steered by six cables. To reduce the complexity of control and have a stable structure,
in the TLP CDPM, only one entry point on the scaffold and one attachment point on the over-
tube can be connected by one cable. To achieve a fully restrained CDPM and to avoid
unexpected flipping and rotation of the over-tube, the relationship between the type of DoF
and the minimum number of cables of CDPM to manipulate an over-tube are shown in Table

3.1.
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Table 3.1: Type of DoF and the minimum number of cables for over-tube steering

(T stands for translation and R for rotation)

Minimum number of
Type of DoF  Total DoF
cables

1TOR
2TOR
0T1R
ITIR
2TIR
3TOR
0T2R
1T2R
2T2R
3TIR
3T2R
0T3R
1T3R
2T3R
3T3R

N

AN L AW LR R WD W WD~ NN~
R 0 D 0 AN NN BB

The controllable workspace of CDPMs depends on the number of cables, their positioning
and configuration within the scaffold. For example, Figure 3.6 shows how a different number
of cables within the same available space (circle provided by the supporting scaffold) can

generate different controllable workspaces (regions in grey).
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Figure 3.6: Some examples of different controllable workspaces (regions in grey) generated by different cable

configuration within the same available space (circle) provided by the supporting scaffold.

The size and shape of the scaffold, as well as the number and positioning of the cables
controlling the over-tube, will also affect the resulting controllable workspace. Furthermore,
the configuration of cables, over-tube and scaffold will affect the force exertion capabilities.
By increasing the number of cables, it is possible to achieve greater dexterity, manipulability
and exertion force. However, a large number of actuators and cables will also increase system

complexity and costs.

To develop a CDPM for TLP, the main CDPM parameters to be considered include
configuration, kinematics, dynamics and controllable workspace analysis, and tension forces
distribution calculation. A single over-tube driven by six cables will be discussed as an
example. As shown in Figure 3.7, in this configuration, the over-tube can achieve 5 DoF
motion, three translations and pitch and yaw rotations. Therefore, it is defined as a redundantly
restrained mechanism [157]. The cables are connected between the scaffold and the over-tube,

where the fixation entry points on the scaffold are B; (i=1, 2, ..., 6), and the attachment points

on the over-tube are P; (i=1, 2, ..., 6). The length of six cables ||lT|| can therefore be defined

as | = I75;

| (i=12,..6).
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Figure 3.7: A single over-tube parallel robot mechanisms driven by six cables. a) The base frame {B} and the

moving frame {P}. b) Six entry points (Bi) on the scaffold and six attachment points (Pi) on the over-tube.

The motion of the over-tube is described by the moving frame {P} attached to it with
origin P, located at its centre of mass. With respect to the base frame {B}, the moving frame
can have a rotation along the Z-axis of angle 6, and along the Y-axis of angle 6,,, and have a
translation P = [x,y, z]" corresponding to the distance from the origin of the base frame to
P,. The rotation along the X-axis (i.e., the axial rotation of the over-tube) cannot be actuated
by this specific cable configuration. The corresponding rotation and transformation matrix
describing the motion of the over-tube in the base frame can therefore be derived as equations

3-1 and 3-2 respectively, where s stands for sine and c stands for cosine.

c6,c6, —sb6, cO,s6,
59 Cg ] = |s6, c@ co, SHZSHy , (3-1)
—50 69 09y
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TB—[O 1)’ (3-2)

3.1.3 Kinematic analysis

In TLP, once the motion of the over-tube (and the instrument it accommodates) has been
defined by the surgeon, the position and orientation of the instrument in the base frame are

known. The 3D position of the origin of the moving frame Py(x,y,z) and the rotations (6,, 6,)
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can be computed and the transformation matrix can be derived using equations 3-1 and 3-2.
The lengths of the 6 cables ([|L1|l, |[I1]], ..., ||lgl]) corresponding to the desired instrument pose
are unknowns. Using loop closure analysis as shown in figure 3.8 a), equation 3-3 can be

derived, where B, denotes the origin of frame {B} [94], [157].

I, =PB,=B,B,—P,p,— P fori=1,2,...,6, (3-3)

By expressing the P, and P; points in the base frame via the transformation matrix in
equation 3-2, six equations can be generated and a single solution can be derived. The length
of the cables should be limited by the size of the scaffold; otherwise, the desired point in the

trajectory may lie out of the workspace.

Bi

a) Xq

Figure 3.8: Structure analysis of the parallel robot mechanism. a) Loop closure (Po, Pi, Bi, BO) and b) Forces and

torques on the over-tube.

3.1.4 Dynamic analysis

As shown in figure 3.8 b), the forces ¢ along cables can be expressed as equation 3-4 and the
torques m; generated by the cable tensions applied on the over-tube can be expressed as

equation 3-5:

- 1.
t, = _liti (3'4)
L
TT—ll = Ei X ﬁ-,where Fi = POPL (3'5)
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The total forces fp and torques mp acting on the over-tube can then be calculated as:

6
1-
fo=) Tht: (3-6)
Ll
=1
6
z X 7, (3-7)
i=1
Equations 3-6 and 3-7 can be expressed as one equation [157]:
At+f =0 (3-8)
Where:
A
A=| 11A 6 I,t [ty, tp) e, te)T
lAl X Ell s T‘6 X - 6J

The structure matrix 4 = JT [158], where J is the Jacobian matrix. f denotes the external

forces and torques (the wrench) acting on the over-tube.
The actuator dynamics can be represented by equation 3-9 [159]:
Dg+Cqg+rt=rt (3-9)

Where D is the diagonal matrix of motor inertia, C is the diagonal matrix of motor viscous
friction coefficients, T = [14,T5, ..., Tg]? is the motor toques vector and t = [ty, ty, ..., tg]is
the cable tension vector. The vector q = [qy,q3, ..., q¢]” are the motor angles and ¢, §

denote the angular velocity and acceleration, and r is the radius of the drum of the motor.

3.1.5 Tension forces distribution

In this section, the tension forces distribution of completely restrained CDPM will be
discussed. As shown in Figure 3.7, the number of cables (m) is six and the number of DoF (7)
is five. Since the CDPM is redundant (m = n + 1), if the end-effector with a specific pose is
in the controllable workspace, the rank of structure matrix 4 should be #. The structure matrix

A can be divided into two parts:
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A=[B ] (3-10)

Where B is an n x n matrix, and vector /4 is an n x 1 vector which represents the redundant

cable. Then the tension forces could be expressed as below equation 3-11:
_[-B7'h —-B~1f ]
t_[ ) ]ti+[ . (3-11)

Where t; is representative of the cable tension force of one of m cables which is treated as
redundant, and f is the external wrench. The first term of the right side of equation 3-11
denotes the internal tension distribution contributing to internal force equilibrium, and the
second term denotes the forces distribution for external equilibrium [160], [161]. The
selection of the redundant cable needs to avoid singularities (the rank of matrix B is less than
n). By choosing every cable in turn as the redundant cable and calculating the eigenvalues of
the corresponding matrix B, cable with the minimum eigenvalue can be selected. The tension

force level can be adjusted by changing the value of t; within the range of the limitations.

3.1.6 Controllable workspace

As mentioned above, once the size and shape of the scaffold and the cable configuration are
fixed, the controllable workspace can be computed. The tension forces of all cables satisfy

two conditions:
(1) At+f =0

(2) ti € [tmin' tmax]i

For condition (1) to be fulfilled, the cable tensions t; need to meet the so-called force
closure condition given by equation 3-8. The tension of all cables needs to keep the end-
effector in equilibrium. For condition (2), each cable tension needs to be constrained above a
small pretension (t,,;;,) which needs to be maintained in the mechanical system and below a

maximum force (t,,q,) Which can be generated by the motors or endured by the cable.

The stiffness of the end-effector also depended on the pose of the over-tube and the
distribution of cable tensions. The stiffness matrix K, can describe the relationship between

an infinitesimal wrench §f working on the end-effector and the corresponding displacements
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of it 6x (Equation 3-12). Combining this with equation 3-8, the stiffness matrix K, can be

computed as equation 3-13 [162]:

§f = K.6X (3-12)

04
Ky = ==t = AKAT (3-13)

As defined above, A4 is the structure matrix, ¢ is the cable tension vector, and X is the pose
of end-effector [x, y, z, ), 6,]. The matrix K; is the stiffness matrix in joint space and denotes
the relationship between infinitesimal cable tensions and the resulting changes in cable length.
The right side of equation 3-13 indicates that the stiffness of the end-eftector relies on the
cable tension distribution and the pose of the end-effector [162], [163]. The stiffness will be
affected significantly when the end-effector approaching to the boundary of the workspace,
where the extreme value of cable tension may occur. Tension factor (7F) is defined as the
ratio of the maximum tension over the minimum tension of all cables (Equation 3-14). The
value of tension factor will decrease when the end-effector is close to the boundary of the
workspace. The tension factor can be utilised as a threshold to prevent the end-effector gets
too close to the boundary of the workspace [164].

_ min(t)
~ max (t)

(3-14)

In addition, a geometrical constraint is required that does not allow any cable to cross the
over-tube for the evaluation of the controllable workspace. Within the reachable workspace,
there will be specific end-effector positions for which a small torque will result in the over-
tube to rotate around its axis, causing the cables in mathematical simulations to cross the over-
tube. In practice, the cable will not cross the over-tube but will roll around the tube. The rolling
around the over-tube does not necessarily prevent that specific end-effector positions are not
reachable. However, this can affect the positional precision of the end tip of fibre or instrument.
When the robot is controlled by a master manipulator, the position could be corrected by the

operator. However, the unexpected cable rolling will compromise the controllability.
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3.2 Configuration Simulation of the CDPM for TLP

As discussed in section 2.5, the CDPM can be used to manipulate the distal end tip of a laser
fibre to perform laser incision, ablation or photocoagulation in TLP. Due to the intrinsic
advantages of CDPM, high precise and repeatable laser scanning can be achieved. A simulator
has been developed via MATLAB software for the TLP CDPM, including below main

procedures as shown in Figure 3.9:

(CDPM SimulatiorD

A

Identify the requirements of
surgery.Defined by the desired
DoFs, workspace and the shape

and size of the scaffold

A

A

Configuration simulation

A

Operation simulation

A 4

Verification

If verified?

Figure 3.9: The flowchart of the framework of the TLP CDPM simulation.

(1) Identify the requirements of the TLP CDPM, including the desired operation, DoF of
motion, workspace, shape and size of scaffold etc.

(2) Perform the configuration simulation, generate cable distributions and calculate the
controllable workspace.
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(3) Carry out a collision-free operation simulation, implement the desired motions of end-
effectors to simulate the task operation, such as pattern scanning.
(4) Perform the verification test to check if the configuration of CDPM can meet the

requirements proposed in step (1).

3.2.1 Required specifications of TLP CDPM

For the TLP laser operations, such as cutting, two surgical instruments are engaged, a laser
fibre and an auxiliary tool such as a vocal cord holder/forceps/gripper. Therefore, two CDPMs
can be used to manipulate the two surgical tools, one over-tube for the laser fibre and one
over-tube for another surgical instrument such as forceps. As discussed in section 2.4, the
laser fibre over-tube will need 5 DoF motion to manage the laser beam quality, 3 DoF of
translation and 2 DoF of pitch and yaw rotation. Since the shape of the laser fibre is a slim
cylinder, a roll DoF rotation is not required for the laser fibre. The three translational DoF are
required to move the fibre tip to the desired position and control its distance from the tissue.
Approximately 1 mm distance is needed for laser incision or dissection, and 2—5 mm for
photocoagulation or haemostasis. The two rotational DoF are used to improve manipulability.
The 5 DoF motion could make the laser spot projection is circular or close to circular. The
other surgical instrument over-tube will also need at least 5 DoF motion, while a stepper motor
can be placed external to the surgical system units to rotate torsionally stiff flexible
instruments if a roll DoF is required. An external manipulator could be used to control the
operation of the auxiliary surgical instrument during the surgery (e.g. open and close the
forceps or gripper) [95]. To accommodate the fibre tip, the inner size of over-tube is 1.2 mm
diameter, with an outer diameter is 1.5 mm. The size of over-tube for the auxiliary surgical

instrument could be larger based on the size of the instrument.

There are two cues to estimate the desired workspace for TLP. One is the size of an adult
vocal cord. Another cue is the maximum size of the distal tip of conventional laryngoscopes.
The length of an adult vocal cord is between 11-21 mm, and the width approximately half of
that [165]. And the thickness of the laryngeal tissue is around 3-5 mm [166]. Currently, the

maximum size of the distal tip of conventional laryngoscopes is 27 mm in diameter [167].
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Based on these, the desired workspace for one side vocal cord and glottis should be
approximately a 27 mm diameter half-cylinder with 10 mm depth. The size and shape of the
scaffold depend on the specific data of the patient. The shape of the scaffold is based on the
distal tip of conventional laryngoscopes [167], which is a hollow cylinder or elliptical cylinder.
To achieve the workspace of the maximum size of the distal tip of conventional laryngoscopes,
27 mm in diameter, the size of the scaffold is defined as a 22 x 20 mm ellipse. In summary,

the required specification of CDPMs for TLP is presented in Table 3.2.

Table 3.2: Required specifications of TLP CDPMs

Item Required Specification

Shape of scaffold Elliptic cylinder

Size of scaffold 22 x 20 mm (W x H)

Size of over-tube for laser fibre 21.5 mm diameter, 10-20 mm length
Size of over-tube for auxiliary surgical 91.5-3.0 mm diameter, 10-20 mm length
instruments

Desired DoF for laser fibre 5 DoF

Desired DoF for other surgical instruments 5 DoF

Desired workspace 27 mm diameter cylinder with 10 mm depth

3.2.2 Configuration simulation and controllable workspace

Based on the required specification, and as shown in Table 3.1, the minimum number of cables
for steering of one over-tube is six. Following the procedures of the simulation framework
(Fig 3.9), the resulting configuration and parameters of TLP CDPMs are defined, as shown in
Figure 3.10a). The diameter of the over-tube is 1.5 mm. The distance between the end tip of
the simulated instrument and the front set of cables is 20 mm. The dimensions of the scaffold
and the cable positioning of the laser arm are shown in Table 3.3. The origin ([0, 0, 0]) of the
robotic coordinate system is located at the centre of twelve cable entry points on the scaffold.
The X-axis is the longitudinal axis of the cylindrical scaffold and points to the target end of
the scaffold (Fig. 3.10a). The cable configuration of the both end-effectors are symmetrical

along the X-Z plane.
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Table 3.3: Coordination of cable location

Cable location

(% y,2])

Scaffold [mm]

Over-tube [mm]

Laser arm cable 1 [11,-1.25, 8] [5,0,0.75]
Laser arm cable 2 [-11,-1.25, 8] [-5, 0, 0.75]
Laser arm cable 3 [11,-8.25, 0] [5,-0.75, 0]
Laser arm cable 4 [-11,-8.25, 0] [-5,-0.75, 0]
Laser arm cable 5 [11,-1.25,-8] [5,0,-0.75]
Laser arm cable 6 [-11,-1.25, -8] [-5, 0, -0.75]
S
10 ,]:1,2 ...... A VN
5 /10 mm
F L
. » J 1 - —x E
™ -
N H ! ©
ol Y
i [ SR fommeooes
0 : 2.5mm
18 mm I 10
;0 -5 0 5‘ 170 j0° X {mm]
Y [mm]

a) Configuration simulation with the dimensions of the CDPM

15 15
10 10
5 5
T / . T
E o / E o
N f N
5 { 5
10 -10 -
15 - o 10 5 ) - ' 10
T T - 10 ! ! 107 X [mm)
45 10 5 0 5 10 1520 X[mm] 5 0 5 0 10 20
Y [mm] Y [mm]
b) Workspace (without rotation) ¢) Workspace

(Max +15° rotation, pitch and yaw)

Figure 3.10: Configuration simulation and controllable workspace. a) Configuration simulation with the
dimensions. b) Controllable workspace without rotation. c) Controllable workspace with rotation [168] ©2020
IEEE.
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The configuration and the controllable workspace of the laser fibre and the auxiliary tool
is symmetrical along the XZ-plane. The workspace is numerically calculated using the force-
closure and wrench-feasible workspace on a grid search overall five dimensions. The resulting
workspace is fulfilling the geometry and cable tension constraint mentioned in section 3.1.6
are used to determine feasible points, for which a cable tension range of [0.3N, 30N] and a
TF of 0.05 is used. The workspace for an unloaded instrument (i.e. zero wrench) is shown in
Figure 3.10b) and 3.10c). Without rotation, the controllable workspace can be approximated
by a 5.5%12 mm triangle with a 10 mm depth. When rotations with a maximum rotation angle
both in pitch and yaw is +15°, the controllable workspace expands to a 28 mm diameter half
cylinder with 11 mm depth. As the laser fibre can be placed into either left or right over-tube,
the entire workspace of the laser arm is approximately that of a full cylinder with a 28 mm
diameter. The resulting workspace is more than adequate, as the maximum size of the distal
tip of conventional laryngoscopes is 27 mm [167]. And the workspace can be enlarged

dramatically by moving the scaffold or extending more fibre tip out from the over-tube.

Figure 3.11 shows some examples of possible positions of the supraglottic tumour. The
scaffold could be positioned via the attached support device (such as a flexible endoscope or
curved laryngeal blade) to align the operative field (blue area) to the cysts or tumour region. If

the target is large, then it could be divided into subparts, with surgery performed sequentially.

Figure 3.11: Scheme of the position of the tumour region and the operative area [102].

The configuration of cable distributions can be allocated based on the position of the target
tissue. Figures 3.12 to 3.14 demonstrate six different configurations (rotated along the axis of
scaffold) together with the controllable workspace of the laser fibre arm and the total

controllable workspace of the laser fibre arm of the six configurations.
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Figure 3.12: Different configurations (rotated the current configuration 45, 90, 135, 225, 270 and 315 degrees

respectively).

Figure 3.13: Corresponding workspace of the laser arm for the 6 configurations shown in figure 3.12.
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Figure 3.14: The total controllable workspace of the laser fibre arm for the 6 configurations in figure 3.12 (28

mm diameter cylinder with 11 mm depth).
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Figure 3.15: Relationship between a maximum range of translation and rotation and the distance between
entry points in one plane. a) Longest distance between entry points: larger range of translation but smaller
range of rotation. b) Short distance between entry points: smaller range of translation but larger range of

rotation.
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The cable locations can be adjusted based on patient-specific data and operational needs.
Due to the intrinsic feature of CDPM, the maximum range of translation and rotation cannot
simultaneously be achieved in one fixed configuration type. The maximum horizontal
translation distance can be defined as the maximum horizontal moving distance of the over-
tube. If the attachment points on the over-tube are fixed, the larger distance between entry

points, the larger range of translation but the smaller the range of rotation (see figure 3.15).

The configuration TLP CDPMs will use twelve cables fashioned, as shown in Figure 3.10a)

to fulfil the requirement of specification.

3.2.3 Collision-free operation simulation

For a bimanual CDPR, the tool-tool, tool-camera, tool-cable, cable-camera and the cable-
cable collision will affect the performance. Points in the controllable workspace will be

unreachable when collisions occur, therefore it is necessary to detect and avoid collisions.

Based on a particular operation, the trajectories in the controllable workspace for each arm
can be generated followed by collision detection. Besides the collision detection between
tendons, the collision detection problem can be solved by calculating the distance between
line segments. If the distance is smaller than a threshold value, a collision occurred. A collision
between two cables can be detected by calculating the distance of a point (one attachment
point) to a plane (formed by another attachment point and two entry points). When the

distance is less or equal to zero, a collision occurred.

Figure 3.16 shows the result of a simulated operation of laser scan a with collision detection.
The left arm (connected by blue cables) is for the forceps to pull and hold the tissue at the
centre of the field of view. The right arm (connected by red cables) is to scan the laser fibre
pattern, such as a straight line or an arc line. The results show that the generated configuration

of TLP CDPMs could perform the operation of laser pattern scanning without collision.

63



s E
o o =
5 Ho
-1o -10
15 5
I T T T T T o I T T T T T M
15 10 5 0 5 10 78 15 10 5 0 5 10 #
Straight line scan Arec line scan

Figure 3.16: Result of the simulation operation of laser pattern scanning with collision detection.

In addition, collision detection can help to optimise the CDPMs configuration. For example,
if the position of the end of camera far from the operation field, there is no collision between
tool and camera and the over-tube is easy to manipulate. However, the field of view may be
too large. If the position of the end of camera is close to the operative field, the view of the
operative field is better. However, the over-tube may be difficult to manipulate to avoid the
collision. The position of the proximal end of the endoscope could be determined based on

simulation and collision detection.

3.3 Designs and prototypes of TLP CDPR

The sections above have demonstrated the potential of CDPM to generate precise laser
scanning. To meet the requirements of TLP and avoid the need for a line-of-sight, the CDPM
should be attached at the end of a flexible or curved instrument and inserted into the larynx
through the curved airway. As discussed above, one feature of CDPR is their versatility and
compatibility with a range of existing medical devices, such as semi-flexible/flexible
endoscope or curved laryngeal blades. Also, they can be designed as a stand-alone TLP device;
including manipulator, camera and light source, etc. In this section, two add-on designs:
EndoTORS and LaryBladeTORS robot and one stand-alone robotics: LaryngoTORS robot will
be described and discussed. All designed TLP CDPR will use the resulting configuration
simulated in section 3.2.2.
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3.3.1 Design and prototype of EndoTORS robot

The conceptual design of the EndoTORS robot is shown in Figure 3.17, including a scaffold,
two over-tubes, twelve cables and cable transmission tubes. The CDPMs are amounted at the

end of an endoscope.

Cable transmission tube

Over-tube

Scaffold

Endoscope

b)

Figure 3.17: Render and core components of the EndoTORS robot, showing the CDPMs at the end of an

endoscope.

A flexible laryngoscope or rhino-laryngoscope can be combined with the EndoTORS robot.
The flexible endoscope may not generate enough force to lift the epiglottis to exposure the
larynx. A mouth gag or a mouth retractor would need to be used to open the patient’s mouth
and lift the epiglottis. A semi-flexible endoscope also can be combined with the EndoTORS
robot, such as the ENDOEYE FLEX 2D/3D (LTF S190-5-2D /LTF 190-10-3D, Olympus,
Japan) which have been successfully used in the transoral endoscopic ultrasonic surgery

(TOUSS) [169] (Fig 3.18).

Figure. 3.19 shows the prototype of the EndoTORS robot. The CDPMs is attached to the
articulated tip of the ENDOEYE FLEX 3D endoscope [170]. The distal diameter of the
endoscope is 10 mm and the angulation range is 100 degrees in four directions. The scaffold
of the prototype EndoTORS robot was made by polylactide (PLA) 3D printing. A rigid and
biocompatible material, such as the stainless steel can be used for further clinical research if
required. The EndoTORS robot can connect with the motor units used in ESD CYCLOPS (Fig
1.10) via cable splitters (Fig 3.20a). The setup of the EndoTORS robot on a head and neck

phantom is shown in Figure 3.21. A mouth gag is used to keep the mouth open (Fig 3.20b)
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and the endoscopic view of the EndoTORS robot inside the test phantom is presented in Figure

3.21b.

Figure 3.18: Surgical instruments, ENDOEYE FLEX endoscope and the close view of the deflectable tip (left) and
the setup of TOUSS (right). A support arm held an ENDOEYE FLEX 3D endoscope. The surgeon and assistant
stuff wore 3D glasses to watch the 3D imaging offered by the 3D endoscope [169].

ENDOEYE FLEX 3D
Endoscope

Laser fibre

catheter ™~ Cable-driven parallel

robotic manipulator

y
\

=

Figure 3.19: Early prototype of the EndoTORS robot. a) Front view of the robot showing the scaffold, cables and

two over-tubes. b) and c) The robot mechanism assembled on a tip-articulating endoscope.
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Figure 3.20: a) The EndoTORS robot connected with the motor units via cable splitters. b) The head and neck

phantom with a mouth gag which is used to keep the mouth open.
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Figure 3.21: a) Setup of the EndoTORS robot on a head and neck phantom. b) Endoscopic view of the robot
scaffold. A 20 mm diameter plastic cylinder with a 2D vocal cord lesion image was inserted in the phantom to

simulate a target for laser incision.

3.3.2 Design and prototype of LaryBladeTORS robot

Recently, with the advanced semi-flexible/ flexible robotic systems used in TORS, such as da
Vinci® SP (Intuitive Surgical Inc., USA) and Flex Robotic System (Medrobotics Inc., USA),

mouth retractors or mouth gags with curved laryngeal blade have been developed for these
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systems. For instance, the Satou’s curved laryngopharyngoscope type S2 (Nagashima Medical
Instruments, Tokyo, Japan) developed for Vinci® SP and the Flex Retractor for Flex Robotic
System [103], [171], [172]. The curved laryngeal blade could offer better exposure of the

larynx and accessibility of semi-flexible/ flexible robotic systems [171].

Figure 3.22 shows the Flex Retractor with serval curved blades and demonstrates the
curved laryngeal blade with the Flex Robotic System [172]. A 2 DoF rotational control of the
curved laryngeal blade can be generated by the Flex Retractor (Fig 3.23). The concept of
LaryBladeTORS robot is to build the CDPM on the tip of a curved laryngeal blade. The design
rendering and the prototyping of LaryBladeTORS robot are shown in Figure 3.24 and 3.25,
respectively. The LaryBladeTORS robot can be mounted on a mouth retractor or a mouth gag,
such as the Flex Retractor. The gear rack (Fig 3.24) can be utilised to adjust the insertion
depth. The LaryBladeTORS robot body also can achieve 2 DoF rotational control steered by

the mouth retractor like Flex Retractor shown in Figure 3.23.

Figure3.22: a) Flex Retractor with curved laryngeal blades. b) The Curved laryngeal blade demonstrated with
the Flex robotics system (Medrobotics Inc., USA) [172].

68



Scaffold
a)

Figure 3.24: The render of LaryBladeTORS robot. a) overview, b) sideview and c) front view.

Cable transmi*on tube

ek

Figure 3.25: The prototype of LaryBladeTORS robot. a) side view, b) front view and c) view from camera, a red

laser spot aiming beam projected on a paper screen placed at in front of the robot.

The robot body prototype was created by PLA via 3D printing. The final version of the
robot body could be made from the same materials used in the Flex Retractor laryngeal blades.
The curvature of the LaryBladeTORS robot body is highly patient specific. A USB camera
(5.5 mm diameter, 640x480 pixels resolution) was used to offer visualisation of the operative
field (Fig 3.25c). If the LaryBladeTORS robot body needed to be pulled out and re-inserted
during the surgery, the CDPM could be designed to slide along the curved laryngeal blade via

the built-in rail on the blade to avoid re-setup of the mouth retractor (Fig 3.26).
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Curved laryngeal blade
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Figure 3.26: a) Side view of the curved laryngeal blade based CDPM. b) View of the inbuilt rail of the curved
laryngeal blade.

3.3.3 Design and prototype of LaryngoTORS robot

The design of the LaryngoTORS robot is inspired by the indirect video laryngoscope. Figure
3.27 shows some examples of conventional laryngoscopes and video laryngoscopes. With the
development of camera technology and the better understanding of airway configuration,
indirect video laryngoscope can achieve a better outcome of larynx exposure and are more
widely used in clinical practice [127], [173], [174]. The video laryngoscope, without the
limitation of the direct line-of-sight, can utilise a laryngeal blade curvature matched to the
airway (Fig 3.28) [173], [175]. The images can be displayed on a screen on the blade handle

or an external screen for better visualisation during the inspection or intubation.

Figure 3.27: Conventional and video laryngoscope: Airtraq®NT video laryngoscopes (left), Macintosh

laryngoscope (middle) and the new McGrath®MAC video laryngoscope (right) [175].
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Figure 3.28: Demonstration of the curvature of the laryngeal blade and the view axis of different direct

laryngoscopes (top row) and indirect video laryngoscopes (middle and bottom rows) [174].

The rendering of the LaryngoTORS robot is shown in Figure 3.29. The shape of the
LaryngoTORS robot resembles an indirect video laryngoscope. For a bimanual robotic system,
12 motor units are required (Fig 3.29c). A scaffold housing a CDPM pair is attached at the
end of a curved laryngeal blade. The angle 6 is 20° (Fig. 3.29a), while it can be adjusted
between 0°-70° according to patient requirements. Each cable is rolled on a spool which
steered by a motor actuator and is transmitted through a pulley into a flexible transmission
conduit (Fig 3.29b). Each pulley 1s connected to a force sensor to gain the tension data of each
cable. The cables are connected via small openings positioned around the scaffold to two
instrument-accommodating over-tubes housed within the scaffold. The Bowden cables are
fixed to the scaffold. Six cables are connected per over-tube. The shape of the scaffold is based
on the distal tip of conventional laryngoscopes, which is a hollow elliptical cylinder. The size
of the scaffold, as mentioned in Table 3.2, is 22 x 20 mm (W x H). The shape and size of the
scaffold also can be changed based on the specific request of the operative task and the

patient’s airway configuration.
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Figure 3.29: Design of the LaryngoTORS robotic system. a) Side view showing the main parts: motor unit,
handle, Bowden cables for cable transmission and the curved laryngeal blade with the scaffold. b) Inner view
showing the cable transmission. A force sensor is used to achieve tension control. c) Top view of the robot
body [168] ©2020 IEEE.

A prototype of the LaryngoTORS robot has been developed (Fig 3.30). The robot body is
mounted on an adjustable surgical table support arm, which can be locked after the robot is
placed into the desired position. A single end-effector was used in the first prototype, but as
the two CDPMs are symmetrical the addition of the second over-tube does not affect the
design. For cable actuation 6 brushless DC motors (1226S012B with a 64:1gear head,
Faulhaber, Germany) and EtherCAT controllers (MC5004P, Faulhaber, Germany) are used.
The tension on each cable is measured by a load cell (LCL-005, OMEGA Engineering, Inc.,
USA). A 6 mm pulley is built onto the loadcell. ADAQ interface (Instrument 1100, GW
Instruments, Inc., USA) is used to acquire the tensions from the loadcells. 6 mm cable spools

are mounted on each motor. Motor control in teleoperation mode is achieved using a master
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manipulator (Geomagic Touch, 3D Systems, USA), or programmatically from the computer.
The laryngeal blade shown in Figure 3.32 includes a handle for the operator to place the robot,
a curved laryngeal blade with the CDPM, Bowden cables (1.4 mm Round Wire Coil, Asahi
Intec, Japan) with inner polytetrafluoroethylene (PTFE) tubing (Adtech Polymer Engineering
Ltd., Germany), spectra cables (0.19 mm diameter, 13kgf, PowerPro, Shimano, Inc., Japan),
a brass over-tube, a fibre sheath (Laser Fiber Sheath, Lumenis Ltd., Israel) and a 5 mm
diameter USB camera (640x480 pixels resolution) with 6 LEDs.

The spectra cables are made of ultra-high-molecular-weight polyethylene (UHMW-PE).
The UHMW-PE cables are extremely stiff for their cross-sectional area. These are not prone
to fatigue and are rated for breaking at approximately 130 N (13 kgf). The cables from the
motor unit are routed through the handle to the scaffold, via PTFE tubing within Bowden
cables. The Bowden cables are fixed at the end of the handle onto the scaffold. PTFE is used
to minimise friction between the cables and the Bowden transmission conduits. The cables

are attached to the over-tube by creating a loop which is accurately adhered with glue.

Brushless DC
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with gear set
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Load Cell Sensor
Connector
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Figure 3.30: Early prototype of the LaryngoTORS robot.
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Figures 3.31 and 3.32 show the details of main components and close-up view of an early

prototype of the LaryngoTORS robot.

Oldham coupling

Motor mount Cable sg.

pulley

Force sensor

b)

Figure 3.31: a) The motor mount unit, includes a base of the motor mount, an Oldham coupling and a cable
spool. b) The force sensing unit, when the cable is transmitted through the pulley, the tension force can pass
to the force sensor. c) Top view of the early prototype of the LaryngoTORS robot, six force sensing units are

presented.

Figure 3.32: The side view and front view of the laryngeal blade of the early prototype LaryngoTORS robot [168]
©2020 IEEE.
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Figure 3.33: The detachable part (c) of the LaryngoTORS robot can be connected/disconnected from the robot
(b) via cable connectors (a) [168] ©2020 IEEE.

Figure 3.34: Schematic diagram of the positioning of LaryngoTORS robot in TLP (left) and demonstration of the
operational position of the robot, based on a head and neck phantom (middle and right) [168] ©2020 IEEE.

The LaryngoTORS robot is detachable. As shown in Figure 3.33, each cable is connected
by a cable connector. The handle and the laryngeal blade (Fig 3.32) can be detached from the
robotic body by disconnecting the cable connector. Figure 3.34 shows the positioning of the
LaryngoTORS robot in TLP. The laryngeal blade of the LaryngoTORS robot can be inserted

to exposure the larynx, and further validation will be discussed in the next chapter.

75



3.4 Conclusion

This chapter discussed the core principle and critical features of CDPM. A simulation
workflow of TLP CDPM was introduced and the required specification was identified. A
resulting simulation configuration was presented; each instrument has 5 DoF motion control.
Although the narrow space of the larynx limited the workspace of CDPM, the resulting
configuration could generate a sufficient controllable workspace. Extending the fibre tip from
the over-tube will increase the controllable workspace significantly. The CDPM can be
reconfigured to align the workspace with the operation field. Also, the CDPM configuration
can be changed based on the patient specific data or according to the required task. Laser line
and arc pattern scanning was simulated, and the resulting configuration could steer the fibre

end tip in a collision-free workspace.

Three designs of CDPR for TLP are described: EndoTORS, LaryBladeTORS and
LaryngoTORS robot. The EndoTORS robot combines the CDPM with a semi-flexible/flexible
endoscope; the other two designs build the CDPM at the end of a curved laryngeal blade. All
robots could overcome the limitations of the line-of-sight and demonstrate the potential to
fulfil the requirements of TLP proposed in chapter 2. The EndoTORS and the LaryBladeTORS
robot are versions that are an add-on to existing medical devices, a design decision that aimed
to reduce the cost. The EndoTORS robot is currently based on the size specifications of the
directional tip of the Olympus ENDOEYE endoscope, where bending point and tip length are
fixed, which introduced restrictions of how the EndoTORS is coupled to it. A universal
adapter for all common brand endoscopes or specific adapter for each brand will be required
to firmly connect the robot with the endoscope. The EndoTORS robot will require extra setup
time and training for users to assemble the robot with an endoscope. The LaryBladeTORS
robot is designed for use with the mouth retractor for positioning in TLP. The LaryBladeTORS
robot can be also used together with a mouth gag, but as a result, the 2 rotational DoF offered
by the mouth retractor, such as Flex Retractor, will be lost. The LaryBladeTORS robot has to
work with a mouth retractor or a mouth gag. It cannot work alone. Extra setup time and
training for users to assemble the LaryBladeTORS robot with a mouth retractor or a mouth

gag are required.
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In contrast, the LaryngoTORS robot is a stand-alone type, without the above limitations
and fully customisable. The LaryngoTORS robot can be moved with an adjustable support
arm. The LaryngoTORS robot can be inserted into the larynx like the ordinary indirect video
laryngoscope. It is convenient to operate and setup. This thesis focuses on the development
and discussion of the LaryngoTORS robot. The early prototype was shown in this chapter,

while validation tests and technical feasibility analysis will be described in the next chapter.
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Chapter 4
Validations and Feasibility

Considerations

This chapter focuses on the validation tests and feasibility analysis of the LaryngoTORS robot.
The core technique of motion control of the robot is introduced first, and bench tests and ex-
vivo experiments are described, and the experimental results are discussed. The design and
prototype of a second version of LaryngoTORS robot for further preclinical study are
presented. Finally, the feasibility considerations of the LaryngoTORS robot and the technical
comparison between the state-of-the-art fibre-based laser scanning robotics systems are

presented and discussed at the end of this chapter.

4.1 Motion Control

For the end-effector of LaryngoTORS robot, there are two types of motion control considered:
1) a master and slave type whereby a master manipulator (Geomagic Touch, 3D Systems,
USA) is used to steer the end-effector; 2) an autonomous control type whereby the end-
effector will follow the trajectory programmatically. While using the master controller, a PC

with Linux operating system (Ubuntu 14.04 with real-time kernel patch 3.10.108) is used to
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convert the motion commands from the task space of the controller to the joint space of the
motors via inverse kinematics. The appropriate values are then sent to 6 daisy-chained motor
controllers (MC 5004 P ET, Faulhaber GmbH & Co. KG, Germany). High-frequency
EtherCAT communications (1 kHz) are utilised to transmit signals between the PC and motor
controllers via ethernet cables. Each motor controller drives one brushless DC motor
(1226S012B with a 64:1 gear head, Faulhaber, Germany) to rotate a 6 mm diameter spool to
change the cable length to manipulate the over-tube to execute the desired motion in 5 DoF.
Due to the high gear ratio and small spool size, the maximum speed is limited to 25 mm/s.
Cable tensions are measured by load cells (LCL-005, Omega Engineering, USA) and read by
a digitiser (Instrunet 1100, GW Instruments, Inc., USA). The digitiser is connected to a
Windows 10 single-board computer (LathePanda, Shanghai, China) to collect and send the
tensions data to the master PC. The movement of the end-effector can be observed via a

camera built in the laryngeal blade (Fig 4.2a).

An inverse proportional-derivative (PD) feedback control algorithm with tension
optimisation is used to implement the motion control. The inverse PD control in the joint
space can achieve high precision motion control and the intensive computation load of the
forward kinematics to calculate the position of end-effector in the task space can be avoided

[99], [160], [161], [176]. Similar to [160], the PD control law is defined as below:

T= Kp(qq — qm) + Kp(Gq — qm) + Ki7ty 4-1)

where T = [14,T5, ..., T]"is the vector of motor torques, Kp and K, are diagonal feedback
matrices, qq and g, denote the vector of desired motor rotation position and velocity, and
qm»> 9m are the measured motor position and velocity data, K, denote the diagonal gain
matrix, 7 is the radius of cable spool and t,; is the vector of desired cable tensions. Then, the

execution motor rotation vector ... is calculated as equation 4-2:

Qexec = Kg (; - tm) 4-2)

The calculated motor torque 7 is divided by the spool radius and compared with the

measured cable tensions, t,,. A gain matrix K; is multiplied with the error of cable tensions
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between the calculated and measured tensions.

The desired cable tension distribution t; needed to meet the conditions of static
equilibrium is defined in section 3.1.6 and needs to be constrained within bounds, above a
small positive tension (t,,;, = 0.3N) to prevent cable slackness and below a maximum force
(tmax = 30N) to avoid cable break. In practice, as suggested in [177], the cable tension
distribution can be described as an optimisation problem:

ta = argmin(||At — f1l2)
(4-3)
S.to: tmin < tg < tmin + (tmax — tmin) @

In which A is the structure matrix and f is the external wrench vector (see section 3.1.5).
Since the end tip of laser fibre is not in contact with tissue, the external wrench vector f is
set as a zero vector. The scale factor a € [0,1] is used to adjust the tension level. To minimise
friction, the scale factor a is set as 0.1 to reduce the cable tensions. The solution is conducted

by a bounded-variable least-squares method [178].

All gain factors of the diagonal matrix of Kp, Kp, K. and K; were determined
heuristically and the gain factor values were set to 1800, 10000, 0.2 and 270, respectively. In
the next section, a bench test was performed to evaluate the precision and repeatability of the
generated scan paths. Ex vivo tests of path scanning on chicken tissue were also performed.

The gain factor settings are the same throughout each of these tests.

4.2 Validations of LaryngoTORS Robot

The LaryngoTORS robot design and prototype were presented in chapter 3. By attaching the
CDPM at the end of the curved laryngeal blade, the LaryngoTORS robot can avoid the
requirement for the line-of-sight and obviate the drawbacks of using the straight suspension
laryngoscope. In this section, several experiments of bench test and ex-vivo test are performed
to verify if the LaryngoTORS robot could achieve precise and repeatable free path laser
scanning to meet the requirements of the transoral laser phonosurgery (TLP) proposed in

chapter 2.
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4.2.1 Bench Test

4.2.1.1 Semi-autonomous path scan

As discussed in section 2.2, in the current TLM, the scan pattern is pre-programmed, such as
the straight line, arc line and circle etc., and arbitrary free path scan is not allowed. For
irregular pathological margins, using the pre-programmed pattern is inconvenient. It may be
difficult to match irregular pathological margins perfectly while relying on pre-programmed
paths. The operator would need to use many small-scale scan patterns to execute the laser
cutting along the irregular margin, increasing the complexity of laser operation, and
compromising accuracy. A free path scan can overcome this problem and improve the
performance of laser scanning. In this section, a semi-autonomous free path scan technique is
introduced, using control points to define and generate a free scan path that can be
automatically executed by the LaryngoTORS robot. Figure 4.1 shows the workflow of the

semi-autonomous free path scan.
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Figure 4.1: The workflow of the semi-autonomous free path scan.

Figure 4.2 and 4.3 show the setup of the experiment for the semi-autonomous free path

scan. A laser fibre (FiberLase CO2 fiber, Lumenis Ltd., Israel) was inserted in the over-tube
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through a fibre sheath (Laser Fiber Sheath, Lumenis Ltd., Israel) until the end tip was extended
in front of the over-tube by 5 mm (Fig 4.2a). The distance between the end tip of the fibre and
the front set of the cables is 20 mm, which is in accordance with the simulated configuration
in section 3.2.2. A paper screen was attached at the front of the LaryngoTORS robot’s scaffold
(Fig 4.2b). A red aiming beam (635 nm, ImW) was used during the experiment and the ideal
pose of the fibre tip is normal to the target tissue, resulting in a red circular spot shape. The
operator can adjust the pose based on the apparent spot shape of the aiming beam. Figure 4.3
shows the operation platform and the control panel interface of the semi-autonomous free path
scan. The master manipulator is used to manipulate the end tip of fibre and determine desired
control points in the workspace (Fig 4.3). The control points include a starting point, an
endpoint, and roughly equidistant points to sparsely describe the desired trajectory. When the
spot of the aiming beam is pointing to the desired position of the control point, activation of
the button (1) on the control panel records the pose (x, y, z, yaw, pitch) of the end-effector. All
control points have been sequentially saved, the recorded pose data serves as the input data to
generate the entire scan path via point interpolation. If the number of control points is equal
or larger than 4, Catmull-Rom spline interpolation is used; otherwise, linear interpolation is
used. The number of interpolation points is defined based on the selected scan speed. The scan
speed can be changed by using the slider button (2). The command loop frequency is 1000
Hz. Therefore, moving 1,000 steps will take 1 second. Dividing the distance between control
points by the selected speed yields the time interval between points in seconds. The time
interval is then multiplied by 1000 and rounded to the nearest integer to obtain the number of
interpolation points. Once the scan speed was defined, clicking the buttons (3) and (4)
generates the scan path and execute the generated path scan respectively. If the scan speed
needs to be changed, buttons (7) deletes the current path and reselects the speed to generate a
new scan path with desired speed. Clicking button (4) can perform the path scan once and re-
clicking it will repeat the same path scan. Pressing button (5) saves the generated path and
button (6) deletes the recorded control points and the current scan path to restart. Button

is used to display the images from the USB camera (640x480 pixels resolution) (Fig 4.3).
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Figure 4.2: The test setup: a) A laser was inserted in the over-tube; a red aiming beam is transmitted through
the fibre. A USB camera with 6 LEDs provides the visualisation of the operation field. b) A paper screen
mounted in front of the scaffold [168] ©2020 IEEE.

Control panel interface Imaging from the USB camera

Autonomous Motion for:

Left o Right =
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Generate Path Delete Path @

Path Scan
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®
@
B[ soveparh
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Master controller

Figure 4.3: The control panel interface of the semi-autonomous free path scan (left) and the operation platform
(right). The control panel interface includes 8 function buttons. @ push button: record the pose data of the
control point; @ slider button: select the scan speed; @ push button: generate the scan path; @ push
button: execute the path scan; @ push button: save the current scan path; @ push button: delete current
control points and scan path; @ push button: delete current generated path; push button: display the

imaging from the USB camera on the screen.
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Figure 4.4: The bench test of a user-defined 6 x 2 mm arc line semi-autonomous scan on the paper screen. a)
The camera view of 5 selected control points, b) control points (blue) and generated path (green), c) The actual
executed scan path [168] ©2020 IEEE.
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Figure 4.5: The experimental results of the arc line scan. a) Path scan precision and b) scanning repeatability
over 6 scans [168] ©2020 IEEE.

Figure 4.4 shows the bench test of a user-defined 6 x 2 mm arc line scan. Using MATLAB
software, the path of the aiming spot centroid was visually tracked by the USB camera based
on colour and shape features. The resolution of the USB Camera is 640x480. As shown in
Figure 4.4, grid paper was used as the target screen. With the calibration and registration with
the camera, 28 pixels correspond to 1 mm (therefore, 1 pixel = 36 pm). A higher resolution
camera can be used in future studies. The USB camera was used due to its low cost and
convenience — a higher quality camera system would improve the resolution of the
measurement. Figure 4.4a shows the 5 detected control points. Figure 4.4b demonstrates the
arc line path generated by the 5 control points and Catmull-Rom spline interpolation [179].
The actual executed scan path was recorded (Fig 4.4c) and compared with the generated scan
path (ground-truth). The experimental results are shown in Fig. 4.5 and the RMSE and

maximum absolute error (MAE) are shown in Table 4.1. The RMSE between the tracked and
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generated path was 0.054 + 0.028 mm at a velocity of 0.5 mm/s. During 6 repetitions, the
repeatability was 0.027+£0.020 mm RMSE. The measured cable tension forces and motor
positions for 3 arc line scans are shown in Figure 4.6. Furthermore, two straight line semi-
autonomous scans in the horizontal and vertical directions were performed at a speed of 0.5
mm/s. The experimental results of the horizontal and vertical line scan are shown in Figure
4.7 and 4.8, respectively. The RMSE and MAE of the precision and repeatability of the two

straight line scans are also presented in Table 4.1.
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Figure 4.6: The measured tension forces (top) and respective measured motor positions (bottom) for three
consecutive arc scans [168] ©2020 IEEE.
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Figure 4.7: The experimental results of the horizental line path scan. a) 4 control points (blue) described
horizontal line path (green). b) The actual executed scan path detected by the camera. c-d) Precision and
repeatability over 6 scans [168] ©2020 IEEE.
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Figure 4.8: The experimental results of the vertical line path scan. a-b) The camera view of a 4 control points
(blue) that described a vertical line path (green) (a) and the executed scan path (b). c-d) Scan precision and
repeatability over 6 scans [168] ©2020 IEEE.
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Table 4.1:Experimental results of precision and repeatability with different scan paths at a

speed of 0.5 mm/s
Experiments RMSE (mm) MAE (mm)

. Precision 0.054+ 0.028 0.183

Arc line .
Repeatability 0.027+ 0.020 0.099
. i Precision 0.050+ 0.033 0.167

Horizontal line .
Repeatability 0.037+ 0.026 0.098
Precision 0.042+ 0.024 0.213

Vertical line

Repeatability 0.027+ 0.022 0.157

As shown in Table 4.1, motion repeatability is high. The repeatability of cable tension
forces and respective motor positions shown in Figure 4.6 is consistent with the performance
of the path scanning repeatability. By enabling the user to set the control points manually, any
effects of friction, backlash and hysteresis, cable winding, cable elongation and fibre stiffness
are intrinsically taken into consideration. Subsequent repetition of the motion through the

same points is executed with high precision.

——Target Path
——1.0 mm/s path scan
—1.5 mm/s path scan
2.0 mm/s path scan
——2.5 mm/s path scan
~——3.0 mm/s path scan

X [mm]

Figure 4.9: The bench test of semi-autonomous path scan at increasing velocities of 1.0, 1.5, 2.0, 2.5 and 3.0
mmy/s. a) A positive optical tracking marker was attached at the end of over-tube. b) Two calibrated Optitrack
Prime 13 cameras. c) The measured results of path scan with different speed via optical tracking [168] ©2020

IEEE.
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Table 4.2: Experimental results of precision with various speeds

Speeds RMSE (mm) MAE (mm)
1.0 mm/s 0.091+ 0.031 0.183
1.5 mm/s 0.086+ 0.053 0.260
2.0 mm/s 0.097+ 0.051 0.255
2.5 mm/s 0.099+ 0;056 0.289
3.0 mm/s 0.086+ 0.045 0.252

The precision of path scanning over a range of end-effector velocities was assessed. Since
the frame rate of the USB camera was only 30 frames per second (FPS), the image of the
aiming spot becomes blurry for high motion speed. Therefore, I used a 120 FPS optical
tracking device (Optitrack Prime 13 Camera, NaturalPoint, Inc., USA) to measure the same
scan path executed at various speeds of 1.0, 1.5, 2.0, 2.5 and 3.0 mm/s. Figure 4.9 shows the
setup of the experiment. A retroreflective ball marker for optical tracking was attached at the
end of the over-tube (Fig 4.9a). Two calibrated Optitrack Prime 13 cameras were used to
detect and record the motion of the ball marker (Fig 4.9b). The control points were manually
defined using the procedures mentioned above. The executed scan path at different speeds
were measured and compared with the ground-truth scan path (Fig 4.9c). The RMSE and
MAE for each velocity respectively was calculated and are presented in Table 4.2. Scan path
execution precision was not significantly affected by increasing velocities, with the RMSE
remaining below 0.1mm. The RMSE is larger than the experimental results performed on the
paper screen, which may be due to a calibration error introduced by the OptiTrack Prime 13
cameras (calibration residual mean error: 0.014 mm) and the fact that motions were tracked

in 3D compared to 2D when measured on the paper target.

The high precision and repeatability of the semi-autonomous path scan performed by the
LaryngoTORS robot aligns well with the requirements of laser operation in TLP. Ex vivo tests
of the semi-autonomous path scan have been carried out on chicken tissue with a 2 um

medical laser for further validation (see section 4.2.2).
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4.2.1.2 Force exertion of LaryngoTORS end-effector

The LaryngoTORS robot can be developed as a bimanual robot based on two CDPM end-
effectors. As discussed in section 3.2, two over-tubes can be used to manipulate a laser fibre
tip and an auxiliary surgical instrument such as a gripper or forceps. The end tip of the laser
fibre does not make contact the tissue, but the gripper or forceps need to interact with the
tissue for holding, stretching and retracing. These interactions will require a certain exertion

force of the end-effector, which is evaluated in this section.

Figure 4.10 shows the experiment setup of the force exertion test. A new CDPM was made
with parameters and specifications identical to previous one (shown in Fig 4.2a). Only the
length of the over-tube is extended, which can be easily clamped and attached to a force sensor
(Nano 17, ATI. Automation, USA) (Fig 4.10c), and a 16-bit DAQ (NI USB-6259, National
Instruments, USA) for acquiring the force data. The over-tube was placed at the homing
position, the geometric centre of the workspace (Fig 4.10b). The centre of the force sensor
was aligned with the over-tube (Fig 4.10c). Force tests along the X, Y and Z axes were
executed individually as depicted in Figure 4.10b and 4.10c. During each test, the master
controller was manipulated to move along the testing axes through the workspace in both
directions. The maximum exerted forces measured in the 3 axes are presented in Table 4.1.
Each cable tension during the force exertion test was measured by a full-bridge strain gauge
sensor (LCL-005, Omega Engineering, USA) and read by a DAQ (Instrunet 1100, GW
Instruments, Inc., USA). The measured results of exerted forces and cable tensions are

displayed in Figure 4.11.
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Figure 4.10: The setup of the force exertion test of the end-effector of LaryngoTORS robot. a) The overview of
the experimental setup. b) The front view of the CDPM which the end-effector at the homing position. c) The
top view of the experimental setup. The end-effector was aligned with the centre of the force sensor and was

mounted on it. The axes directions of the force test are axes are shown in b) and c).

Table 4.3: Maximum forces measured in both directions along the three axes.

Direction +X -X +Y -Y +Z -Z

Maximum Force [N] 15.18 16.08 1.07 1.57 2.95 2.67
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a) Measured results of exerted forces and cable tensions along +X (left) and -X (right) axes.

25 ‘ - - .
—F,. end-effector —Fy_ end-effector
Cable 1 = r NmAmARy AL —— Cable1
21 Cable 2 R p| PREVISER Cable 2
o \ ‘ Ny 2% it Cable 3
Cable 3 N - Cable 4
L Cable 4 - el ] fi—ip \
e bl ! \ Cable 5
_ Cable 5 LN . ] - f - —-Cable6
=z Cable 6 £
g 1r 3
S S
2 2
05F
ol
05 { ‘ ‘ ‘ i l 05 [ ‘ [ {
2 0 2 4 6 8 10 0 5 10 15 20
Time [s] Time [s]
b) Measured results of exerted forces and cable tensions along +Y (left) and -Y (right) axes.
5 T T T T 45 T T T T T T I I
—_— Fl, end-effector —F“ end-effector
ol -~ cable1 ar ~—Cable1 I
Cable 2 35k Cable 2
——-Cable 3 -—-Eag:ei
le 4 h 3F ‘ i i able
3] Cable be : Cable 5
Cable 5 —_ _Cables
=z ——-Cable 6 = 25 ‘
g 2 g 2
]
2 2 1.5
1+ LY
1 f .
ok e ans AT ITIRRoREY ] 05 4
0
1 . : s L : : : ‘ : s 05 L i . L L : L L :
2 0 2 4 T? 8 10 1 14 16 0 2 4 6 8 10 12 14 16 18 20
ime [s] Time [s]

¢) Measured results of exerted forces and cable tensions along +Z (left) and -Z (right) axes.

Figure 4.11: Measured results of exerted forces and cable tensions along +X, -X, +Y, -Y, +Z and -Z axes

directions.

The maximum pulling force (-X direction) is 16.08 N which is similar to the maximum
lifting force (16 N) that can be exerted by the robotic microsurgical forceps systems developed

in [118] and [180]. The first prototype CYCLOPS robot (Fig 1.8) was able to exert 65 N force
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[97]. The exerted force of the end-effector of LaryngoTORS robot is lower because, in
comparison with the first prototype CYCLOPS robot, the sizes of the CDPM and workspace
of LaryngoTORS robot are smaller. Due to the inverse dynamics control in the joint space,
when the master controller was moved out of the boundary of the workspace, the motor will
start to rotate in the reverse direction which will reduce the cable tension rapidly. As shown
in Figure 4.11, the maximum cable tension force is lower than 10 N, which is below the upper
limit of cable tension (30 N). The exerted forces can be enhanced by increasing cable tensions.
However, as argued by Chauhan et al. [166], the soft laryngeal tissues are thin (around 3-5
mm) and delicate, need to be carefully handled to avoid lesion or rupture of the tissue, and
the interaction force with tissue could be reduced and released as the laser cutting or ablation
progresses. The current exerted force of the end-effector of LaryngoTORS robot should be
sufficient for holding, stretching and retracting of the target tissue during the laser cutting or

ablation.

4.2.2 Ex vivo Test

In this section, ex vivo tests were carried out for further assessment of the performance of the
LaryngoTORS robot. Ex vivo tissue laser ablation was executed first and followed by the
validation test of the semi-autonomous free path scan on chicken tissue. All the ex vivo tests
were performed with a2 um wavelength thulium YAG medical laser (RevoLix jr, LISA Laser
Products GmbH, Germany). The laser output mode was selected as continuous wave (CW)
and the laser beam was delivered by a 272 um laser fibre (FlexiFib-SU fiber, LISA Laser
Products GmbH, Germany) (Fig 4.12).
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Figure 4.12: The medical laser equipment: a) 272 um laser fibre (FlexiFib-SU fiber, LISA Laser Products GmbH,
Germany). b) Setup of the thulium YAG laser device (Revolix jr, LISA Laser Products GmbH, Germany). The
laser fibre was connected to the laser aperture. A footswitch pedal was used to control the laser output. c) An

example of laser setting screen. The laser output power was set to 3 W at CW mode.

4.2.2.1 Ex vivo tissue test of laser ablation

A piece of chicken leg tissue was cleaned with water and fixed on a tissue holder. As shown
in Figure 4.13, the chicken tissue was used to simulate the right-side vocal cord. The tissue
holder was mounted at the front of the LaryngoTORS robot. The laser fibre was inserted into
the over-tube through the laser fibre sheath. The fibre tip needs to be extended outside of the
over-tube and can be observed with the camera. The insert distance of the fibre tip was
adjusted based on the size of the spot of the aiming beam. When the end tip of fibre was close
to the tissue, the spot of the aiming beam became small and sharp, and the nut of the fibre
sheath was locked to ensure the fibre tip moved with the over-tube. A pair of miniature
grasping forceps (8593HM, KARL STORZ, GmbH., Germany) was used to stretch and hold
the chicken tissue (Fig 4.14a). The laser power was set to 3 W using CW mode. Figure 4.14
shows the procedure of the laser ablation on the chicken tissue, which was performed by
manipulating the master controller of the robot manually. As shown in Figure 4.15, an around
7x4 mm tissue was excised, and the incision path was approximately a 10 x 5 mm curved line.
The excessive tissue coagulation and carbonisation in the vicinity of the ablation path is
caused by using a 2 um wavelength laser. Cutting performance can be improved by using a

CO2 laser, which can offer improved tissue cutting [145].
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Figure 4.13: a) Rear view of the tissue holder, a piece of chicken tissue was screwed on the tissue holder. b)
Front view of the tissue holder, the chicken tissue was used to simulate the right-side vocal cord. c) Attached
the tissue holder at the front of the robot.

Figure 4.14: a-f) Time sequence of the procedure of the laser ablation on a piece of chicken tissue [168] ©2020
IEEE.
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Figure 4.15: The result of the ex vivo tissue lasér ablation. A 7x4 mm sized piece of chicken tissue was

successfully removed. The incision path was an approximately 10 x 5 mm arc line[168] ©2020 IEEE.

4.2.2.2 Ex vivo tissue test of the semi-autonomous free path scan

Ex vivo testing has also been carried out to evaluate the performance of the semi-autonomous
free path scan, again using chicken tissue. As shown in Figure 4.16, a 6 mm diameter semi-
circular target was placed on a piece of chicken tissue. Using the same method as the bench
test presented in section 4.2.1.1, user-defined control points and were used to describe the
scan path. In this case four control points defined the straight line and five control points
defined the curved line scan paths generated along the straight and arc margins, respectively.
The experimental results of performed path scans along the margins of the target are shown
in Figure 4.16. In addition, two arbitrary path laser scans were performed without the semi-
circular target. Figure 4.17 shows the results of two arbitrary scan paths, one shaped like a
number “3” that was described by 8 control points and another one in a letter “D” shape,

defined by 9 control points. All the scan paths were executed at a speed of 2.0 mm/s.
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Figure 4.16: The ex vivo semi-autonomous laser path scan along with the straight (top row) and arc (bottom
row) margins of the attached target [168] ©2020 IEEE.

Figure 4.17: Ex vivo laser arbitrary path scans, The scan paths shaped as a number “3” (top row) and a letter
“D” (bottom row) [168] ©2020 IEEE.
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Figure 4.18: Results of laser cutting with different laser power and scanning speeds. a) 1 W, 2 mm/s. b) 5 W, 2
mm/s.c) 3 Wat 0.5, 1.5 and 3 mm/s.

During the control point selection, when the aiming beam pointed to the desired position,
the high power (3 W) laser beam was fired for a short time (around 1 second) to burn a spot on
the tissue. The burned spots can be utilised to indicate the location of control points. The path
was checked with aiming beam first and if the path scan was corrected, the path scan button on
the control panel interface (Fig 4.3) and footswitch pedal could be pressed simultaneously to
start the laser scan. The footswitch pedal was released when the scan finished. As demonstrated
in Figure 4.16 and 4.17, all generated scan paths were executed successfully. The video can be

found at https://ieeexplore.ieee.org/document/8968404/media#media.

A preliminary test of the laser path scan at different powers and speeds was performed. As
expected, for a constant scan speed of 2 mm/s, low laser power (1 W) cannot generate
sufficient tissue reaction and high power (5 W) excessively burned the tissue (Fig 4.18 a and
b). For a constant power of 3 W at different speeds, the laser’s effect was limited at high speed
and excessively burned at low speed (Fig 4.18c). The laser power and scan speed settings

need to be further studied on human tissue.

4.3 Second version of LaryngoTORS robot

The experimental results of bench tests and ex vivo tissue tests have demonstrated the
LaryngoTORS robot has the potential to fulfil the requirements for TLP. The robot should be
further evaluated by a preclinical study such as a cadaver trial. An updated version of the

LaryngoTORS robot has been designed and manufactured for further preclinical study. The
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second version of LaryngoTORS robot is introduce and discussed in this section.

In the initial version of LaryngoTORS robot, Bowden cables from the handle to the scaffold
were suspended (Fig 3.30). A mouth gag was required to keep the mouth open and prevent
the tooth or lip from squeezing Bowden cables and blocking the motion of laser fibre. Figure
4.19 shows the design and prototype of the second version of LaryngoTORS robot. Only the
handle and laryngeal blade were redesigned, while other parts of the robot remained the same.
The new handle and laryngeal blade were printed on a Form 2 3D printer (Formlabs Inc.,
USA) using ‘tough’ resin material. The new laryngeal blade is semi-closed with Bowden
cables fixed directly to it (Fig 4.19b and Fig 4.21c) and is designed to keep the mouth open
and leave the motion of the laser fibre undisturbed. The LaryngoTORS robot body weighs
only 1.5 kg and can be held by a support arm. The robot can be held with a single hand by
holding the handle of the robot. The placement of the robot can be done by a single operator.
A hook on the handle can be utilised to attach to supports used for lifting the epiglottis. The

hook can be replaced by a rod which can be connected to a suspension supporter (Fig 4.20c).

A pair of bent miniature grasping forceps (8593HM, KARL STORZ, GmbH., Germany)
can be inserted through the side opening of the laryngeal blade and used to hold the target
tissue for laser cutting, ablation or photocoagulation (Fig 4.21). The second version of the
LaryngoTORS robot was assessed by Dr Guri Sandhu (Consultant ENT Surgeon) on a head
and neck phantom (AirSim Advance X, TruCorp Ltd., Ireland). As shown in Figure 4.22, the
vocal cords can be exposed clearly, and the miniature grasping forceps can be manipulated to

grasp and hold a piece of the vocal cord.
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Figure 4.19: a) Conceptual schematic of the second version of LaryngoTORS robot. b) The manufactured
LaryngoTORS robot based on the new design. c) The new laryngeal blade is semi-closed which can keep the

mouth open and a mouth gag is not required.

Figure 4.20: a-b) Side and front view of the rod on the handle. c) The rod can be fitted in a suspension supporter

(image source: Charing Cross Hospital, London, UK).
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Figure 4.21: a) A pair of bent miniature grasping forceps (8593HM, KARL STORZ, GmbH., Germany). b-c) The
front and side view of the LaryngTORS robot with the miniature grasping forceps.

Figure 4.22: a) The AirSim Advance X head and neck phantom (TruCorp Ltd., Ireland). b) The exposure of the
larynx of the phantom. c) A piece of the right-side vocal cord was grasped and held by the miniature grasping

forceps. (image source: Charing Cross Hospital, London, UK).

As for the previous version (Fig 3.33), the laryngeal blade (with the CDPM) of the second
version is also detachable. The laryngeal blade can be assembled to or detached from the robot
by connecting or disconnecting the cable connecter (Fig 4.23a). The exact mechanism for
cable connection will be investigated in future work. The cable distribution configuration can
be allocated based on the position of the target tissue. Two symmetrical laryngeal blades were
manufactured (Fig 4.23b and Fig 4.24). One laryngeal blade with a right-hand side CDPM
and another one allocated the CDPM at the left-hand side. The right-hand side and left-hand

side laryngeal blade are designed to align with the right and left vocal cord respectively and
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perform the vocal cordectomy. Since other parts of the robot have not been changed, and the
parameters and specifications of the CDPM are identical with the previous version, the
performance of the second version should be same with the previous one. A check was

performed (Fig 4.24 ¢ and d), confirming the performance of the two laryngeal blades are

et

Figure 4.23: a) The laryngeal blade can be connected/disconnected via cable connectors. b) The detached right-

consistent with the first version.

hand side and left-hand side laryngeal blade.

Figure 4.24: a-b) The front view of the right-hand side and left-hand side CDPM. c-d) The performance of two

side CDPMs was checked with the laser fibre and aiming beam.
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4.4 Discussion

As argued in [100], many emerging surgical robotic systems suffer from clinical applicability
problems, such as the limitations of controllability, workspace or sterilisation. These problems
slow down or even prevent new techniques and devices translating into the clinic. For further
preclinical studies, the technical feasibility considerations of the LaryngoTORS robot for TLP
are discussed in this section. The comparison between the state-of-the-art fibre-based laser

scanning robotics systems is presented at the end of this section.

4.4.1 Technical feasibility analysis

4.4.1.1 Workspace and customised laryngeal blade

As discussed in section 3.2.2, the static workspace of one set of CDPM is approximately a 28
mm diameter half cylinder with 11 mm depth (Fig 3.10). For reaching deeper targets, the fibre
tip can be extended more from the over-tube. It could be completed in the operation room by
the clinicians. By loosening the end cap of the fibre sheath, the fibre is movable in the sheath.
Inserting the fibre further and tightening the end cap to secure fibre, then the fibre is fixed in
the sheath. Extending the fibre tip from the over-tube will increase the controllable workspace
significantly. Further, as the specification of the laryngeal blade can be customised, the cable
distribution configuration can be modified based on task-specific requirements. And the
workspace of the CDPM can align with the location of the target tissue. Various laryngeal
blades with different specifications and configurations can be chosen and switched for
different clinical needs. Thus, the LaryngoTORS robot could serve enough controllable

workspace to meet the requirements of various surgical tasks.

Although the shape and size of the laryngeal blade can be fully customisable based on
patient specific anatomy, it still may not be suitable for a small number of patients with a
difficult airway [181]. If the volumetric space of the larynx is too small to accommodate or
even insert a proper laryngeal blade, the LaryngoTORS robot cannot work. This situation
would also be the same for conventional TLM operations. The patient may require open
surgery or other therapy.
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4.4.1.2 Ventilation and smoke management

A conventional laser-resistant tracheal intubation tube can be used with the LaryngoTORS
robot in TLP for ventilation. However, if working in a narrow space, the shape and size of the
scaffold of the laryngeal blade may need to be modified to offer a space that can accommodate
the intubation tube. The modification will compromise the performance of the LaryngoTORS
robot. Here we recommend using tubeless field techniques for ventilation, such as using a
medical air jet device, the ventilation can be achieved with the use of a slim tube or no tube

at all [182].

A laser plume will be generated during the laser beam working on the soft tissue, such as
laser incision, ablation or photocoagulation. The laser plume obscures the operative field and
is noxious to those who come into contact with it [183]. Laser smoke may contain viable
tissue particulates and should be effectively controlled. A commercial smoke evacuator
designed for use with surgical lasers needs to be used. A vacuum tube can be allocated on the

laryngeal blade of LaryngoTORS robot for laser smoke aspiration.

As shown in Figure 4.25, two tubes were mounted next to the camera. One tube can connect
to a medical air jet machine for ventilation and another one can connect with a smoke
evacuator. The tube for jet ventilation or smoking aspiration also can be mounted at other

locations around the scaffold.

Air jet ventilation/
aspiration tube

Figure 4.25: Two tubes are attached next to the camera—one for air jet ventilation and another one for smoke

aspiration.
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4.4.1.3 Biocompatibility and sterilisation

For further clinical trials, the laryngeal blade of LaryngoTORS robot will be made by a rigid
and biocompatible material, such as the stainless steel or plastic which have been widely used
in the suspension laryngoscope or indirect video laryngoscope. The material can also
withstand high temperature and pressure and can be sterilised. Since the laryngeal blade is
made from low-cost components, it could be offered as a single-use part. Valuable parts such
as the motor units and the motor controller could be draped to prevent contamination, and do
not require sterilisation. Thus, costs and management of sterilisation and the risks of patient
cross-contamination can be avoided, while the performance degradation due to repeated

sterilisation will be obviated.

4.4.1.4 Electrical safety

Since the end-effector of the LaryngoTORS robot is manipulated by cable actuation, the
CDPM part is devoid electrical components. Due to this benefit, the risk of electrical safety
i1s low. With a camera, the LaryngoTORS robot could be categorised as a BF type device
according to the safety standard EN/IEC 60601-1. By using qualified medical level electrical
components and power supply, the LaryngoTORS robot could meet the electrical safety
requirements of EN/IEC 60601-1. Furthermore, with proper shielding of the motor units and
controller, the LaryngoTORS robot could comply with the electromagnetic compatibility
requirements of standard EN/IEC 60601-1-2. The robot system can effectively prevent
electromagnetic interference and would not emit electromagnetic energy that might affect
other medical devices; it can work with other qualified medical devices in the operative field

safely.

4.4.1.5 Fibre compatibility

As mentioned in section 4.2, LaryngoTORS robot is compatible with commercial laser fibres.
A COg; laser fibre (FiberLase CO; fiber, Lumenis Ltd., Israel) and a 272 um laser fibre
(FlexiFib-SU fiber, LISA Laser Products GmbH, Germany) for thulium YAG laser were

directly used in bench and ex vivo test, respectively. Currently, with a fibre sheath (Laser Fiber
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Sheath, Lumenis Ltd., Israel), any optical fibre up to a maximum outer diameter of 1.2 mm
can be accommodated, and no modification of the fibre or the system is required. And the
fibre is replaceable during the surgery. When the fibre tip needs to renew due to quality

degradation, it can be pulled out and the new fibre re-accommodated through the fibre sheath.

4.4.1.6 Device ergonomics

The ergonomics of using the LaryngoTORS robot are different from TLM, as the surgeon can
teleoperate the tip of fibre via the master controller and the control panel interface (Fig 4.3).
The camera in the laryngeal blade offers visualisation of the operation field. The images
acquired by the camera can be displayed on the screen. Thus, the control platform, including
the screen, chair and master controller, can be adjusted based on the surgeon needs and
preferences. The current LaryngoTORS robot only has one set of CDPM to steer the laser fibre
tip. The miniature grasping forceps need to be manipulated manually, which could be
controlled by the first surgical assistant. As discussed in section 3.2, a second CDPM can be
manufactured to control the forceps, and then all the instruments can be teleoperated remotely.
The LaryngoTORS robot has the potential to offer better ergonomics compared to the current
TLM method. However, the ergonomics and usability of the robot should be further evaluated

by surgeons in a clinical environment.

4.4.2 Technical comparison with other fibre-based laser scanning robotics systems

The performance and technical feasibility of the LaryngoTORS robot have been demonstrated
and discussed above. As introduced in section 2.4, various fibre-based laser scanning robotic
systems have been developed for TLP. Besides the CDPR, there are two types of fibre-based
laser scanning robotic system, a MEMS controlled mirror steering and a magnetically
controlled fibre steering laser scanning system, can achieve non-contact laser ablation with
laser scanning. The MEMS controlled mirror steering laser scanning systems, include the
LRALP robotic system developed by Mattos et al. [138], a compact laser-steering end-
effector manufactured by Bothner e al. [136] and a microrobotic laser steering system

developed by York efal. [137]. And a magnetically controlled laser scanner has been
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developed by Acemoglu et al. [139]. Literature shows that all these systems could be expected

to offer high precision laser scanning and have the potential to be used in TLP. Here, we make

a technical comparison between these robotic systems.

Table 4.4: Technical comparison with other fibre-based laser scanning robotics system

uRALP Magnetic
Laser- Microrobotic
LaryngoTORS robotic laser . .
steering end-  laser steering
robot system scanner
effector [136] system [137]
[138], [143] [139], [141]
Distal size 22 x 20 mm, ellipse @18 mm @13 mm @15 mm @6 mm
28 mm diameter half
Workspace cylinder with 11 mm  20x20mm? 4x4mm? 18x10mm? 18 x 18 mm?
depth
Maximum speed 25 mm/s 65 mm/s 94 mm/s 2000 mm/s 3900 mm/s
Working distance 1 mm 20 mm 30 mm 20 mm 25 mm
Controllable DoF 5 DoF 2 DoF
) Directly compatible . . L
Fibre ) . Fibre needs to be pre-assembled in the robotic miniature laser
o with the commercial
compatibility scanner.

fibres

Laser aperture

quality control

The fibre end tip is
the laser aperture. It
may contact the tissue
accidentally. But the
fibre end tip can be

renewed simply

The laser aperture is an optical element, such as a focusing lens
and/or a deflection mirror. The laser aperture at the end of the
robot, which will be inserted in the larynx, easily contaminated,

challenging to maintain quality

As shown in Table 4.4, the distal size of LaryngoTORS and pRALP robotic system are

bigger than other systems. However, LaryngoTORS and pRALP are integrated surgery robotic

systems, including both cameras and light sources. As shown in Figure 4.21b), the

LaryngoTORS robot can offer a space for an auxiliary surgical instrument such as grippers or

forceps. The other systems are designed as miniature laser scanners, which were conceived to

be used with other devices, such as a flexible endoscope or the end-effector of a robotic arm.

A relatively large workspace can be generated by the LaryngoTORS robot. However, as

107



mentioned above, other miniature laser scanners can be mounted or work with a driven
mechanism such as a robotic arm. The entire workspace could be enlarged by the driven
mechanism. Compared to other systems, the maximum scan speed of the current
LaryngoTORS robot is quite slow, especially compared to the microrobotic laser steering
system developed by York et al., which can reach up to 3900 mm/s [137]. Due to the use of
the high ratio gear set (64:1 gear head, Faulhaber, Germany) and small cable spool size (6 mm
diameter), the maximum speed of the current LaryngoTORS robot is limited to 25 mm/s. The
maximum of the LaryngoTORS robot can be increased by using a larger size cable spool and
lower ratio gear head, such as 16:1 or 4:1[184]. As introduced in the chapter 3, high speed is
one feature of CDPR. With proper motor set and controller, high speed motion can be achieved
by a CDPR [148], [153], [159]. As argued by York ef al. [137], the laser scan speed affects
the duration of laser irradiation which is a critical factor that affects the outcomes of laser-
tissue interaction. High laser scanning speed could improve laser cutting precision and reduce
thermal damage. However, as discussed in chapter one, the laser-tissue interaction depends
on the combination of laser parameters, such as wavelength, power density and irradiation
duration. The scanning method can also affect the thermal damage of the surrounding tissue.
Non-sequential laser scanning can minimise the accumulation of thermal damage [58]. As
discussed in section 4.2.2.2, the proper laser parameter settings, such as the power and scan

speed, need to be further evaluated on human tissue.

The main difference between LaryngoTORS robot and other systems is the working
principle. The LaryngoTORS robot uses a CDPM to control the motion of a bare end fibre tip
in 5 DoF. The spot size of laser beam depends on the spot size at the end of the fibre tip,
divergence angle and the distance between the fibre tip and the target. The spot size at the end
of a CO; fibre tip can reach to 320 um [38]. The fibre size of solid lasers, as mentioned in
chapter two, can be even slimmer. For instance, the Thulium YAG laser fibre (FlexiFib-SU
fiber, LISA Laser Products GmbH, Germany) used in ex vivo tests is only 272 um (Fig 4.12).
Similar to the operation of the robotic laser instrument (Fig 1.6), the surgeon can adjust the
pose and the distance of the fibre tip based on the shape and size of the aiming beam spot. For

the CO> fibre (FiberLase CO2 fiber, Lumenis Ltd., Israel) used in the bench top test, the spot
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size at | mm distance is around 400 pum. To achieve a precise incision, the fibre tip needs to
be close to the target tissue to achieve a small spot size. In contrast, other systems combined
a fibre tip with mirrors and/or optical lenses to steer the laser beam only in 2 DoF. Due to the
2 DoF beam control, an adjustable laser focusing unit is required to maintain the beam
focusing on a target tissue for precision laser cutting. However, good laser focusing remains

an issue to be addressed. All systems are required to carefully manage the laser beam quality.

Compared to other systems, the LaryngoTORS robot can provides advantages in fibre
compatibility and laser aperture quality control. As discussed in the previous section, by using
a fibre sheath (Laser Fiber Sheath, Lumenis Ltd., Israel), the LaryngoTORS robot is directly
compatible with commercial laser fibres. Clinical staff can insert or remove the fibre from the
robot during the surgery. In contrast, for other systems, the fibre tip needs to be pre-assembled
in the robotic miniature laser scanner. Precise alignment, calibration and validation test are
required, which could not be performed by clinical staff. And there does not seem to be a
practical way of replacing the fibre during the surgery. Furthermore, since nearly all
commercial laser fibres are single-use or reusable up to a limited number of times, the
miniature laser scanner may need to be discarded after one or limited uses. The final laser
aperture of the LaryngoTORS robot is the bare end of the fibre. When the fibre tip needs to be
renewed due to quality degradation, it can be removed and renewed. The operation of fibre
tip renewal is simple and can be performed by clinical staff during the surgery. However, the
laser aperture of other systems is an optical element, such as a focusing lens and/or a
deflection mirror. Since the laser aperture will be inserted into the larynx, it could be easily
contaminated. If the laser beam is blocked and absorbed by pollutants, it will cause damage
and eventually breakage of the laser aperture. It may be challenging to maintain quality during

the surgery.

Currently, all systems are still at the preclinical stage and have to face critical challenges
to become practical for clinical use. The performance in clinical applications needs to be

further evaluated.
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4.5

Conclusion

The LaryngoTORS robot is the first CDPM system that has been developed for TLP. The
experimental results of bench and ex vivo tests have demonstrated that high precision and high
repeatability of the semi-autonomous free path scan can be achieved. By using a curved
laryngeal blade and a built-in camera, a straight suspension laryngoscope will not be required.
It is less traumatic to the patient and the post-operative pains could be reduced. As the laser
operation can be teleoperated, the direct line-of-sight through a surgical microscope is not
required, which is also more ergonomic for the surgeon. When compared to other fibre-based
laser scanning robotic systems for TLP, the LaryngoTORS robot provides advantages in large
workspace, high controllability and technical feasibility, such as fibre compatibility and laser
aperture quality control. Currently, the LaryngoTORS robot is ready for further preclinical
trials, such as cadaver experiments. The robotic system has shown the technical feasibility
and applicability for use in TLP; the requirements for TLP proposed in chapter 2 can be
expected to be fulfilled. It is a promising direction to continue to develop in the future. This
research showed that CDPM has sufficiently high precision and high repeatability to control
a fibre for surgical tasks. The LaryngoTORS robot is not limited to applications in laser
therapy but also can be used for fibre-based diagnosis or biopsy, such as endomicroscopy,
hyperspectral imaging and intraoperative optical coherence tomography (OCT). A
preliminary study of the applicability of LaryngoTORS robot for optical biopsy in the larynx

will be discussed in the next chapter.
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Chapter 5

Robotic-assisted Fibre-based Optical
Biopsy of the Larynx

The potential of LaryngoTORS robot to execute path scans with high precision and
repeatability along the target margin has been demonstrated in chapter 4. A striking advantage
of LaryngoTORS robot is its ability to provide precise fibre distal tip control. This is
particularly advantageous for integrating robotic scanning with miniaturised high-resolution
optical biopsy techniques like probe-based confocal laser endomicroscopy (pCLE) for real-
time tissue imaging. Such robot-assisted optical biopsy has the potential to allow examination
of large anatomical areas like the entire surface of surgically excised specimens in a timely

manner with microscopic resolution.

This chapter presents investigations on the integration of the LaryngoTORS robot with
fibre/probe-based optical biopsy for rapid ex vivo imaging of the larynx. Feasibility studies
and experiments are carried out using two optical biopsy systems: pCLE and hyperspectral
fibre-optic sensing. The experimental results will be presented and discussed. The assessment

of CDPR for optical biopsy of the larynx is summarised at the end of this chapter.
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5.1 Fibre-based Optical Biopsy of the Larynx

Confocal laser endomicroscopy (CLE), hyperspectral imaging (HSI) and optical coherence
tomography (OCT) are popular optical biopsy techniques and can be utilised to detect
laryngeal diseases, such as the polyp, leukoplakia and laryngeal cancer etc. [105], [185]-[189].
Compare to the conventional excision biopsy, such optical biopsy techniques offer two main
advantages. A key benefit is that the optical biopsy methods are non-invasive to the test tissue
status. Especially for the patient with lesions on vocal cords, multiple biopsies are often
required to be carried out. The patient’s voice may be changed due to the scars generated by
conventional biopsy. In contrast, optical biopsy techniques will not suffer this problem.
Another advantage of the optical biopsy is that can be used intraoperatively. The surgeon can

acquire real-time feedback, no need to wait for the result of the pathological examination.

CLE enables in vivo confocal imaging of biomedical tissue cellular structures. Recent
research shows that CLE can be used to detect head and neck disorders successfully,
especially in the detection of squamous cell carcinomas (SCC) which is the most common
cancer in the vocal cords [105], [185], [186], [190]-[192]. The pCLE delivered the confocal
imaging via flexible fibre bundles which can go through the curved airways. Figure 5.1 shows
a typical confocal image of healthy mucosa and a typical example of SCC. As demonstrated
in Figure 5.1, the healthy mucosa and SCC can be distinguished easily from the confocal laser
imaging [185]. A rigid endoscope has been previously demonstrated to acquire CLE images
of the larynx intraoperatively [190], [191], [193]. However, a straight suspension
laryngoscope is needed to create a straight working channel for the rigid endoscope. The
patient may have lesions and postoperative pains due to using the suspension laryngoscope.
For in vivo imaging in routine clinical practice, it is desirable to use a flexible endoscopic
device that can be integrated with flexible pCLE fibre bundle to reach at difficult places with

causing minimum patient trauma.

One challenge of using pCLE for optical biopsy is its relatively small field of view (FOV)
due to the miniaturised size of the fibre bundle used. The FOV can be expanded via

mosaicking to create a large imaging area [194]-[197]. However, high quality and sufficient
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overlap between consecutive confocal imaging are required for mosaic generation. Thus,
optimum probe pose, and consistent tissue-contact are needed to be maintained, while
performing pCLE scanning. Literature shows that recently a few robotic devices and tools
have been utilised to assist in the execution of the consistent pCLE scanning [198]-[200].
However, to the author's knowledge, there is no robotic system can perform the pCLE
scanning of the larynx. The da Vinci® surgical robotic system (Intuitive Surgical Inc., USA)
can be used to perform the pCLE scanning. The probe of CLE can be held and precisely
controlled by the robotic instrument of the da Vinci® robot [201], [202]. However, due to the
strict requirements of mosaic generation, an extra contact force, depth or visual servoing
control is needed to achieve qualified pCLE scanning [203]-[205]. Further, as discussed in
Chapter 2, the dimensions of the robotic instrument of the da Vinci® robot is too big to perform

the scan in the larynx.

Figure 5.1: A typical confocal image of healthy mucosa (left) and a typical example of the confocal image of
SCC (right) [185].

Another widely used method for intra-operative tissue imaging is HSI. For HSI, a set of
monochromatic images of the same target area are captured over a range of wavelengths with
a fixed interval, usually 10 nm. The unique characteristic absorption peaks of wavelengths
can be used to describe and identify various tissue types. Thus, HSI can be used to detect
laryngeal lesions and cancer [187], [188], [206]. The fibre-based hyperspectral sensing by
using a fibre probe which is connected with a white light source and a spectrometer can

achieve the reflectance spectra of the target tissue at the sample point which contacted with
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the probe. The reflectance spectra acquired by the hyperspectral sensing probe is consistent
with the spectra generated by HSI [207], [208]. The fibre-based hyperspectral sensing can
generate real-time reflectance spectra of the test tissue rapidly. Compared to HSI, fibre-based
hyperspectral sensing is a more practical technique to be used intraoperatively. However,
similar to the pCLE, the precise control of the hyperspectral sensing probe remains a major

challenge.

LaryngoTORS robot has demonstrated the excellent performance on motion control. The
robot has the potential to be used in the fibre-based optical biopsy of the larynx. The details
of the LaryngoTORS robot-assisted pCLE and hyperspectral fibre-optic sensing are presented
in section 5.2 and 5.3, respectively. The fibre-based OCT of the larynx will not be discussed
in this chapter. However, due to the similarity with other fibre-based optical biopsy techniques,
the LaryngoTORS robot could also work with the fibre-based OCT. Related research will be

performed in the future.

5.2 Robotics-assisted Probe-based Confocal Laser Imaging of the Larynx

In this section, experiments of pCLE with LaryngoTORS robot were carried out on lens paper
and ex vivo porcine tissue. Initially, we performed the pCLE tests on the lens paper and porcine
tissue dyed by 0.01% acriflavine solution to evaluate the ability of LaryngoTORS robot on the
pCLE fibre bundle manipulation and confocal laser imaging acquisition. To demonstrate the
possibility of use in humans, a second experiment was performed on porcine tissue stained by
fluorescein solution which is one of the FDA approved dyes for human use. The semi-
autonomous free path scan (see section 4.2) was executed, and the generated video
mosaicking was assessed. The method and experimental results are presented in section 5.2.1

and 5.2.2, respectively.

5.2.1 Materials and Methods

A commercial pCLE system, Cellvizio system with a GastroFlex UHD probe (Mauna Kea
Technologies, France), was used in all pCLE experiments (Fig 5.2). The GastroFlex UHD
probe has 30,000 fibre bundle imaging elements and a micro-objective lens which can offer

114



approximately 1.2 um resolution confocal laser imaging with 240 um FOV at 55 to 65 um
confocal depth [209]. As mentioned in the previous section, the confocal depth is relatively
superficial and the FOV is quite small. Thus, the GastroFlex UHD probe needs to be carefully
controlled to contact with the target tissue at proper pose and position. Also, the video
mosaicking is required to enlarge the imaging area to overcome the limitation of the small
FOV of the GastroFlex UHD probe. Figure 5.3 shows the experiment setup. Since the inner
diameter of the over-tube is only 1.2 mm but the outer diameter of the GastroFlex UHD probe
is 2.6 mm, the probe could not be accommodated in the over-tube. A custom-designed and 3-
D printed probe adapter was used to attach the probe at the end of the over-tube. Similar to
the ex vivo tests performed in chapter 4, the test target was fixed on a target holder which can
be mounted at the front of the scaffold of the LaryngoTORS robot. Before being mounted on
the robot, the test targets were dyed. For the experiments, a lens paper and a piece of porcine
tissue were stained with 0.02% acriflavine solution and another porcine tissue was dyed with
0.1% fluorescein solution. For the lens paper, the test was executed after dyed. For the two
porcine tissue, both stained with their solution for 1 min and then washed with saline before
the test (Fig 5.4). The captured confocal laser images were displayed on the monitor of the
Cellvizio system. The probe and test target were visualised via the camera built-in the

laryngeal blade (Fig 5.3 c and e).

Figure 5.2: The Cellvizio confocal laser imaging system. a) The GastroFlex UHD probe. b) The Cellvizio system.

c) The captured imaging displayed on the monitor.
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Figure 5.3: The experimental setup: a) Overview of the LaryngoTORS robot. b) Side view of the CDPM with a
GastroFlex UHD probe. The probe is attached at the end of the over-tube. c) Front view of the robot with the
probe. A USB camera was utilised to offer the vision of the operation field. d) A test target sample was

attached to the front of the robot. e) The end view from the camera.

Figure 5.4: Two porcine tissue samples stained with 0.02% acriflavine solution (a) and with 0.1% fluorescein

solution (b).

A master controller (Geomagic Touch, 3D Systems, USA) was used to manipulate the
probe via steering the over-tube. The probe was gently moved to contact with the lens paper
or porcine tissue to achieve a clear confocal laser imaging. As shown in Figure 5.4b), a piece

of porcine fat tissue was placed at the right side of the holder and used to simulate the right-
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side vocal cord. As the semi-autonomous free path scan, a user-defined pCLE scanning path
was generated via control points and Catmull-Rom spline interpolation. The experimental

results are demonstrated below.

5.2.2 Experimental Results

Figure 5.5 shows two representative imaging results detected on the lens paper and porcine
fat tissue dyed with acriflavine solution. The highlighted paper fibre and cell nuclei are visible
in the acquired images. A 4-control points defined pCLE scanning was performed on the
porcine fat tissue which was stained by fluorescein solution. The control points were manually
defined. The GastroFlex UHD probe was placed at the desired location of the control point.
When a clear confocal laser image was displayed on the screen, the pose and position of the
end-effector of LaryngoTORS robot was recorded. The endo view from the camera and
confocal imaging of the 4 control points are demonstrated in Figure 5.6. Adipocytes of the fat
tissue are clearly visible in captured confocal imaging of each control point. The pose and
position of the end-effector at 4 control points were recorded sequentially. The scanning path
was generated via spline interpolation and the scan velocity was set to 1 mm/s. The pCLE
scanning along the defined path was executed by LaryngoTORS robot autonomously. The
generated pCLE scanning path was shown in Figure 5.7 a) and b) in 3D and 2D, respectively.
The result of the mosaic image formed from the video data of pCLE scanning is presented in
Figure 5.7 c). The codes of image mosaicking are based on the original programming
developed by Dr Michael Hughes [195] and Dr Haojie Zhang. The reconstructed mosaic
image correlates well with the generated scanning path, as shown in Figure 5.7 b). Due to the
high precision and repeatability of the path scan (see chapter 4, section 4.2), a proper tissue
contact can be repeated precisely at each control point and maintained at each point in the
path via the point interpolation. Thus, the mosaic image can be formed, which benefits from

the excellent smooth motion control of LaryngoTORS robot.
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Figure 5.5: Two representative results of the pCLE test on lens paper (top row) and porcine tissue (bottom row).

The endo view from the camera (left) and the acquired confocal imaging (right) are demonstrated.
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Figure 5.6: The camera view (top row) and confocal imaging (bottom row) captured at 4 control points.
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Figure 5.7: a-b) Demonstration of the generated scan path of confocal scanning in 3D and 2D respectively. c)

The result of video mosaicking of the confocal laser scanning executed on the porcine fat tissue [210].
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5.2.3 Discussion

This study explores the possibility of using LaryngoTORS robot to manipulate the probe of
the fibre bundle to acquire high-quality confocal laser imaging of the larynx. The experimental
results demonstrate that LaryngoTORS robot can perform precise pCLE scanning on a
simulated vocal cord and mosaic images can be formed from scanning results. No force or
depth sensor was used during these tests, demonstrating the potential to maintain tissue

contact without additional sensors.

The scan speed depends on the frame rate and the FOV of the pCLE imaging system and
the demands of the mosaic generation. The frame rate and FOV of the Cellvizio system are
12 fps and 240 um. Therefore, without overlap, the maximum scan speed is 2.88 mm/s.
However, since the sufficient overlap between consecutive confocal imaging is required for
mosaic generation, thus the scan speed is settled at 1 mm/s. The scan speed could be increased

by using an imaging system with a wider FOV and higher frame rate.

A common method used in clinical practice is to sample multiple smaller areas to perform
the optical biopsy. A vision-based autonomous pCLE scan developed by Zhang et al. can
generate an around 1 mm? area autonomous scan using a da Vinci® robot [203]. The
LaryngoTORS system could be developed to scan multiple small areas and also an entire
region of interest in the workspace. A proper area scanning function should be developed and

evaluated in the future.

Currently, the diameter of GastroFlex UHD probe is larger than the inner diameter of the
over-tube; it cannot be accommodated in the over-tube. A slimmer probe or a larger over-tube
will be used for further tests. The CDPR, such as LaryngoTORS, has shown promising to be
used in pCLE of the larynx.

5.3 Robotics-assisted Hyperspectral Fibre-optic Sensing of the Larynx

In this section, a slim probe with two fibre cores was manufactured as a hyperspectral optic-
fibre sensor. A hyperspectral optical fibre sensing system was created. The manufactured
hyperspectral optical-fibre sensing probe was combined with LaryngoTORS robot. A
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preliminary test was carried out on porcine tissue. The method and experimental result are

presented below.

5.3.1 Materials and Method

Figure 5.8 shows the schematic diagram of the hyperspectral optical-fibre sensing system
setup. The proximal ends of two fibres were connected to a spectrometer and a white light
source. The distal ends were accommodated in a probe. The probe can be held and
manipulated by LaryngoTORS robot. A laptop is used to read and record the detected

reflectance spectra.

Connect to
Laptop Spectrometer LaryngoTORS robot
Data Collection O {
Two Optic Prohe

Fibres

Light Source

Figure 5.8: The schematic diagram of the setup of the hyperspectral optical-fibre sensing system. A two fibre
cores probe is used to work with LaryngoTORS robot. One fibre is connected to a spectrometer and another

fibre is connected to a white light source.

R0.23

0.65 |

Figure 5.9: a) The dimensions of the cross-section of the probe, the unit of all parameters is in mm. b) The end
face of the probe was polished by SpecPro Connector Polisher. c) The manufactured two cores fibre probe. The
bright one was connected with the light source. The dark one was used to receive the reflection signals and

transmitted to the spectrometer.
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Figure 5.10: a) The experimental setup of the hyperspectral optical-fibre sensing system. Two fibre terminators
with SMA 905 connectors were used to fix and connect two proximal ends to the spectrometer and the light
source. b) A piece of clean porcine tissue, without any stained, was fixed on the target holder and mounted at
the front of the robot.

The two cores fibre probe has 1.5 mm diameter with 25 mm length. Figure 5.9a shows the
dimensions of the cross-section of the probe. For these experiments, two 2m length bare fibres
(0.5 NA, wavelength range: 300-1200 nm, core diameter: 200 um, outer diameter: 500 um,
FP200URT, Thorlabs Inc., USA) were used. One fibre was connected to a light source (HL-
2000-FHSA, Ocean Optics, Inc., USA) and used to transmit the white light beam to the target
tissue. Another fibre was used to receive the reflection from the tissue and delivered to the
spectrometer (Flame UV-VIS Spectrometer, Ocean Optics, Inc., USA). The distal ends of two
fibres were inserted and glued in the probe. The end face of the probe was polished by a fibre
connector polisher with decreasing grit size from 30, 9, 3 to 0.3 um (SpecPro Connector
Polisher, Krell Technologies, Inc., USA) (Fig 5.9b and c). The proximal ends of two fibres
were also polished and fixed in two fibre terminators with SMA 905 connectors (BFT1,

Thorlabs Inc., USA) to connect to the spectrometer and the light source (Fig 5.10a).

Before the test, a calibration procedure was performed for noise offset and reflectance
normalisation. The probe was faced to a 100% reflection mirror and a dark environment (the
light source and all lights in the lab were turned off) individually. The captured results were
counted as ‘100% reflection’ and ‘0% reflection’ respectively and inputted to the software
(OceanView 1.6.7, Ocean Optics, Inc., USA). The test reflectance is calculated as below
equation. The calculation will be performed by the software automatically.
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Test Reflect B Test tissue reflection — 0% reflection (5-1)
eSt ReHeCtance = == 00% reflection — 0% reflection

The experimental setup is the same as the setup of the pCLE experiment, as shown in
Figure 5.3. The only difference is that the pCLE probe is now replaced by the manufactured
hyperspectral sensing probe and a piece of unstained clean porcine tissue was used as the test
target (Fig 5.10b). The porcine tissue was also placed at the right side of the holder to simulate
the right-side vocal cord. The hyperspectral sensing probe was manipulated manually via the
master controller. The probe was used to detect at 3 different sample points of the fat and
muscle of the porcine tissue sample separately. The detected reflectance spectra results are

shown in the next section.

5.3.2 Experimental Results

The hyperspectral sensing probe was steadily contacted with three distinct sample points of
the fat and the muscle tissue individually. Due to the homogeneity of the fat and the muscle
tissue of the small porcine tissue sample (Fig 5.10b), the results tested at three distinct sample
points on the same tissue type were identical. Two representative reflectance spectra detected
from the porcine fat and muscle tissue are presented in Figure 5.11 and 5.12, respectively. As
demonstrated in the two results, the reflectance properties of the fat and muscle of the porcine
tissue have significant differences. The reflectance spectra of the porcine fat tissue have a
higher reflection in the 500 nm to 650 nm region, which is not present in the muscle tissue
reflectance spectra. From the reflectance spectra results, the two tissue types, fat and muscle,

can be distinguished easily.

123



NE=—re - e va

e+l @@ ? @I Daane XHE 28N> 9@

g : : : 1 : : : :

| S S S AU SR SN S UUUUN SUUURU U SR SSUUURRRRRRE SO
¥ : F : 4 b I

Figure 5.11: The acquired reflectance spectra of the porcine fat tissue. The reflectance is relatively high at the

500 nm to 650 nm region.
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Figure 5.12: The captured reflectance spectra of the porcine muscle tissue. The reflectance curve is nearly flat,

and reflectance is low in all range.
5.3.3 Discussion

The experimental results have demonstrated the detectability of the hyperspectral optic-fibre
sensing probe via used LaryngoTORS robot. We observed that it is possible to control the
probe effectively such that steady contact with the tissue is maintained. The reflectance
spectra can be acquired from the test tissue directly. Unlike the pCLE, the contrast agent is
not required. Thus, the adverse effects caused by the contrast agent can be avoided [185],
[193], [209]. A 6-around-1 fibre bundle, using six fibres connecting to the light source and a
single fibre connecting to the spectrometer [208], can be used to compare with the
manufactured probe to further assess the detectability of the probe. With these preliminary

results, LaryngoTORS assisted optical biopsy could be a valuable tool for examining the
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tumour status of the larynx intraoperatively and in a timely manner. Whilst preliminary results
are promising, the consistency of reflectance characteristics detected by the hyperspectral
optic-fibre sensing probe and HSI samples need to be further evaluated for different tissue

pathologies to evaluate the full potential of the proposed system.

5.4 Conclusion

Benefiting from the highly precise motion control, the LaryngoTORS robot has demonstrated
the potential to be utilised to control the distal tip position of the pCLE or a hyperspectral
sensing optic-fibre because the LaryngoTORS robot allows gentle and steady contact with the
target tissue. Thus, high quality and informative confocal laser imaging or reflectance spectra
could be captured. Furthermore, the LaryngoTORS robot can be expected to execute precise
pCLE scanning and mosaic images can be reconstructed. A proper area scan function should

be developed and evaluated in the future.

With a curved laryngeal blade and a built-in camera, the LaryngoTORS robot can image
the larynx through a curved airway. The fibre-based optical biopsy methods use flexible fibre
to acquire signals. The end tip of the fibre or probe can also reach the target tissue through the
curved airway, which the straight suspension laryngoscope is not required. By avoiding the

use of a straight suspension laryngoscope, it is less traumatic to the patient.

Therefore, LaryngoTORS robot demonstrates the potential to be an efficient robotic tool
for the application of the fibre-based optical biopsy of the larynx. While the robot-assisted
optical biopsy is demonstrated by integrating the LaryngoTORS robot, the results are not
limited to just these two imaging systems. In future, it is possible to integrate other fibre-based
methods such as diffuse or fluorescence spectroscopy and intraoperative OCT with
LaryngoTORS robot. Due to the rapid real-time detection of fibre-based optical biopsy, the
diagnosis can be executed during the TLP. A precision diagnosis could improve the accuracy
of the targeting and save the non-target healthy tissue. The position of detected sample points
or the generated pCLE scanning path could be used to define the control points and the scan
path of the treatment laser. In addition, fibre-based optical biopsy is a non-invasive method.

A significant benefit is that it will not generate any scar on the tested tissue, especially for the
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vocal cord. The potential risk of voice change can be obviated, which is an essential
requirement for a voice user such as a professional singer. The fibre-based optical biopsy of
the larynx is a promising direction. A specific laryngeal blade of LaryngoTORS robot for the

fibre-based optical biopsy of the larynx could be developed in the future.
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Chapter 6

Conclusion and Future Work

6.1 Achievements of this Thesis

TLP is a common surgical application in otolaryngology, using a laser beam to perform
vaporisation, incision, ablation, or photocoagulation on the soft tissues of the larynx. Research
in transoral laser surgery in the larynx started at the early 1970s. Currently, medical lasers
used in TLP are well developed. The outcomes of TLP increasingly depend on the laser
delivery technique, and TLP has developed free beam and fibre delivery techniques. As
presented in Chapter 2, both techniques have significant drawbacks: in the free beam delivery
technique, due to the inherent limitation of the line-of-sight, the straight suspension
laryngoscope can cause discomfort or damage, and the manipulability and ergonomics are
poor. For fibre delivery, current robotic systems, both commercial and research-based, have

not yet addressed a number of significant limitations related to laser scanning.

This study focused on the development of a novel CDPR for TLP to fulfil the fundamental
requirements proposed in Chapter 2: (i) Avoid the use of a suspension laryngoscope by
obviating the need for a line-of-sight. Provide a solution to access and exposure the larynx

through a curved pathway. (ii) Provide precise, repeatable, healthy tissue sparing, user-driven
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and semi-autonomous control of the laser. (ii1) Provide a technically feasible and practicable

solution.

Chapter 3 discussed the core principles and critical features of CDPMs. A framework of
CDPM simulation for TLP was introduced. The required specification was identified, and a
resulting simulation configuration was presented that could steer the fibre end tip in 5 DoF.
Laser line and arc pattern scans were simulated, and the resulting configuration could generate
a sufficient controllable workspace. The CDPM could be configured to align the workspace
with the operative field. Also, the CDPM configuration could be decided and manufactured

preoperatively based on patient-specific data and according to the required task.

Various designs and early prototypes of CDPMs for TLP were discussed in Chapter 3. The
LaryngoTORS robot was inspired by the indirect video laryngoscope by attaching a CDPM to
the end of a curved laryngeal blade. It could be inserted into the larynx like the ordinary
indirect video laryngoscope. By using a curved laryngeal blade and a built-in camera, a
straight suspension laryngoscope is not be required, there is less trauma to the patient, and the

post-operative pain can be reduced.

This thesis focuses on the development and testing of the LaryngoTORS robot. Validation
tests and feasibility analysis were presented in Chapter 4, and the core technique of motion
control of the LaryngoTORS robot was introduced. An approach to semi-autonomous free
path scanning was addressed and validated in bench and ex vivo tests, demonstrating high
precision and repeatability of the semi-autonomous free path scan. When compared to other
robotic systems for TLP, the LaryngoTORS robot provides advantages in the large workspace,
high controllability, and technical feasibility, such as fibre compatibility and laser aperture

quality control.

A second version of the LaryngoTORS robot was designed and developed considering
feasibility factors, such as customisation, ventilation and smoke management,
biocompatibility and sterilisation, electrical safety, fibre compatibility and device ergonomics.
The robot system is ready for further preclinical trials, such as cadaver experiments. It is

expected to fulfil the technical requirements for TLP.
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Fibre-based optical biopsy techniques have proven their ability to detect disorders of the
larynx. In Chapter 5, experiments using pCLE and hyperspectral fibre-optic sensing were
performed by the LaryngoTORS robot. High quality and informative confocal laser imaging
or reflectance spectra were captured. Furthermore, accurate pCLE scanning could be executed
by the robot and mosaic images reconstructed. Due to the rapid real-time detection of fibre-
based optical biopsy, the surgical margin could potentially be defined in TLP. The position of
detected sample points or the generated pCLE scanning path could be used to determine the
control points and the scan path of the treatment laser. A precision surgical margin can then
save the non-target healthy tissue. The LaryngoTORS robot has demonstrated the potential to

be an efficient robotic tool for the application of the fibre-based optical biopsy of the larynx.

6.2 Future Research Directions

Cadaver trial and usability study

A cadaver trial will be scheduled in the near future for further validation of the
LaryngoTORS robot. As mentioned in Chapter 4, an updated version of LaryngoTORS robot
has been manufactured. The technical feasibility of the robot, such as laser smoke
management and fibre compatibility have been considered. As shown in Figures 4.23 and 4.24,
two laryngeal blades, right-hand and left-hand side, were manufactured. The two laryngeal
blades are each planned to be used for vocal cordectomy during the cadaver trial, on both
sides of the vocal cords. The performance of the robot, such as the fibre tip manipulability
and the semi-autonomous free path scan function will be evaluated. The optimal parameter
settings for laser scanning, such as power density and speed, could also be studied. The current
specifications, such as the shape and size of the robot, controllable workspace and the scan
speed, can be examined. These specifications can be modified and adjusted based on the

feedback of the cadaver trial.

The usability will be evaluated during the cadaver trial. Dedicated questionnaires and
surveys can be utilised for qualitative analysis. The user experience of the robot, such as the
path generation method and the ergonomics, can be assessed. These activities will aim to

identify problems and the direction for further improving the robot for TLP.
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Bimanual robotic system for TLP

The current LaryngoTORS robot only has one set of CDPM to steer the laser fibre tip, but it
could be developed as a bimanual robotic system. An auxiliary surgical instrument such as
grippers or forceps is needed to hold, stretch and retract the target tissue. If a second robotic
arm was used to manipulate the auxiliary surgical instrument, then all the instruments could
be teleoperated. As mentioned in chapter 3, a second CDPM could be built to control the
auxiliary surgical instrument. As shown in Figure 6.1, a total of 12 motor units and cables can
be assembled on the current LaryngoTORS robot. The second CDPM can be easily
manufactured. However, the design of a miniature flexible/semi-flexible instrument, which
will work with the second CDPM, still needs to be addressed. Another option is to use other
mechanism types, such as articulating robotic microsurgical forceps [118], [166]. Comparison

studies need to be performed for further assessment.

Figure 6.1: The top view of the design (a) and manufactured (b) LaryngoTORS robot.

Vision-based techniques for TLP

Contemporary computer vision techniques could be used for improving the performance
of robotic-assisted TLP. One example is tissue surface reconstruction, which could be utilised
for laser incision path planning [211]. Another example is vision-based motion tracking of the
surgical instrument or the laser incision path, which is fundamental for visual servoing control

[88], [204], [212]. Furthermore, vision-based tracking of soft tissue motion and the incision
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path could reduce the effects of tissue motions or deformation when using the path scan

function [213].

Tissue surface reconstruction can be achieved via a mono or stereo camera. In recent years,
many learning-based algorithms have been able to extract shape or depth maps from a mono
camera [214]-[216]. A preliminary study of learning-based photometric stereo via mono
camera was performed to generate an estimated normal map to perceive the shape of a target
surface. An illumination fibre was steered by the LaryngoTORS robot and multiple images of
a test target under different light directions were captured by the camera of the LaryngoTORS
robot. As shown in Figure 6.2, the captured images were utilised to generate the normal map

via an uncalibrated photometric stereo fully convolutional network [217] (more details are

> |»

b) 32 captured images under Uncalibrated Photometric Estimated Normal Map
different light beam directions Stereo Fully Convolutional
Network (UPS-FCN)

presented in Appendix A).

Figure 6.2: a) A test target made by silicone rubber was fixed on a target holder, which was attached to the
front of the robot. b) The estimated normal map of the target surface via an uncalibrated photometric stereo
fully convolutional network (UPS-FCN).

As shown in Figure 6.3, the camera of the LaryngoTORS robot can be replaced by a stereo
camera. Stereo vision could be achieved by using two miniature cameras (2.5 mm diameter,
400x400 resolution, MD-V1001L-91, MISUMI ELECTRONICS CORP., Taiwan). Two
commercial video rhino-laryngoscopes, such as the Olympus ENF-V3 or ENF-VH video
rhino-laryngoscopes could be used for high quality stereo imaging. Stereo vision-based
techniques for TLP can be combined with the LaryngoTORS robot and further evaluated in

the future.
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Figure 6.3: The laryngoTORS robot with a mono (a) and stereo (a) camera.

Fully autonomous laser task operation

Once the bimanual robotic system is built and the stereo vision is established, via advanced
feature tracking techniques, the key features of the laser surgery tasks could be recorded, such
as the motion of the end tip of the laser and the instrument, the pose and position of the forceps
for grasping a target tissue, the deformation of the target tissue during laser ablation and the
dynamic changes of the laser incision path during the surgery. Through collecting this data
from well-trained practitioners and combining this with advanced learning-based techniques
such as learning from demonstration [218], [219], the robot could learn to perform a laser task
automatically on a target tissue pre-defined by a surgeon. This is the ultimate long-term goal

of this study.

6.3 Conclusion

In this study, a novel CDPR for TLP, the LaryngoTORS robot, has been developed. High
precision and high repeatability of the semi-autonomous free path scan can be achieved by
the developed robotic system. The performance has been shown for various bench and ex vivo
tests. The technical feasibility of the robot for TLP was also considered and evaluated. The
LaryngoTORS robot has demonstrated promise for use in TLP. Patients, surgeons, and
hospitals could benefit from this advanced TLP robotic system. The final goal of the robotic-
assisted TLP is achieving full robotic autonomy in TLP. Then the surgical precision, efficiency
and execution of the TLP could be further improved and enhanced. However, in medicine, the
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ultimate goal is to prevent, eliminate or screen for disease at an earlier stage and to address
the problem via pharmaceutical or advanced biotechniques such as cell and gene therapy. This
will save the patients from suffering the pains of TLP. However, based on current medical

developments surgery robotics will retain a major role in TLP for some time to come.
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Appendix A: A Qualitative Study of
Photometric Stereo in Robotics
Surgery via Fibre-delivered

IHlumination

The shape of the tissue surface is vital information for laser incision path planning and the
optimisation of the pose and position of the fibre tip. For the surgeon, it is effortless to perceive
the shape of the surface of the target tissue. However, in robotics, it remains a challenge. The
photometric stereo technique can offer a normal map of the object surface via a single camera
[220]. The generated normal map can be used to describe the shape of the object surface. In
this section, a preliminary qualitative study of photometric stereo was performed by

LaryngoTORS robot. The experimental results are presented and discussed.

A.1 Learning-Based Photometric Stereo

In the photometric stereo technique, multiple images of a static object captured under different
lighting directions are used to estimate the normal map of the object surface. During image
capture, the location and position of the camera and the object need to be fixed [220], [221].
Photometric stereo has a long history in computer vision and fruitful approaches have been
developed. However, in the early approaches, two main limitations affect the applicability of
the photometric stereo technique in practice. One limitation is the Lambertian reflectance
model assumption. Since most of the objects are non-Lambertian, it is difficult to apply on
real-world objects. Another one is the light directions need to be precisely calibrated. It cannot

work on the cases which the light directions are unknown or uncalibrated.

With the development of deep learning techniques [222]-[225], learning-based
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photometric stereo algorithms have been developed in recent years [217], [226]-[229]. And
with the continuing efforts of computer vision engineers and researchers in the past few years,
the limitations of traditional methods of photometric stereo have been tackled. PS-FCN is a
learning-based photometric stereo network for non-Lambertian surface [227] and SDPS-Net
can work on the non-Lambertian surface with uncalibrated light directions [228].

Currently, the learning-based photometric stereo techniques have not been widely used in
surgical applications. The conditions of photometric stereo techniques may not be easily
fulfilled in surgery. First, the target region may have moving tissues and its movement cannot
be prevented. Second, in surgical applications, the light source is usually built into the camera.
The light’s direction can only be changed by moving the camera. To capture multiple images
under different light directions by a fixed camera, a modified photometric stereo endoscope
[230] or an extra light source device [231], where the light direction can be steered, is required.
However, in TLP, the conditions of photometric stereo can be fulfilled by LaryngoTORS robot
effortlessly. The target tissue can be held by an auxiliary instrument, such as a vocal cord
holder. A static region nearby the instrument could be achieved. Fibre-based illumination can
be utilised, and different lighting directions can be generated via steering the end tip of the

illumination fibre manipulated by the LaryngoTORS robot.

In this section, an experiment of photometric stereo via fibre-based illumination was
carried out on a simulated target. The method and experimental results are presented in section

A.2 and A.3, respectively.

A.2 Materials and Method

A non-Lambertian test target made from silicone rubber (Ecoflex 00-35, Smooth-on, Inc.,
USA) was used to simulate vocal folds, and a small piece of white protrusion was used to
simulate a lesion on the vocal cord (Fig A.1a). The experiment setup is shown in Figure A.1.
Similar to the pCLE tests performed in chapter 5, the simulated target was fixed on a target
holder (Fig A.1b) and the holder was mounted in front of the scaffold of LaryngoTORS robot
(Fig A.1d). A 1.5 m length bare fibre (0.22 NA, core diameter: 400 um, outer diameter: 480
um, FG400LEP, Thorlabs Inc., USA) was used. The proximal end of the fibre was connected
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to a light source (HL-2000-FHSA, Ocean Optics, Inc., USA) via a fibre terminator with SMA
905 connectors (BFT1, Thorlabs Inc., USA) (Fig A.le). The distal end of the fibre was
positioned in the over-tube of LaryngoTORS robot (Fig A.1c). The light source direction can

be steered by manipulating the pose of the over-tube.

The experiment was performed three times under different light intensity levels: high,
medium and low, which corresponding the shutter opening in approximately 80%, 50% and
20% respectively. The pose of the fibre end tip was manipulated randomly in the workspace
of the robot. Each time, 32 images under different light beam directions were captured. During
the image capture, the light source of the camera was turned off. A well-trained UPS-FCN
model [217] was utilised to estimate the normal of the test target surface. The dimensions of
each captured image are 640 X480 X 3. The captured 32 images were converted into a
640x480x96 matrix and input to the UPS-FCN model. The experimental results are presented

in the next section.

Figure A.1: The experimental setup: a) A test target made by silicone rubber. b) The test target was fixed on a
target holder c) Front view of the robot with the fibre. A white light beam was delivered by the fibre. A USB
camera was utilised to offer the vision of the target field. d) The test target was attached to the front of the
robot. e) A fibre terminator with SMA 905 connectors was used to fix and connect the proximal end of the

fibre to the light source.

153



A.3 Experimental Results

Figure A.2-A.4 shows 8 representative images of each 32 captured images under different
light beam directions with high, medium and low light intensity level respectively. The

estimated normal maps of the target surface under each light intensity level are shown in

Figure A.5.

Figure A.3: Sample images captured under different light beam directions with medium light intensity.
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Figure A.4: Sample images captured under different light beam directions with low light intensity.

c)

Figure A.5: The generated normal map of the target surface under high, medium and low light intensity level

are demonstrated at the bottom row in column a), b) and c) respectively. The images at the top row are used
to indicate the light intensity level. The images shown in the middle row are captured only under the light

source of the camera.

Compared to the images captured under the light source of the camera (middle row in
Figure A.5), the generated normal maps under different light intensities can reflect the shape

of the test target’s surface. Such as the shape of the simulated lesion has been correctly
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represented in the generated normal maps. In the three normal maps, the normal surface
generated from the images under low light intensity contains more fine details of the target
surface than the one generated under high light intensity, such as on the edge of simulated
vocal folds. Some detailed features may be covered by the high-intensity light beam. As
argued by Chan et al. [217], the captured specular highlights are vital clues for the normal
surface estimation. The specular highlights in the captured images can be extracted and fused
in the global features fusion layer in the UPS-FCN model. As shown at the top row in Figure
A.5, the specular highlights in the images captured under medium and low light intensities

have not been presented in the image capture under high light intensity.

A.4 Discussion

This study has demonstrated the possibility of applying photometric stereo techniques in
robotic surgery via fibre-based illumination, in which the light beam direction can be steered
using robotics. Since the ground truth of the target surface is unknown, the preliminary results
were evaluated qualitatively. Quantitative studies on the data acquired in surgical applications
need to be performed for further assessments. The normal map can be utilised to describe the
shape of the target tissue. Furthermore, the surface 3D reconstruction could be achieved based
on the surface normal. These are fundamentals for autonomous robotic surgery. It is a

promising direction to be further developed in the future.
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Permission letter Figure 1.3 (left)

26 Nov 2020
Dear Sir or Madam,

I am completing my PhD thesis at Imperial College London entitled ‘Cable-Driven
Parallel Robot for Transoral Laser Phonosurgery'.

| seek your permission to reprint, in my thesis, an image extract from:

K. Y. Linand S. Y. Lu, “Panretinal navigated laser photocoagulation for PDR,” Retin. Today,
vol. JAN, no. FEB/-, pp. 65-70, 2014.

The extract to be reproduced is

Figure 2, page 67, January/February 2014 retina today
| would like to include the extract in my thesis which will be added to Spiral,
Imperial's institutional repository http://spiral.imperial.ac.uk/ and made available to

the publicunder a Creative Commans Attribution Non-Commercial 4.0 International
Licence (CC BY-NC).

If you are happy to grant me all the permissions requested, please return a signed
copy of this letter. If you wish to grant only some of the permissions requested,
please list these and then sign.

Yours sincerely,

Ming Zhao

Permission granted for the use requested above:
| confirmthat | am the copyright holder of the extract above and hereby give

permission to include itin your thesis which will be made available, via the internet,
for non-commercial purposes underthe terms of the userlicence.

Signed: é”

Name: g?ro[;m,,;e, a, w0

Organisation:  Wwwer#@s, Gfore~, Tane

Job title: hrssouds Podes— < (hvacsd Heattl- S
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Permission letter Figure 1.7a

@2 cimne  RightsLink’ A 7 = 2

Center Home Help Email Support Ming Zhao v

Hand-held transendoscopic robotic manipulators: A
transurethral laser prostate surgery case study

Author: Richard J. Hendrick, Christopher R. Mitchell, S. Duke Herrell, et al
@SAGE Publication: The International Journal of Robotics Research

Publisher: SAGE Publications

Date: 11/01/2015

Copyright © 2015, @ SAGE Publications

Gratis Reuse

Permission is granted at no cost for use of content in a Master's Thesis and/or Doctoral Dissertation, subject to the
following limitations. You may use a single excerpt or up to 3 figures tables. If you use more than those limits, or
intend to distribute or sell your Master's Thesis/Doctoral Dissertation to the general public through print or website
publication, please return to the previous page and select 'Republish in a Book/Journal' or 'Post on
intranet/password-protected website' to complete your request.

BACK CLOSE WINDOW

© 2020 Copyright - All Rights Reserved |  Copyright Clearance Center, Inc. | Privacy statement | Terms and Conditions
Comments? We would like to hear from you. E-mail us at customercare@copyright.com
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Permission letter Figure 1.9b, 1.13, 1.14 and 1.15

16 April 2021
Dear Dr Oude Vrielink,

I am completing my PhD thesis at Imperial College London entitled 'Cable-Driven
Parallel Robot for Transoral Laser Phonosurgery'.

| seek your permission to reprint, in my thesis, an image extract from your thesis:

T. J. C. Oude Vrielink, “Cable-driven parallel mechanisms for minimally invasive
robotic surgery,” Imperial College London, 2019.

The extract to be reproduced is

Page 105, Figure 4.17.
Page 150, Figure 6.9, 6.10.
Page 191, Figure 8.1.

I would like to include the extract in my thesis which will be added to Spiral,
Imperial's institutional repository http://spiral.imperial.ac.uk/ and made available to
the public under a Creative Commons Attribution-NonCommercial 4.0 International
Licence (CC BY-NC).

If you are happy to grant me all the permissions requested, please return a signed
copy of this letter. If you wish to grant only some of the permissions requested,
please list these and then sign.

Yours sincerely,

Ming Zhao

Permission granted for the use requested above:

I confirm that | am the copyright holder of the extract above and hereby give
permission to include it in your thesis which will be made available, via the internet,
for non-commercial purposes under the terms of the user licence.

Signed:

Name: Timo J.C. Oude Vrielink
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Permission letter Figure 2.9a

26 Nov 2020
Dear Sir or Madam,

I am completing my PhD thesis at Imperial College London entitled 'Cable-Driven
Parallel Robot for Transoral Laser Phonosurgery'.

| seek your permission to reprint, in my thesis, an image extract from:

Y. M. Park et al., “Transoral robotic surgery (TORS) in laryngeal and
hypopharyngeal cancer,” J. Laparoendosc. Adv. Surg. Tech., vol. 19, no. 3, pp. 361—
368, 2009, doi: 10.1089/1ap.2008.0320.

The extract to be reproduced is

Figure 1, page 362

Jun 1, 2009, Journal of Laparoendoscopic & Advanced Surgical Techniques

| would like to include the extract in my thesis which will be added to Spiral,
Imperial's institutional repository http://spiral.imperial.ac.uk/ and made available to
the public under a Creative Commons Attribution-NonCommercial 4.0 International
Licence (CC BY-NC).

If you are happy to grant me all the permissions requested, please return a signed
copy of this letter. If you wish to grant only some of the permissions requested,
please list these and then sign.

Yours sincerely,

Ming Zhao

Permission granted for the use requested above:
| confirm that | am the copyright holder of the extract above and hereby give

permission to include it in your thesis which will be made available, via the internet,
for non-commercial purposes under the terms of the user licence.

A
Signed: gl —
|
Name: Karen Ballen
Organisation: Mary Ann Liebert, Inc., publishers

Job title: Open Access Manager
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Permission letter Figure 2.15 and 2.16

AW: Requested Karger Material

Rights and Permissions <permission@karger.com>
Fri 27/11/2020 14:16
To: Zhao, Ming <m.zhao15@imperial.ac.uk>

his email from permission@karger.com originates from outside Imperial. Do not click on links and attachments unless you recognise the sender. If you trust the sender, add
hem to your safe senders list to disable email stamping for this address.

Dear Ming Zhao,
Thank you for your email. As to your request, | am pleased to inform you that permission is granted hereby to reprint your article
Orosco R, K, Arora A, Jeannon J, P, Holsinger F, C: Next-Generation Robotic Head and Neck Surgery. ORL 2018;80:213-219. doi: 10.1159/000490599

as a chapter in the printed and electronic version of your thesis/doctoral dissertation, provided that proper credit will be given to the original source and that S. Karger
AG, Basel will be mentioned.

Please note that this is a non-exclusive permission, hence any further use, edition, translation or distribution, either in print or electronically, requires written
permission again as this permission is valid for the above mentioned purpose only.

This permission applies only to copyrighted content that S. Karger AG owns, and not to copyrighted content from other sources. If any material in our work appears
with credit to another source, you must also obtain permission from the original source cited in our work. All content reproduced from copyrighted material owned by
S. Karger AG remains the sole and exclusive property of S. Karger AG. The right to grant permission to a third party is reserved solely by S. Karger AG.

Thank you for your understanding and cooperation.

Hopefully, | have been of assistance to you with the above.

Kind regards

Samuel Lei

Rights & Permission Manager

ePartner Manager
slei@karger.com
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Permission letter Figure 2.23a, 2.24 and 2.26b

26 Nov 2020
Dear Sir or Madam,
| am completing my PhD thesis at Imperial College London entitled 'Cable-Driven Parallel Robot for Transoral
Laser Phonosurgery'.
| seek your permission to reprint, in my thesis, an image extract from:
A. Acemoglu, N. Deshpande, and L. S. Mattos, “Towards a Magnetically-Actuated Laser Scanner for
Endoscopic Microsurgeries,” J. Med. Robot. Res., vol. 03, no. 02, p. 1840004, 2018, doi:
10.1142/s2424905x18400044.

The extract to be reproduced is

Figure 2, 3 and 11 (please see below).

I would like to include the extract in my thesis which will be added to Spiral, Imperial's institutional repository
http://spiral.imperial.ac.uk/ and made available to the public under a Creative Commons Attribution-
NonCommercial 4.0 International Licence (CC BY-NC).

If you are happy to grant me all the permissions requested, please return a signed copy of this letter. If you
wish to grant only some of the permissions requested, please list these and then sign.

Yours sincerely,

Ming Zhao

Permission granted for the use requested above:

| confirm that | hereby give permission to include it in your thesis which will be made available, via the
internet, for non-commercial purposes under the terms of the user licence.

Signed: %[é%/l/\

Name: Alperen Acemoglu
Organisation: Istituto Italiano di Tecnologia, Genoa, Italy

Job title: Postdoctoral researcher
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Permission letter Figure 3.1 and 3.5

27 Nov 2020
Dear Sir or Madam,

| am completing my PhD thesis at Imperial College London entitled ‘Cable-Driven
Parallel Robot for Transoral Laser Phonosurgery'.

| seek your permission to reprint, in my thesis, an image extract from:

V. L. Schmidt, Modeling Techniques and Reliable Real-Time Implementation of
Kinematics for Cable-Driven Parallel Robots using Polymer Fiber Cables. 2017.

The extract to be reproduced is

Figure 1.1 and 2.1 (please see below).

| would like to include the extract in my thesis which will be added to Spiral,
Imperial's institutional repository http:/spiral.imperial.ac.uk/ and made available to
the public under a Creative Commons Attribution-NonCommercial 4.0 International
Licence (CC BY-NC).

If you are happy to grant me all the permissions requested, please return a signed
copy of this letter. If you wish to grant only some of the permissions requested,
please list these and then sign.

Yours sincerely,

Ming Zhao

Permission granted for the use requested above:

| confirm that | am the copyright holder of the extract above and hereby give
permission to include it in your thesis which will be made available, via the internet,
for non-commercial purposes under the terms of the user licence.

Signed: v Gl ”il/

rd
Name:  Valontin {)(Lym-\{n'{}(
Organisation:  Trevaliole:  [PA (o)
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Jobtitle:  (C e esrihn {,.\_j‘ neel

Entry Point

e Y
Attachment
Point Cable
Platform/
End-effector
Frame/Scaffold
i |
g
a) b)

171




Permission letter Figure 3.2b

27 Nov 2020
Dear Sir or Madam,

| am completing my PhD thesis at Imperial College London entitled "Cable-Driven
Parallel Robot for Transoral Laser Phonosurgery'.

| seek your permission to reprint, in my thesis, an image extract from:
C. GOSSELIN, “Cable-driven parallel mechanisms: state of the art and perspectives,”
Mech. Eng. Rev., vol. 1, no. 1, pp. DSM0004-DSM0004, 2014, doi:
10.1299/mer.2014dsm0004.

The extract to be reproduced is

Figure 7 (please see below).

| would like to include the extract in my thesis which will be added to Spiral,
Imperial's institutional repository http://spiral.imperial.ac.uk/ and made available to
the public under a Creative Commons Attribution-NonCommercial 4.0 International
Licence (CC BY-NC).

If you are happy to grant me all the permissions requested, please return a signed
copy of this letter. If you wish to grant only some of the permissions requested,
please list these and then sign.

Yours sincerely,

Ming Zhao

Permission granted for the use requested above:
| confirm that | am the copyright holder of the extract above and hereby give

permission to include it in your thesis which will be made available, via the internet,
for non-commercial purposes under the terms of the user licence.

signed:  ()samu Inoue

Name: Osamu Inoue

Organisation: The Japan Society of Mechanical Engineers
Job title: Publishing Department Manager

Date: 1st December 2020
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Permission letter Figure 3.4

30 Nov 2020

Dear Sir or Madam,

| am completing my PhD thesis at Imperial College London entitled 'Cable-Driven
Parallel Robot for Transoral Laser Phonosurgery'.

| seek your permission to reprint, in my thesis, an image extract from:

R. Verhoeven, “Analysis of the workspace of tendon-based Stewart platforms,”
Universitdt Duisburg-Essen, Fakultdt fiir Ingenieurwissenschaften-~..., 2004.

The extract to be reproduced is

Figure 2.8 (please see below).

I would like to include the extract in my thesis which will be added to Spiral,

Imperial’s institutional repository http://spiral.imperial.ac.uk/ and made available to
the public under a Creative Commons Attribution-NonCommercial 4.0 International
Licence (CC BY-NC).

If you are happy to grant me all the permissions requested, please return a signed
copy of this letter. If you wish to grant only some of the permissions requested,
please list these and then sign.

Yours sincerely,

Ming Zhao 4

Permission granted for the use requested above:

I confirm that | am the copyright holder of the extract above and hereby give
permission to include it in your thesis which will be made available, via the internet,
for non-commercial purposes under the terms of the user licence.

Signed: %JW\/

Name: Richard Verhoeven
Organisation: Universitat Duisburg-Essen
Job title: Former PhD student
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Permission letter Figure 5.1

Re: Copyright permission usage in PhD dissertation_Ming Zhao

SusannaCampigli <scampigli@pacinieditore.it>
Tue 01/12/2020 18:12

To: Zhao, Ming <m.zhao15@imperial ac.uk>

) 1 attachments (12 kB)
PastedGraphic-4.tiff;

his email from scampigli@pacinieditore.it originates from outside Imperial. Do not click on links and attachments unless you recognise the sender. If you trust the sender,
add them to your safe senders list to disable email stamping for this address.

Dear Sir,

We confirm that we grant the permission to reproduce the figure from Acta Otorhynolaringologica Italica in your Phd thesis. At terms and condition
you explain in your request (presence on Spiral, Imperial's institutional repository http:/spiral.imperial.ac.uk/ and made available to the public
under a Creative Commons Attribution Non-Commercial 4.0 International Licence (CC BY-NC).

No fee is requested. You only have to respect general rules to correctly cite the figure and the source.

Best regards

Susanna Campigli

Il giorno 01 dic 2020, alle ore 08:02, Lisa Andreazzi <|andreazzi@pacinieditore.it> ha scritto:
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Permission letter Figure 5.7

RE: Copyright permission usage in PhD dissertation_Ming Zhao

pubscopyright <copyright@osa.org>

Mon 07/12/2020 14:16

To: Zhao, Ming <m.zhao15@imperial.ac.uk>; pubscopyright <copyright@osa.org>

l;rhis email from copyright@osa.org originates from outside Imperial. Do not click on links and attachments unless you recognise the sender. If you trust the sender, add
hem to your safe senders list to disable email stamping for this address.

Dear Dr. Zhao,
Thank you for contacting The Optical Society.

For the use of material from M. Zhao, H. Zhang, G. P. Mylonas, and D. S. Elson, "Cable-Driven Parallel Robot Assisted Confocal Imaging of the Larynx," in Biophotonics
Congress: Biomedical Optics 2020 (Translational, Microscopy, OCT, OTS, BRAIN), OSA Technical Digest (Optical Society of America, 2020), paper TTu4B.4:

0OSA only has copyright for the compilation of the conference proceedings, not the individual papers themselves. As the authors retain copyright to the
individual paper, an OSA credit statement is not needed, although we do request a complete citation be included in any publication or adjacent to any posting.

Please let me know if you have any questions.

Kind Regards,
Hannah Greenwood

Hannah Greenwood
December 7, 2020
Authorized Agent, The Optical Society

The Optical Society (OSA)

2010 Massachusetts Ave., NW

‘Washington, DC 20036 USA

WWW.053,.018

Season’s Greetings from OSA!

Please note that the OSA office will be closed for the holidays from Friday, 25 December 2020 reopening Monday, 4 January 2021.

Reflecting a Century of Innovation
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