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Abstract

Advances in Minimally Invasive Surgery (MIS) are driven by the clinical deitameduce the
invasiveness ofurgical procedures so patients undergo less trauma exiperiencefaster
recoveies These well documented benefitd MIS have been achieved through parallel
advances in the technology and instrumentation used doraegdures. The new and evolving
field of Flexible Access Surgery (FAS\vhere surgeons access the operative site through a
single incision or a natural orifice incisiois, being promoted as the next potential step in the
evolution of surgery In order toachieve similar levels of success and adoption as MIS,
technology again has its role to playdeveloping new instruments to solve the unmet clinical
challenges ofFAS. As procedures become less invasithese instrumentshould not just
address the clanges presented by the complex access routes of FAShbuldalso build on

the recent advances in pand intraoperative imaging techniques to provide surgeons with new

diagnostic and interventional decision making capabilities.

The main focus of ik thesis is the development and applications of a flexible robotic device
that is capable of providing controlled flexibility along curved pathways insidéddg. The
principal component of the device its modular mechatronic joint design which utiss an
embedded micromotdendon actuatioschemeto provide independently addressable degrees
of freedomand three internal working channeonnecting multiple moduldsgetherallows a
seven degreef-freedom (DoF) flexible access platform to be comsted. The platform is

intencedfor use as a research tbstd to explore engineering and surgical challenges of FAS.

Navigation of the platform is realisatsing a handheld controller optimised for functionality
and ergonomi c$r e e dr viaagaae contingemtdcaentrol framework. Under
this framework, the operaiir gaze fixation point is used as feedback to close the servo control
loop. The feasibilityand potentiabf integrating multispectral imaging capabilities into flexible
robotic devices isalso demonstrated A force adaptive servoing mechanism is developed to
simplify the deploymentand improve the consistency of proebased optical imaging
techniques by automatically controlling the contfaice between the probe tip and tatg
tissue. The thesis concludes with the description of RA8 case studies performed with the
platform during invivo porcine experiments. Thes#udiesdemonstrate the ability of the
platformto perform large area explorations within the peritoneal gasndto provide a stable

basefor the deployment of interventional instruments and imaging probes.
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Chapter 1.

Introduction

Few technologies have the potential to revolutionise surgical practice as those in the field of
medical roboatics. Its fusion of technological innovation and new surgical techniques is already
improving patent outcomes in centres around the world. Milestones include procedures such as
robotassisted Totally Endoscopic Coronary Artery Bypass (TECAB) grafting which obviates
the trauma of a sternotomy, allowing what would be traditionally a major invasigeduwne to

be carried out through-8 small incisiongl]. Through intraoperative imaging guidance, there is
strong evidence to suggest thatpecialigd robot for CT planned knee replacement surgery is
more accurate than conventional surgifly The explosive growth of the field in uagly is
demonstratedy the uptake of robotic assisted radical pedsttomy [3-5]. One key to the
success of robotic systems is their ability
complex procedures ugira minimally invasive approach. This redupedient tauma, blood

loss, infection risk and allosvfor faster hospital discharge. However, while sttghe-art

robotic surgical systems have proliferated into operating theatres and academic institutions
around the world, the technology is still initsinfgnc i ndeed, the worl doés

robotic surgical system for soft tissue surgery, the daVinci Surgical System from Intuitive
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Surgical Inc, was only launched in 1999. This particular robot is aopeleated system which
provides a surgeon with a stescopic view of the operative site and continuously monitors
hand and wrist motions in order to replicate such moftimvévo [6]. Crucially however, while
approximately 1400 units have been installed worldwifleand the number of operations
performel with the system is on the rise year on year, the number of different types of

procedures being performed has remained static.

This is due to the fadhat although the daVinci has made significant steps towards the initial
clinical adoption of a robatisystem, it remains unsuitable for many procedures. The long, rigid
nature of its instruments limitshe areas accessible-vivo without multiple incisions
Consequentlyit is impossible tautilise for cases that involve complex anatomical pathways.
Existing robotic devices focus primarily on the task of tissue manipulatievivin Few
systems, for example, address the possibility of integrating imaging probes within the robotic
platform for the purpose of providing a surgeon with enhariogdoperatie information
locally. Although traditional imaging techniques such &omputed TomographyC(I),
Magnetic Resonancd/R) and Ultrasound are being integrated for anatomical localisation and
navigation, limited work has been conducted on the use of newrighpgibes foin-situ tissue
characterisation. Specifically, imaging techniqgues such as {maded Confocal Laser
Endomicroscopy (pCLE), Oigtal Coherence Tomography (OCahd Fluorescence Lifetime
Imaging (FLIM) offer the potential to probe tissues teeritfy underlying pathologies
intraoperativéy without the need for biops¥inally, the significant capital ggense of systems
such as the dénci, coupled withthe large footprint within the operating theatre, limits its
uptake in many hospitals and hbahre systemdvianylaparoscopic surgeons argue that similar
results can be obtained by traditional means but at a fraction of thelrcastderto make
roboics technology truly accessible agdamlessly integrategith normal surgical workflows

it is important to address the pitfalls of current systeamd identifywhen conventioal means

fail to deliver the required precision, consistency and safety

The technical contribution of this thesis is the development of a new type of medical robotic
device for minimally invasive inter e nt i ons . Rat her t happmachh ¢fe mor e
developing full robotic systems to cover an entire surgical procef@lir¢d], the system

described here focuses on developing a flexible access platbolra used for parts othe

surgical workflow when robotic assistance is required. In this configuration, & diaraleter

articulated robot is used to provide access to areas of the body which are currently difficult or
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impossible to reach with rigid instrumatibn While at such locationghe robot will utilise
advanced imaging and sensing techniggembined \ith instrumentation passed through the
deviceto perform early diagnosis and interventions. Example applications of such a device
includetransvaginafallopian tube ligation, identification and removal of qu@ncerous polyps

or lesions during diagnostiaparoscopy and endometrial ablation.

By developing the platform to be compatible with diagnostic imaging and sensing techniques,
and couping this with simple interventional instrumentation, it is envisaged thath future
deviceswill leverage advancem imaging and treatment at a leghr level. In turn this will
integratediagnosis, characterisati@md interventioal stepsinto the existing surgicatorkflow.
The ultimate goal is to provide a surgeon with the ability to disgramd treat early rahthan
6cut t i ngvhen mathatogies erdconditions have become too advanced and irreversible

damage haalreadyoccurred.
1.1Key Objectives and Technical Challenges

The evolution of Minimally Invasive Surgery (MIS) from the gaeldndard of open procedures

has had a major effect on the way in which many procedures are now undertaken. Throughout
its journey, advances in technology and instrumentation have plagadial role. Thus far,

MIS has reached a certain level of maturity, and new approaches such as Natural Orifice
Surgery (NOS) and Single Incision Laparoscopic Surgery (SILS), are being promoted as the
next potential step in the surgical evolution. From a tieethrstandpoint, these terminologies
share many common instrumentation and navigation requirements, and henceforth will be
referred to as Flexible Access Surgery (FAR) the purposes of this thesis, the term Flexible
Access Surgery will be defined agléovs:

Flexible Access Surgery is a term to describe surgical procedures where the flexible nature of
the instrumentation used provides a surgeon with the flexibility to access the target anatomy

from an incisiorconsidered impractical or impossible usingid instrumentation alone.

Example procedures include the use of flexible instruments for-trabgical single port
cholecystectomy or trar@ral endoscopic suimucosal dissection within the stomach. In the
former example articulated instruments ypde a surgeon with the flexibility to access the
gallbladder using only a single incision which can be hidden within the folds of the umbilicus,
while in the latter an augmented flexible endoscope can be used to access the stomach and

perform the procederwithout any incision in the peritoneal or stomach lining. Howewer, f
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such procedues to achieve similar levels of success and adoption as MIS, technological

advancegnust continue in their critical function of solvinqimet technical challenge$his

will allow ever more complex clinical procedures to be performed. Salkhionsneed to not

just addresghe difficulties presented by the complicated access routes of htAwustalso

build on advances in both prandintraoperativamaging techniqueslhese techniques offey

increase the information flow tsurgeonsin-theatre and facilitate both diagnostic and

interventional decision making processes.

The field of robotics is ideally placed tddress manyf theseissues This thesis aims to

present solutions to some of the challenges that will enable FASdocoessfullyperformed.

More specifically, these challenges include:
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Challenge 1:To provide controlled, multipldegreeof-freedom (DoF) flexibility along
curved pathways in a spatialvéronment, such as the peritoneal cavity, with a minimal
footprint within the operating theatre so as to seamlessly integrate into the existing

surgical workflow.

Challenge 2:To improve the ergonomicand controllability of multiple degreef-
freedom rdotic instrumentation and to reduce the number of specialists required to

perform complex flexible access procedures.

Challenge 3:To improve thdantraoperativanformation flow- and hence the diagnostic
capabilities of a surgeon by integrating multispectral imaging modalities or by
providing consistent functional profesed multspectral imaging within flexible

devices capable of performing large area visatiin along curved pathways.

Challenge 4To provide a stable platform to target mimaterventional instrumentation
or imaging probes at any location within the peritoneal cavity from a single incision and

to facilitate rapid instrument exchange when at the operative site.



Challenge 5:To provide controlled bimanual tissue manipulatiord danangulation

along curved pathways in a spatial environment through a single incision.

Challenge 6:To provide high quality visuaation and reduced operator disorientation
when operating along curved pathways in a spatial environment, such asitthreeper

cavity.

Challenge 7:To achieve safe, consisteahd repeatable closure of transrectal and

trangyastric incisions to facilitate further surgical exploration via these pathways.

This thesis will focus on addressing some of the technical issagsdeb the first four of these

unmet clinical challenges. In the following chapters, a detailed account of the instrument design,
system modellingrad configuration, as well as-witro andin-vivo validation will be presented.
Chapter 2 will provide an aerview of existing medical robotic systems with an emphasis on
flexible robotsedd@evobesi andy Htf oy desi gned

operating theatre.

Chapter 3 will investigate preliminary solutions to bo@hallenge land Challenge 3through

the introduction of an articulated robotic device which is capable of-spdtitral imaging. A

key element facilitating the mulipectral imaging is the use of a tunable supercontinuum laser
illumination source and a flexible fibre imagaide as the optical transmission mechanism to
pass light from the distal tip of the device to an external image acquisition system. The purpose
of using such an optical configuratigto investigate its suitability for meeting the flexibility
requiremerg and limited crossectional area available in articulated robotic devittesllows

t he operator t o seamlessly s wi- trefldeted bneagew e e n

¢

acquisitiond and 0f | waotofleosescenocanage acquigittotn 6i Iwli 4 rhiorua

the need for bulky optics or rigid optical transmission media. The key contribution of this
chapter is the demonstration of a doaddality imaging instrument that provides a surgeon with
the ability to perform large area robotically contrdliscans of a spatial environment using

synchronsed white light and tunable fluorescence light in a minimally invasive manner.

While themulti-spectral imaging robatescribedn Chapter3 provides preliminary solutions to

the Challengesl and 3 outlined above, further improvement of the platform is necessary.
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Specifically, whileit is undoubtedly advantageous to hake ability to perform both whit

light and fluorescence imaging using the same optical system, the challenges of the limited
bending radiusresolution and field of view of the fibre image guides hinders their practical
deployment within an articulated robotic platform. Additionally, with the ongoing development
of both commercial mukspectral imaging probes and CCD micameras, the clinal need

has shifted towards a requirement for a flexible robotic device that is capabkéngf standard
instrumentationgither integrating them within the device or facilitating passage of such probes
down through internal channels in a manner simdaan endoscopeChapter 4 will introduce

a modular mechatronic joint design which has been developed to meet these requmenhents
maintaina minimum footprint within theperating theatre. Each degreefreedom within the

joint module features a nadyehybrid micromotostendon actuation scheme. Multiple modules
can then be assembled to createl0oF flexible access robotic device. This system specifically
addresse€hallengel andChallenge4 above by providing controlled flexibility along multiple
degrees of freedom, a small footprint within the operating theatre and the provision of three
internal working channelsThe key contribution of this chapter is the demonstration of a
modular mechatronic joint digs that can be used to createvel multipe degreeof-freedom
instrumens suitable for use as a research platform to investigate many of the challenges facing
the adoption oflexible access surgery

As identified inChallenge2, crucial to the usability of any robotic device intended for use

within an operating theatre is the issue of the control interfabapter 5 will introduce two

different control methodologies developed to contitod flexible accessplatform These

met hodol ogies include both O6st grimdra aidi6toj oy st i
provide the operator witha simple yet ergonomically improved environmemind an
6experimental 6 gaze ,whosetaimstg mvedtigate ewhethar imtlitive nt er f
handsfree control of a multiple degred-freedom instrumenwas possible through the eye

gazeof a surgeon. A key contribution of this chapter is the demonstréti@argaze contingent

control is suitable for controllingflexible mechatronic devicesand the introduction of an

adaptable, intuitive user interfacaitable for rapid deployment in an operating theatre

Chapter 6 will describe a system designed to improve itlieaoperativanformation flow to a
surgeon, as identified i€hallenge3, through the use of robotassisted probbased multi
spectral imaging. Specifically, this chapter will introducdoece adaptive linear servoing

mechanism which clamps a medfpectral imaging probe at its proximal end (as it enters an
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internal channebf the flexible access platforjnand adjusts its insertion length within the
platformbased on the measured interaction force between the distal tip and the sofT lissue.
effectively eliminates the need for the operator to manually manipulatméggng probeand

thus simplifies the ergonomics of the procedure while simultaneously improving the consistency
of the acquired mukspectral imaging data.he validity of this work is demonstrated through

an investigation of the effect of probe contdorce on excisedstomach tissue. Key
contributiors of this chapteincludethe demonstration of a system suitable for consistent probe
based multspectral imagingand the ability to provide a surgeon with-registered white light

and multispectral imges.

Chapter 7 will describe the irvivo deployment results obtained with tifilexible access
platform Specifically, the results described in this chapter @@thonstratéow the system was
successfully deployed during multipkeansvaginalSingle Incison/Natural Orifice Surgery
procedures under pneumoperitoneum in live porcine models. These procedures were used to
evaluate and improve the system desigmeyincluded user trials of different control interfaces,
a diagnostic peritoneoscopy examinationsing both white light and probe based confocal
endomicroscopy and #&ansvaginaltubal ligation procedure performed entirely using the
platform The key contribution of this chapter is the demonstration of the ability dletkible
access platformto gain access from a single incisi@and to provide sufficient dexterity to
explore the peritoneal and pelvic caviti€nce at the target locatiotihe system is capable of
providing a stable platform for the deployment of interventional instrumentatiah pobe

based optical imaging systems

Finally, Chapter 8 will summarise the main tecloai achievements of the thesis aite
potential pithlls of the existing approachdauture research directions for tfiexible access

platform will also be outlined.

The original technical contributions of this thesis include:

- demonstration of a duahodality imaging instrument that provides a surgeon with the
ability to perform large area robotically controlled scans of a spatial environment using

synchronsed whitelight and tunable fluorescence light in a minimally invasive manner
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- developmenbf a modular mechatronic joint design that can be used to create a novel
multiple degreeof-freedom instrument suitable for use as a research platform to

investigate many ohe challenges facing the adoptiorfleiible accesssurgery

- implementationof gaze contingent control methodologies suitafide controlling

multiple degreeof-freedom mechatronic devices in a hafrée manner

- evaluationof a system suitable for consat probe based mulpectral imaging and
the ability to provide a surgeon with-cegistered white light and muisipectral image

information

- in-vivo validation of the ability of theflexible access platfornto gain access from a
single incision throulg a standard trocar port, to retroflex within the pelvic cavity and to
provide a stable platform for the deployment of interventional instrumentation

- the demonstration of the ability of tHkexible access platfornio targeta confocal

imaging probe at nitiple locations within the peritoneal cavity from a single incision

The work presented in this thesis has resulted in the following publications inepesved

engineering and clinical journals as well as international conferences
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Chapter 2.
Robot Assisted Minimally Invasive

Surgery

2.1 Introduction

In its simplest termsminimally invasive argery (MIS) can be described as major or minor
surgery performed through small incisions. During laparoscopic surgery a needle is inserted into
a patient and the abdominal cavity inflated using. @&s. Multiple incisionsof 5-12mmare

then made and trocar ports passed through the incisions. A fibrdrapgsmission lener CCD
camera at the tip @ rigid shaft called a laparoscope is passed through to provide the surgeon
with an illuminated field of viewThisis typically displayed on a patient side monitor. Various
additional laparoscopic instruments déinenpassed through one ororetrocar portsand used

to perform the procedure. The gi@dsufflation provides the surgeon with the space to view the

operating site and maniputathe instruments.
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Figure 2.1: (left) The approximate location of the small incisions required for a multi-port laparoscopic
cholecystectomy(a) and the large incision required to perform an open cholecystectomyb). (right) Some
traditional laparoscopic instruments including a laparoscopeand scissors from Karl Storz GmtH

As evident fromFigure 2.1, the primary benefit othe MIS approach is the use of small
incisionsresultingin less trauma to the patiefit0], and thus decreasm recovery time and
hospitalisation costs. There is also a reduced risk of infection during the procedure. However,
these advantages are offset by the sharp increase in the technical difficulty of any surgical
procedure carried out usinige MIS approach. Due to the fact that the procedure is performed
from outside the body, the surgeon loses the ability to thogtatly see and touch thaperative

site This is compounded by the fact that the tip of an instrument is constrained to thkaarcs o
sphere whose fulcrum is the insertion pdiht]. Due to thigsask§buehasr um e
suturing and knot tying require extensive training as directions are reverst ifil2].

Manual dexterity is also impaired duette use of long, rigid instruments introduced through a
fixed point (Figure 2.1 (right)). This loss of direct visual, haptic and tactile feedbackipled

with dexterity problemscan lead to accidental damage of tis$lig]. Furthermore, when
performing delicate procedures such as beating heart surgery, the desi@abiinduced by

respiratory and cardiac motion affeptecise tissudnstrument interactiofiL4].

The latest evolution ominimally invasivesurgery is the new experimental areafl&xible
accesssurgery (FAS). In FAS, surgeons are moving thecisions away from what would
traditionally be c¢ on sTheyenusetiden telpnehe fiegilplity of mwmé | o c
instrumentation to reach the desired operative site. Subsidiary elements aidifde Single

Incision Laparoscopic Surgery (SIL&nhd Natural Orifice Translumenal Endoscopic Surgery
(NOTES). In SILS surgery, typical procedures performed include cholecystectomies and
appendectomies via the umbilicfi$]. Currently no procedures are routinely performed using

the NOTES technique, however exemplar proces also include hybrid cholecystectomies and
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peritoneoscopie$l6]. Both of these techniques advance the original concepts of MIS by
reducing the number of incisions andréfere the levels of patient trauma. However, as with
MIS, the negative consequence3ILS and NOTES is the increase time technical difficultly

of carrying outproceduresising suchtechniques Challenges include stdptimal location of

the incisions, srgeon disorientation and inappropriate instrumentafiof)y 18] Table 2.1
presents a comparison a@pen minimally invasive and flexible access surgerfrom the
perspectives of patient trauma and technical difficulty for the surgeon. The table is adapted from
[19] and extended to include tipotentialeffects offlexible access surgenA (-) indicates a
negative effect for the patient or surgeon whilg)aindicates a positive effect for the patient or

surgeon

Table 2.1: A comparison of the different effects of opersurgery, minimally i nvasivesurgery and flexible access
surgery from both patient and surgeon perspectives. A {) indicates a negative overall effect and a (+) indicates
a positive overall effect Adapted from [19].

Open Access Minimally Invasive Flexible Access
Feature
Surgery Surgery Surgery
Patient Surgeon Patient Surgeon Patient  Surgeon
Wound - + ++
Hospital stay - + ++
Operation
: + - --
complexity
Wound nfection - + ++
Assistants
. + - --
required
Training required + - - -
Treatment cost - - + + ++ ++

It can be seen that while the M#dFAS approachksto surgeryhavemany benefitsthere are
many challenges tdaheir widespreactlinical adoption However, many of these challenge®

relatal to the complexity of the approach and the levels of training reqtorguerforming the
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procedures.Medical robotics has the potential to make a significant contribtdisolve these
problemsby fusingthe miniaturisation, dexterity and precision of mechatronically controlled
instruments withthe ingenuity of a surgeol.o date, many systems have been developed to
meet these challenges for MIS, however many problems still remagivadsand the new
challeng of flexible accesssurgery has yet to billy addressedn the rest of this chapter, a
brief history and overview of medical robotic systems is provided. The discussidoauglon
three different categories of medical robotics. The first of thesgoaes deals with medical
robotic systems for soft tissue surgery.hel'second introduces devices for surgical assistance,
such as camera positioning sysgeor systems for tool guidance. Finalljye tthird category
describes several stabétheart research prototypes of flexible robotic devices for minimally

invasive surgery.

2.2 Medical Robotics

Although the concept of medical robotics has a long history, influenced by parallel industrial
and military applications, the practical use of robotics iwithe operating theatre started in the
early 1980s. 1 1985Kwoh et al[20] used an adapted Unimation PUMA 20@8s robot to

obtain precise positioning of a biopsy needle dudangeurosurgical procedure via an interfaced
computedomography (CT) scanner. This work, first published in 1288l othempapers from

Taylor [21] and Davieq22, 23]in 1989, represergome of the early work in edical robotics

from a system levelThese original systems described by Kwoh and Tawlere passive
devices which were locked into position with power removed to facilitate the accurate holding
of biopsy probes, drills, fixturestc. during surgery. It was Davies who first carried out a
Arobotic assistedodo sur giroba ko agiively cemave prestativ h e n
adenoma during a transurethral resection of the prostate (TURP) procedure. Tokthesd
systems was to improve the overall efficacy of the surgical procedure in which they were
deployed This same goal underpins the medical robotics systhatare at the forefront of
technological innovation almost two decades later. However, one key point in the evolution of
the surgical robots we see today is that, as per a classical definitiomréhagt robots at all.
Instead of automated systems performing surgery, hdnatdevelopedareroboic-like systems
thatal | ow a surgeonastso sperdfdorsnurfjreolyot These
existing skills of a surgeon to allow him or hergerform procedures in a manrikat would

not be possible befothe advent oEomputer aided surgery.
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For the purposes of providing an overview of the current-sffatiee-art in medical roboticfor

MIS, a list of notable devices and systems has hmwngled. This listis split into three
categories to reflect the nature of the work to be described in the later chapters of this thesis.
The first category lists existing systems capable of carrying out full procedures involving
manipulation and disseoh of soft tissue (as opposed to systems for orthopaedic or
neurosurgical procedures which assume a static target anatomy). Systems on this list include
commercially available platforms which aim to enhanced laparoscopic surgery and
experimental systemshich are attempting to solve some of the challenges poséexiyle

access surgery

The second category lists robotic devices designed to assist surgeons during surgery. The
systemslisted n t hi s cat e goerdyd aroeb omd rce ddpedalsedskillwh i ¢ h
but are not suitable to carry out full procedures. Again, systems on this list include
commercially available platforms designed for laparoscopic surgery and experimental devices

which can be applied fitexible access surgery

The final category lists articulated or flexible robotic devices which are capable of actuating
along curved pathways. Many of these systemst@tén the prototype stage.hE purpose of
including this list is to provide the reader with an understandfnghat technology currently
exists and why #lexible access platforroapable of addressirghallengel to Challenge4 in

Chapter 1 is necessary.
2.2.1 RobotAssisted Soft Tissue Surgical Systems

T h e teofttissuesdrgicalsy st e md i s steenfwhich és disedatsarrysout anyentire

procedure. This is as opposedatvassistive device used to help the surgeon dorihgpart of

the procedureTable 2.2 provides an overview of existing medical robotic systems for soft

tissue surgery.The undisputed success story in this area id#\é@nci Surgical Systernom

Intuitive Surgicallnc, as shan in Figure 2.2. Although its descripton as @r obot i ¢ sur g
s y s timpiied a level of autonomous operatiohis important to note that no actions are
performed autonomously by the system nor does it featuredegigion making software to

replace direct surgeon control. Rather, iaigeleoperation platform which allows a surgeon to
contr ol the motion of mi ni ature tool sThei nsi de

systen consists of two main sectiare patient sidéslaveédunit and a surgicaimastebconsole.
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The patient side cart has a maximum of four arms, one of which holds a stereoscopic

laparoscope, and the remainder of which hold interchangeable surgical instruments known as

Endowrists" [24]. Both the camera and instruments pass through spediatocar ports of

diameter 12mm and 8.5mm respectively. In order to generate the large gfggpesgrequired

for MIS, the instruments are tendon driven with the actuators located outside the body.

Table 2.2; List of Soft Tissue Surgical Systems

Human
System Name  Company / University Type of Surgery References
daVinci Intuitive Surgical Laparoscopic Yes [5, 8]
Zeus Computer Motion Laparoscopic Yes [9, 25]
MIROSURGE DLR Laparoscopic No [26, 27]
University of _
Raven _ Laparoscopic No [28, 29]
Washington
) Tokyo Institute of _
Kawashima Lab Laparoscopic No [30, 31]
Technology
- University of Hawaii Laparoscopic No [32]
ViaCath EndoVia Medical Flexible Access No [33, 34]
CoBRAsurge  University of Nebraska Flexible Access No [35-37]
Nangyang
MASTER Technological Flexible Access No [38, 39]
University
IREP Columbia University  Flexible Access No [40]
- Waseda University  Flexible Access No [41]
Scuola Superiore de )
SPRINT Flexible Access No [42]

Sant 6ant

While operatingthe surgeon places their head insidefasterconsole and sees a magnified

3D image of the operative & e

projected

t hrough

mirrored

ove

are placed into position measuring devices which record the sieegaes of freedortDoF)

possible at the human wrist, ix.y, z translation, roll, pitch, yaw and gr[g3].

The

surgeon

position at the console sich that the view of the surgicabts is aligned with their hands. This
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ensureghat the registration of hand motions to the motion of the tools is both visual and spatial.

Any motion of thes u r g @ands dssaptured at a frequency greater than .Ikiz controller
thentransforms the spatial motion of the tools into the camera frame of reference so that the
surgeon feels as if thei |8]. Thafacttsattlrersiegedanglesésd e t h

the servo control loop allows for compensation of the soft tissue motion and deformation.

Figure 2.2: daVinci S Master Console(left) with patient side Slave Unit(right). The surgeon sits at the master
console and their hand motions are mapped to thminiature instruments on the slave. The large footprint of
the system can be clearly seen. Image source: Intuitive Surgical Inc.

The primary advantageof the systenarethat it restores the degrees of freedom lost during
conventional laparoscopy and provides an ergonomic working position for the surgeon. The
controller also filters out hand tremor above 6Hz and allows for motion scaling. Disadvantages
include a large footprint within the operating theatre, high initial and running costs, a steep
learning curve and the absence of haptic feedback. Currently, the primary application of the
system is for Radical Prostatectof3y. However, as was mentioned in tGbapter 1 while the
number of prostate related procedures being performed each year is increasing, the system has
seen oly limited uptake in other surgical fields. Aside from the expense and large footprint in
theatre, technically, another limitation is that the rigid shaft ofth@owrist™ tools restricts

their workspace inside the body to a direct line of sight from the incision point. These
limitations restrict the ability of the daVinci for performifigxible access surgeiy its current

configuration.

Another notable system for soft tisssergery is the Zeus Surgical Robdthis systemwas
developed in parallel to the daVinci by Computer Motion Inc. It is also eopseated system

with a patient side slave robot featuring three arms and a master console, as shaurein
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2.3. The position of the camera is controlled via voice commands from the surgeon and the
image from the operative site is displayed on a 2D monitor. The surgical instruments are 5mm

in outer diameter and are actuated via a séirigshge mechanism, again with the actuators

located outside the body. One comparative disadvantage over the daVinci is that the Zeus
instruments only feature four motorised degreesesfdom (and two passive degrees)wdver

the smaller diameteesultsin a correspondingly smaller incision. The system was involved in

a number of world first§ including the first roboeassisted totally endoscopic beating heart

bypass graft procedure in 19894] and the firsttran&\t | ant i chofilbipedléi ogn i n
[45]. However, following a legal battle over patent rights, ComphMtetion was acquired by

Intuitive Surgical in 2003 and the manufacture ofZkeswas discontinuedhortly afterward

Figure 2.3: Zeus Master Console(left) and Patient Side Slave(right). This system also operates as a tele
manipulator with the operator sitting at the master console and manipulating instruments which control the
tool tips of the slave located inside the patient. Image source: Computer Motion Inc

While neither the daViricnor the Zeuss suitable for interventions along curved pathways,
development work is ongoing to reengineer the daVincsifagle incision laparoscopsgurgery.
However, the system configuration is rmrticularly well suited to the approach. Problems
such as instrument clashing, limited triangulation and challenging ergonomics indicate that a
more flexible system is requirgd6]. The lattersix systemdistedin Table2.2 aim to provide

such flexibility and the triangulation necessary to perform clinically relevant tasks. These
systems are directly addressi@pallenge5 outlined in Chapdr 1 Eachoffers bimanual tissue
manipulation through the use of instruments which emerge from the system after insertion
through an incision, as can be seen for the [P and VaCath[33] conceptual designs in

Figure 2.4. Still, none of the systenissted in Table 2.2 addressChallengel to Challenge4
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outlined in Chapter 1This is becauséhey do not offer controlled flexibilityalong curved
pathwaysor the ability to pass interventional instruments. Additionally, none of the systems

listed incorporaténtraoperativemulti-spectral imaging techniques.

14/

i

%

Figure 2.4: Conceptual CAD models of the ViaCath(left) and IREP (right) systems for single incision
laparoscopicsurgery. Both systems enter the body via a single incision and extend manipulators for bimanual
triangulation to perform the procedure. Image Source33] and [40]

2.2.2 Assistive Robotic Devices for MIS

The second category of robotic devices to be describéltht of assiste robotic devicedor
minimally invasive surgery These are listed imable 2.3 and represent many different
application areas withithe field of surgery. Several of the systems will be described in greater
detail owing to their importance to the overall evolution of medical robotics as g @ielshsed

on their potential relevance fiexible access surgery

Table 2.3: List of assistive robotic devicedor minimally invasive surgery

System Name ) ) Human
Company / University Purpose References
(Author) Use
_ Laparoscope
AESOP Computer Motion _ _ Yes [47-49]
manipulation
_ _ Laparoscope [48, 50
EndoAssist Prosurgics ] ] Yes
manipulation 52]
_ Laparoscope
Freehand Prosurgics _ _ Yes [53]
manipulation
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Laparoscope

Viky Endocontrol _ _
manipulation
Imperial College _
Probot Prostateaesection
London
Integrated Surgical
Neuromate Neurosurgery
Systems
Pathfinder Prosurgics Neurosurgery
Acrobot Acrobot Company Orthopaedics
Robdoc CurexoTechnology Orthopaedics
Masor Masor Robotics Ltd Orthopaedics
CyberKnife Accuray Ld Oncology
. - In-vivo
Various invivo
visualisation,

robotic devices  University of Nebraska _
explaation and

(Rentschler)

assistance
Variousin-vivo _
) o ) ) ] In-vivo
visualisation Columbia University _ o
_ visualisation
devices (Allen)
L . Legged
Robotic pill Scuola Superiore de o
. locomotion in the
cameras (Dario) Sant édantr

colon

_ Locomotion on
Carnegie Mellon
Heartlander _ _ the surface of the
University
heart

Carnegie Mellon

Micron _ _ Microsurgery
University
Johns Hopkins .
Steady Hand _ _ Microsurgery
University
NASA Jet Propulsion _
RAMS Microsurgery
Laboratory

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

No

No

No

No

No

[54]

[22, 23]

[55]

[56]
[57]
[58]
[59]
[60]

[11, 61,
62]

[63-66]

[67, 68]

[69, 70]

[71]

[72-75]

[76, 77]
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Smart

Scuola Superiore de
Instrument A Athroscopy No [78, 79]
Santodant

(Dario)
Johns Hopkins . _
MRBot _ _ MRI interventions No [80, 81]
University
MCI Harvard University Cardiac surgery No [14]

At an early stage the potential for using robotic systems to hold and position laparoscopes
during minimally invasive surgery was identified. The first such system toFgaid and Drug
Administration EDA) approval was the AESOP, or Automated Endoscopdin@p
Positioning,system from Computer Motiofd9] shown inFigure 2.5. It is operatedvia pre-
calibrated voice commands ans primary benefit isa stable, tremor free mounting of the
laparscope over which the surgeon hastrol. However, problems includerrors with the

voice commands, speed of actuation, setup time andrgfootprint of the systenin theatre.

Figure 2.5: The AESOP voice controlled laparoscope positioning system which was the first FDA approved
robotic device to be routinely used within operating theatres. The system held the laparoscope and provided
the surgeon with a stabldield of view and reduced the number of operators required in the operating theatre.
Image source: Computer Motion Inc.

Additional systems to offer laparoscope holding abilities include the EndoAssist and FreeHand
Surgeon which were commercidd by Prgurgics in 199951] and 2008 respectivelfp3].

These systemgtilise a head mounteihfrared (IR) emitter in conjunction with a foot switch to

track the surgeds head moements and actuate the camera in the desired direction. While
none of these systems are suitable for operation along curved pathways, the evolution of the

designs from the large floor mounted systems, such as the AESOP and the EndoAssist, to the
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compact ad mobileFreehanddemonstratethe clinical importance of reducing the footprint of
robotic devices in theatre.

Figure 2.6: The EndoAssist(left) and Freehand Surgeon(right) laparoscope positioning systemshich usea
surgeon mountedR tracker to control the laparoscopefield of view. Image source: Prosurgics Inc.

The concept of further reducing the footprint of visualisation and assistive tools has been
adopted by the Unwersity of Nebraska, Lincoln and Columbia University through the
development of fully insertable robotic devices. These are intended to be inserted through an
incision andeft in-vivo for the duration of the procedur@his then allowsther instrumentto

be passed through the original incision. Examples include an insertabtit gamera, as
shown inFigure 2.7 (left), and a mobile robot for traversing the peritoneal cagisyshown in
Figure2.7 (right).

Camera Lens

Biopsy Grasper

Figure 2.7: (left) Insertable PanTilt Camera for laparoscopy. lllumination is provided by an embedded LED
and the ring is to facilitate retraction. (right) Mobile robot for traversing the peritoneal cavity, providing
visual feedback and minor interventional capabilities. Imagesource [62]
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This latter system is designeallie inserted throughteocar port to provide visuahsion of the
operative site. Its ability for imivo explorationallows for it to be employetbr additional off
axis visualigition in conjunction with a standard laparoscojléernatively,it can beutilised as
the sole means of visuahg theoperationto reduce the number of incisions requiféd]. It

is an innovative approach to facilitafeexible access wwgery which offers to reduce the
invasiveness of procedureddowever, thee devices have limited means of deploying

interventional instruments amtb notprovide controlled flexibility within the peritoneal cavity.
2.2.3Flexible Robotic Devices for Medtal Applications

A key limitation of existing medical robotic systenssthe constrainimposed by the use of

long, rigid instruments introduced through a fixed point. As a consequence, the workspace of
these tools is limited to a hemisphere of which toear port is the origin. This inability to
follow curved pathways limits the number and type of procedures which are suitable for robotic
assistance. This section will present an overview of currently available flexible medical robotic
devices. The dewes are listed iTable 2.4. Several offer significant potential for deployment
within the field of flexible access surgergnd their advantages andsalilvantages will be

discussed in greater detail.

2.2.3.1Flexible Robotic Devices for Endoscopy

Before introducing notable flexible robotic devices for endoscopy, it is worthwhile to provide a
description of the flexible endoscojieelf. Although thestardardflexible endoscope does not

have any robotic features, it is currently the primary devsss dor flexible access surgery;
particular in its NOTES embodiment. The first reported human NOTES cholecystectomy
described if82] utilised a dual channel videogastroscdpmen Karl Storz Endoskope GmbH
similar to that shown iirigure2.8. The key feature of the device is thelipto steer its distal

tip in two orthogonal degrees of freedddeflection up 200°, deflection down 100°, deflection

left and right 120°)This actuation is achieved using tendons which terminate at the distal tip
and pass through the flexible shafttieé device to two control wheels mounted at the proximal
end. By rotating the control wheels the operator is able to steer the distal tip. The device has an
outer diameter of 12mm and enables passage of endoscopic instruments through two internal
channelswith diameters of 3.4mm and 2.8mm. The device also features a tip mannaigel
sensorand fibre optic light carriers tgrovide visual feedbackAdditional functionality
provided by the endoscope includes the ability to pup to insufflate and creatspace

within a lumen or saline to flush any material (such as btwaissu@ which is obscuring the
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field of view of the camera lensThe system is also capable of providing suction through an

additional channel.

Control Wheels

Steerable
Internal

tip Channels
Flexible
Image shaft
sensor

Figure 2.8: A dual-channel videogastroscope with the steerable tip, control wheels, image sensor, two internal
channels and flexible shaft highlighted. Image source: Karl Storz Endoskope GmbH.

The primary advantage of the device is its ability to follow curved pathways inside the body.
When operating in a tubular lumen, such as the colon or oesophagus, its flexibility can be
exploited to visualise organs which would be impossible to reach wgjitinstruments.
However, even skilled endoscopists can have difficulty navigating the device along the tortuous
path from the rectum to the cecum during a full examination of the colon. The highly
deformable nature of the environment coupled with fiifffecalty in accurately controlling the
endoscope@long its entire lengtban lead to considerable patient discomfort or even perforation
in worst case scenarig83]. To overcome such difficultieseveral roboti@ssisted devices

have been proposed. The two main categories such devices fall intftosesvhich aim to
provide robotically controlled flexibility along their entire length trose which aim to
roboically locomote through the colon using an onboard propulsion mechahetable
examples of both categories will be briefly described below.

An early example of a medical robotic device which offers controlled flexibility along curved
pathwaysis the Active Endoscope proposed by lketa al.[84] in 1988.A schematic of the
system is shown irigure 2.9. It features five segments, @aof which is 13mm in diameter
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40mm in length and is capable of actuating 60° in one plane. Actuation is provided by
antagonistic pairs afhape ramoryalloy (SMA) coil springs arranged around a central stainless
steel coil spring. Water cooling is ustaimprove the system resporaed overall safety. A
novel contribution of this systens that while the actuators for each segment are mounted
mechanically in parallel, the wiring structure is connected in series. This allows for
measuremenpf the angular displacement of each segmeat the electrical resistance.
Consequently,his solves a considerable challenge faatignedical robotic devicediow to
provide onraxis position measurement given the limited space available for traditional position
measurement devices. The devicesdpevide image feedback from amiegratedfibroscope
however there is insufficient space for the passage of interventional instruments. While this
active endoscope represented many technological achievemiémagelyits applicability was
limited dueto the reduced number of degrees of freedom and difficulties in accurately
controlling the SMA actuatorddowever it represent®ne of theearliest flexible devicefor
medical applications available in the literature.

Side flange

-Lead wires

coll spring

SMA coll springs
{ £=array )

. & ¥
| | = Spinal coil spring wl \
— Cooling water tubes A%
( counter flow )

Fiber scope

Figure 2.9: Configuration of the shape memory alloy actuatedActive Endoscop@which provides five degrees
of in-plane actuation from its proximal joint segmens and two degrees of freedom ats distal segment Image
source [84]

The concept of aActive Endoscopéhas been further explored by several companies and
universities. Of these, the NeoGuide Endoscopy system from Neoguide Systems Inc offers a
highly dexterous tendon driven system for colonoscopy. The device features sixteen steerable
segmentswisih O ftheel Eader 6 as the ti p [85 Ths dexteritye d t
and provision of an internal channel (3.2mm in diameter) wbeldery suitable forflexible

access surgeryiowever the system is optimised for travelling the length ofdlen. The result

is a long, heavy device with a support cart whidsa considerable footprint itheatre. An

alternative flexible approach to colonoscopy is that of using-tetinered robots which
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effectively climb through the colon using an onboardpptsion mechanism. Examples include

thebici nspired oO6i nchwor mdé shewystems pavalopead bysPhemiet e x hi b
[86] and Slatkin etal. [87]. Both use alterative clamping and extension strategies to grip the

colon wall and advance inside its lumen. However, both are too flexible for @ppi€ in a

surgical environment as thelp nothave the ability to pass instrumentation and require a lumen

through which to operate.

2.2.3.2 Flexible Robotic Devices for Cardiac Interventions

The attraction of developinfiexible devices to performminimally invasivecardiac surgery is
driven by the extensive trauma a patient undergoes during any procedure requiring a
sternotomy. Providing a surgeon with the ability to intervene at the hé@wdut such an
incisionwould result in greatly reducedviasiveness. However, the anatomical location of the
heart between the lungs and protected by theade presents limited direct lines of approach.
One devicewas developed in an attempt foerform anastomosesiuring Coronary Artery
Bypass Grafting (CABGJ)88]. The device is shown iRigure 2.10 andis unique amongst the
devices presented thus far in thattitises embedded brushless DC motors to achieve actuation
along five degrees of freedorfthe outer diameter of the deviceli@mmso that it can pass
through the intercostal spacédotor rotation is converted to joint rotation via a worm gaad
position feedback is provided by integrated kefflect sensors. This configuration is well suited
to the applications ofiexible access surgergs it has the potential to provide a very small
footprint intheatre due to no requirement for external actuatokpaHowever, the device is
optimised for CABG and so only featureBF and does not provide any internal channels for

the passage of instrumentati@ncontrol wiring.

Figure 2.10: Dexterous Robotic Arm for Cardiac Artery Bypass Grafting. The system features embedded
actuation which offers significant advantages for reducing the footprint irtheatre, however the design does
not provide any space for internal channel$o pass instrunents or control wires Image Source [88]
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A second device designed for cardiac surgery is the Highly Articulated Robotic Probe (HARP)
[89, 90] which is in the process of commercialisation under the name of CardiiAet).

This system aims to provide an access route to pefferible access surgegn the heart via a

single subxiphoid incisionThe version shown ifFigure2.11is 300mm in length and 12mm in
diameter It consists of concentric inner and outer tubes which can alternate between rigid and
limp configurations. The clinical variation of the system hasnaernal channel capable of
passing instruments up to 8 French (2.7mm) in diameter. Each tube is constructed of serially
connected cylindrical links joined by a spherical joint. Forward locomotion is achieved by
making one tube rigid, thus formingdaadkbone) and advancing the other tube by the length of
one link. This tube is then made rigid and the tube which previously provided the backbone
support is made limp and advanced along the pathway defined by the other tube. This process is
repeated to falitate locomotion and théefinition of a three dimensional path, as can be seen in
Figure2.11 Four tendons actuate the device, three to allowtéarieg of the outer tube and

one to allow the inner tube to be made rigid.

RO

&)

-

~.

Figure 2.11: (top) Front and cross sectional view of HARP showing inner (green) and outer tubes (yellqvend
four actuating tendons (black) (bottom)the HARP demonstrating its ability to maintain an arbitrary 3D
shape. Image source[89]

The key advantages of this system include the ability to define and hold an arbitrary shape in
3D, its small diameter and ability to convert from rigid to flexible wdticthe need arise.
However, each joint cannot be independently actuated, which limits-tdmnfigurability of the

device and does not exploit the redundancy of having so many degrees of freedom. The
consequence of this feature is that while the systeesepts excellent characteristics for

following a curved pathway, deviations from that pathway are difficult to achieve without
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retracting the device and restarting the manoeuvre. As such, the system is well suited to
exploration of restricted spacdike the thoracic cavitybut not for the peritoneal cavity where

the ability to explore a large area in a short space of time would be hemeficial
Additionally, although the diameter of the system is small, a large external feeding mechanism

is required.

The flexible robotic system shown fRigure 2.12 is the commercially available Artis&h
Control Catheter from Hansen Medical. It provides preaeatrol over the insertion,
positioning and manipulation of electrophysiological catheters whside the heart. The
system features a tendon driven, tstage flexible tip. The first stagesestwo guide tendont
achievebending in one planevhile thesecond stage features four tendons and provides two
degrees of freedorfor the distal tip. An internal channel allows for the passage of up 8.5
French (2.85mm) instruments. The system is steered from the SeRsbiotic Control System
which provides theperator with fluoroscopic images taken during the procedsrevell as a
superimposed rendering of theatheter configurationThis combination of flexibility and
integrated imaging provides many of the attributes desirableflé@ible access surgery
however itis optimised for use during intdamenal cardiology procedures and so is unable to

support itself outside of a lumen.

- Al S
IA_-_‘! A )

Figure 2.12: The Artisan Control Catheter from Hansen Medical demonstratirg the dexterity provided by the
catheter tip. Image source: Hansen Medical Inc.

2.2.3.3 Flexible Robotic Devices for Laparoscopic Surgery

T heypérHi n do92]rafso from Ikuta eal. at the Tokyo Institute of Technology is another
example of a flexible robotic system for minimally invasive surgery (Sgare 2.13). The

system again features a remotely sited actuation pack with force transmission via tendons
passing through the shaft of the device. It features identical master and dlavenugits r 6
which each consist of fournks serially connected via a universal joiAt ninth degree of

freedom is provided by detachable gripper unit operated loy eanbeddedC micromotor.
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Each joint is actuated by four tendons operating in antagonistic pairs with two for each DoF. A
contribution of the system design is that it attempts to overcome some of the fundamental
design difficultieswhich affect tendon drive mechanisms. This includes placing each axis and
the corresponding tendon connection points in the same plane so that ommalotive
system is decoupled from the other (§&gure 2.14) and compensating for tendon elongation

by ensuring the route length is kept constant during actuation. However, the system does still
suffer from norinear tendon dynamics caused by routthg actuation lines for distal links

through the more proximal joinf83].

I Horizontal drive Wire |

{ Vertical drive wire ]

joint ring

Figure 2.13: Hyper Finger MK1 Master and Slave Figure 2.14: Schematic of the Hyper Finger joint
units. This version of the HyperFinger features 6 Mechanism detailing the decoupled universal joint
DoF. The later version features 8DoF of joint Which serves to eliminate some of the problem:
articulation and a micromotor actuated gripper. Produced by the long tendon transmission paths
Image Source [92] Image source [92]

‘Hyper Finger’
Master Controller

: 'Hyper Finger’
Actuation Pack

Figure 2.15: The view in the operating theatre during a preclinical porcine experiment using the'Hyper
Finger'. The external actuation pack is marked along with the master controller which is an unactuated
replica of the slave unit.Image source [92]

Additionally, due to the nature of the design it is impossible to pass instruments through a

centralchannel. The authors alstaim to havemade significant efforts to reduce the footprint
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of the actuation pack itheatre. However, as can be seeRigure2.15, the pack still represents
a considerable volume which could potentially obstruct surgetra®perativey. This largein-
theatrefootprint of the devicds an inherent problem of systems which feature remote actuation

and limits their suitality for rapid integration into the surgical workflow.

Other notable flexible systems for laparoscopic surgery indluglenodular system developed

as part of the ARES proje{®94-96], andthe Direct Screw Drive (DSD) Forceps manipulator
[97]. This latter systermuses universal joints and flexible shafts to achieve high force
transmission and deflections of the tip through £90° in any direction. However, neither is

suitable for addressinghallengel to Challenge4 as outlined in Chapter 1.

2.2.3.4 Flexible Robotic Device for Laryngeal Surgery

The final flexible robotic system to be discussed in this section is for laryngeal sutgery.
shape memory allofSMA) actuatednaked robot fom Columbia University and Johns
Hopkins University[98] [99]. This system differs from those previously described in that it
provides multiple degrees tieedomthrough the pushpull action ofsuperelasticNitinol tubes.

The prototype shown iRigure2.16 is 4.2mm in diameter and features four suglastic SMA

tubes (arranged with one d¢eal backbone and three secondary backbones spaced emuidist
from this central backboney base disk, an end disk and several spacer disks. The central
backbone is attached @l disks (base, end and spacetjile the secondary backbones are
attached noly to the end disk and are free to slide and bend thrsuigablydimensioned holes

in the base and spacer disks. Varying the lengths of the SMAs allows for bendiBgFn 2he
system is designed to provide enhanced dexterity in the restricted ersiooithe throat and
provides several advantages in this setting. However, as can be seen from the tip mounted
gripper inFigure 2.16, the robot is designed for manipulation tasks and does not feature the

dexterity for large area explorations or internal channels to pass instrumentation.

gripper

moving platform
parallel stage wires
gripper wire

end disk

spacer disk

central backbone tube
base disk

DDU holder

O (0| |[h|& (Wb | —

Figure 2.16: SMA based siake robot showing (left) schematic of internal components andright) the actual
device with two bending sections clearly markedmage source:[98]
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Table 2.4: List of flexible and articulated robotic devices designed for minimally invasive interventions

System Name Company / System Total . OrrJ.glnt Internal
. . Purpose Diameter Actuation Type  Position Reference
(Author) University DoF . Channels
(mm) Sensing
Active Endoscope Tokyo Institute 13 5 SMA wire Electrical
P of Technology Endoscopy Resistance [84]
HARP/CardoarM  Carmedie Mellon o surgery 12and10 3 Tendon . Yes
University gery [89-91, 100]
. Nagoya .
HyperFinger University Laparoscopic 10 8 Tendon - - [92]
. N i E Flexi
Neoguide eoguide — Endoscopy/Flexi 16 Tendon - Yes 85, 101]
Systems Inc ble Access
- - - Johns Hopkins -
Distal Dexterity Uit ) L I superelastic
_ Y & Columbia aryngea 4 be ; ; 98, 99,
(Simaan et a) University Surgery 4.2 NiTi tubes 102]
Tool Guiding thholigkg )
) Universiteit Laparoscopic 2 Tendon - Yes
System (Peirs etl.) Leuven 5 [103]
Artisan Control H Medical Cardiol Intra- Tend v
ansen Medica ardiology endon - es
Catheter 4.7 lumenal [104, 105]
instrumen{Salleet  Paris & Genoa Cardiac Surgery 1% 5 Motor Hall effect (88, 106]

al) University
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Endoscope
Manipulator

(Peirs et a)

Inchworm Device
(Phee et a

Inchworm
Locomotion (Slatkin

et al)

Ares Project

MINIR

Continuum Robot

(Yoonet al)

DSD

Concentric Tubes

(Dupontet al)

Katholieke
Universiteit Endoscopy
Leuven
Scuola
Superiore de Endoscopy
Sant 6a
California
Institute of Endsocopy
Technology
Scupla Flexible Access
Superiore de Suraer
Sant 6a gery
University of
Neurosurgery
Maryland
Hanyang )
_ _ Flexible Access
University
Kogakuin )
_ _ Laparoscopic
University
Boston Percutaneous
University therapy

12.4

24

22

16

12

10

2.77

Intra-

lumenal

Intra-

lumenal

Currently
2

Motor

Pneumatic

Hydraulic

Motor

SMA wire

Tendon

Flexible Shaft

Superelastic
tube

Motor back
EMF

) [107, 108]

[86]

[87]

[94-96]

Yes [109]

Yes [110]

- [97, 111,
112]

ves [113, 114]
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From Table 2.4 and the overview oflexible devices foMIS presented abovdt, is clear that
while many innovative, highuality devices are available, none are suitable for addresaatg

of thechallenges outlined in Chapter 1. A gap exists for a small footprint, flexible device which
can provide independently controllable multiple DoF dexterity, stabilitygatemved pthways

and facilitation of thgpassage of instrumenthrough internal channeldt is also important to
point out that although the use of CT and MRI image guidance is establ@hade with
robotic devicesnone of the systems described in the liteeadiscuss the integration of multi

spectral imaging techniques within robotic devices.

The next section will review the different actuator technologies compatible with minimally
invasive surgery and briefly discuss the merits of different transmisseminanismgor use

with a flexible robotic device
2.3 Actuation Technologies

Key element®f any flexible robotic system for minimally invasive surgargthe actuator and
transmissiormechanisrnused to provide controlled joint motion. The selection of the actuators

is largely dictated by design criteria such as:
1 System dimensions (link diameter, link length, workspace, cross section)
1 Desired actuator placement (embedded, remote)
1 Joint torqueequirement U
9 Joint actuation speaequirementy

The majority of flexible robotic systems described in Section 2.2 utilise remotely positioned
actuators (DC motors, current amplifiers, tendon spools, shape memory alloys) with long
transmission lines pasg through more proximal links to reach the distal units (examples
include SMA wired69, 70, 98, 102, 109, 113, 11&hd tendon§28, 33, 39, 76, 85, 89, 92, 103,

104, 1D]). This approach has one key adtage and one key disadvantagee Bdvantage is

that by placing the actuators remoteljalispace is saved within the robot itself and high force
transmission can be achieved. However, the disadvantage of the approach is that the long
transmission lines introduce nonlinearities and transmissieffidiencies due to frictional
losses, changmpath lengths, girect position sensing aritle joint coupling that can occur in
flexible systems. Additionally, as the number of joints increases so too does the number of

transmission elements taking tige cross sectionarea. Thiseventually limitsthe final number
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of links that can be serially connected\ secondary drawback of remote actuation is that the
actuator pack must be located outside of the patient. This often results in the pack being
between the patient and the surgeshich physicaly separates the surgeon from the operative

site and can limit the space available for surgical assistants.

Table 2.5 summarses several of thevailable actuator modalities that provide sufficient
miniaturisation capabilities for integration into a flexible robotic device. All were carefully
considered fointegration within the flexible access platform, however shape memory alloys,
pneumatics and piezoelectrics were discarded at an early stage. The key reasons for this are
t he A Di Babla2b.aAdditiarglly,scarrens statef-theeam in o f
artificial muscles (IPMC: lonic Polymer Metal Composite and EPAM: Electroactive Polymer

|l i sted i n

Artificial Muscle) were also initially consideredh@&setechnologie®ffer great potential for the
future, in particular sincéhey can act adoth an actuator and a sensoowsver the current
availability of robust and tested products is limited and the high voltages (EPAM) and high
power (IPMC) requird represent hurdles for implementation within a medical robot. The
remaining two transmission technologies (remote tendon and DC motor) will be discussed in

greater detalil.

Table 2.5: Comparison of potential actuator technologiesvhich are compatible with the size constraints of
minimally invasive surgery [31, 106, 109, 116, 117]

Actuation Type Advantages Disadvantages

Good force transmission Transmission inefficiencies
Tendon (remote)

Support miniaturisation Require remote actuation

] Response time

High force ] _

Shapanemoryalloy S Modelling and control issues
Support miniatusgation

Cooling required

Pneumatics

High force transmission

Simple

Difficult to miniaturise

Precise contrdllifficult

Piezoelectric/Ultrasonic

High torque at low speed
High bandwidth
Good holding force

High voltage required
specialsed waveform

Difficult to integrate

Brushless DC

Embedded actuation

Easy to control

Limited torque

Brushless only
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2.31 RemoteActuator with TendonTransmission

As was mentioned in Section 2iBe advantages of employing a tendon drive mechaarem

the good force transmission characteristics small cross sectional area taken up within the
link units. Additionally, the advang@s of pretensioned tendons for providing low friction and
backlashhaveled to their integration within high precision haptic interfaces such as the Whole
Arm Manipulation (WAM) Arm from Barrett Technologigd18], the PHANTOM" from
Sersable Technologie$119] and the Omega/Delta systems from Force Dimen§i@].
However, for the flexible access platform, many of the design requirements are not ideally

suited to the capabilities of tendof®easons for this include

1 As thenumber of degrees of freedom increases, the number of tendons required to
actuate the degrees of freedom also increases. Each additional tendon takes up more
cross sectional area within the link segments and hence reduces the space available to

pass instrments;

1 As the number of tendons increases, so too does the number of actuators located at the

proximal end of the systelaading to a greater footprint in the operating theatre

1 The efficiencyand performancef a pretensioned tendon transmission system would
be reduced over long transmission distances and when passing along tortuous path
lengths. A potential solution to this would be to employnpensatorynechanismsas
provided by the daVinci or demonsedtin[121]. The effects of frictiormlong the route
can also be modelled to improve performafit22]. However,implementingsuch a

routing system for each tendon would takduablespace within tha platformn

1 Remote actuation is not compatible with a modular design approach.
2.32 Embedded DC Motors

The major advantagef DC motorsis the straightforward digital controllability that they
provide. They are also widely available. Howewsty miniaure brushless DC motors offer the
dimensions compatible with the sirestrictionsof MIS compatible devicesOnly a limited
numberof suchminiaturemotors exist anés they scale down in sitiee torqueavailablealso
reduces. Thus angmbeddedDC motor implementation requiregan efficient transmission
mechanism taonvert motor rotation to joint motion. Two different brands of miniature DC
motorswere evaluated as part of this projee:4mmdiametermotor (Namiki Precision Jewel
Ltd.) with two differentgearbox combinations (337:1 and 79:1) and a 3.4fiametermotor
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from Faulhaber GibH with a 125:1 gearboxX hese represent the smallest motors available that
could be of practical use famplementatiorwithin a medical robotic device. Smaller brushless
DC motors available from Namiki include a 1.9ngiameterand a 0.9mndiametermotor.
However, the torque of these motors is measured Mrand so is insufficient for integration
within robotic devices constructed omenscale.Essential comparative information is listed in
Table2.6 below.

Table 2.6: Comparison of miniature brushless DC motorsfrom Namiki Precision Jewel Ltd and Faulhaber

GmbH
Namiki Namiki
Smoovy 0308
SLB04-0829 SLB04-0829
03A
PG337 PG79
_ 3.4 (gearhead)
Diameter (mm) 4 4
3 (motor)
Gear ratio 337:1 79:1 125:1
Stall torque (mNm) 5.7 2.92 1.32
Nominalvoltage (V) 3 3 3

The data in this table indicatbat the 4mm motor from Namiki with a 337:1 gearbox provides
the optimum trad®ff between torque and size.

2.4 Conclusion

In this chapter, a brief overview ekisting medical robotic systens provided.The principal

part of the chapter is abotiexible robotic devices and actuation technologikat could
potentially be utilised in any new design. In particulasnalysis ofthe sysems described in
Section 2.2.3llows the identificatiorof several kg opportunities within the area of medical
robotic systemsWhile many systemwhich fit into the broad descriptionf dlexible medical
roboticd e v iexisennefulfil the requirements of 8exible access platforraswas described

in Chapterl. The purpose of such a device would be to access difficult to reach internal
structuresand facilitate early diagnosistervention through the use of visible and functional
imaging combined with interventionahstruments Existing systems either do not hathe
necessarylexterity to access thiaternal structures from a single incision or do not have the
ability to pass probes to image and intervene at the target site. Additionally, many of the

systems described in Section 2.2 feature large footprinténvitib operating theatre. This may
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appear to be a minor issue, however to ensure repeated use of g gyistentical that rapid

deployment and removal frothe operative sitean be achieved in ordar minimise disruption

of the surgical workflow.

As such, any potentidlexible access platforrwould be required to incorporate most if not all

of the following features:
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1) Biopsy channel(s)

To ensure compatibility with third party interventional instrumentation and imaging probes
any flexible accesglatform should integrate dedicated biopsy channel(s) to facilitate the

passage of instrumentation
2) Visual Feedback

If the purpose ofthe flexible access platforns to reach inaccessible areas key
requirement is to provide visual feedback to the operator. This is vital unless an additional
imaging technique such as fluoroscopy or MRI is used to make both navigational and
diagnostic decisions. Many of the systems described in Section 2.2.8dmnisual

feedback aadesign feature.
3) Functional imaging

The emerging technique of using functional imaging to perf@ptical biopsiedfor in-
Vivo, in-situ tissue charactesation perfectly complements the flexible access provided by
articulated robotic systems. To fully leverage the strengths of both technplrgiesbotic
system shouldonsider integration dhe functional imaging technigues at the design phase.
This combination of a@ss and diagnostic ability offers the possibility of greatly increasing

theintraoperativenformation available to the surgeon.
4) Small footprint

A problem with the daVinci Surgic@ystemand many of the articulated robotic designs in
Section 2.2.3s ther large footprintin the operating theatre. Although systems such as the
daVinci clearly have a different design specification, an articulated device which aims to
facilitate flexible access surgery should aim to be small, easy to setup, lightweight and

portable.



5) Intuitive control paradigm

Any articulated system must have an intuitive control paradigm which allexsperator
to easily control the multiple degrees of freedom. Similarly, many of the systems described
in Section 2.2.3 did not address tissue of how their multiple degrees of freedom are

controlled

Each of these features will be addressed in the design of the flexible access platform to be
described in the following chapters. The mechatronic joint module to be described in Chapter 4
contains three internal channels suitable for passage of interventional instruments, optical
imaging probes and miniature cameras. The joint heodesign also ensures that ftexible

access platform only requires a minimum of space within the operagatréh Chapter ill

present two intuitive control paradigrfa controlling the flexible access platforand Chapter

6 will describe hovithe platformcan be used to improve the consistency of probe based optical
biopsy imaging. The practical benefitsezich of these features will be demonstrated in Chapter

7 with results from irvivo trials. Firstlyhowever, in Chapter 3 the feasibility of integrating

functional imaging techniques into a flexible robotic imaging probe will be investigated.
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Chapter 3:
An Articulated Multi -Spectral
Imaging Robot for MIS

Chapter 2reviewed existing flexible robotic devices for minimally invasive surgery and
outlined their current technical limitations and advantages. The purpose chépiteris to
present an articulated, robotic probe capablprofiding enhancedntraoperatie information

to a surgeomuring MIS. This enhanced information is achievewtigh the provision dboth

white light and fluorescence imaging using a supercontiuum laser sofatteugh imaging
probes have significantly enhanced the capabilities efivio in-situ imaging, their high
resolution and small field of view represent practical challenges in clinicaBypeifically, the

small field of view offered by these probes requires a large number of images to be acquired in
order to provide a funanal map of a large area. This is a time consuming and difficult
process. Additionallymost probes are deployed through endoscopes and attempting to use

them in a spatial environment, such as an insufflated abdasnehallenging. There is a clear
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needfor a flexible robotic device with integrated dual modality imaging that can acquire
targeted multspectral images of a large region in a simple and effective maiiher.
articulated desigpresented herallows the device to explore behind fixed struesy or to trace
overlappingtip trajectories such thatn expandedield of view (panoramgaican be generated.
These reconstructed image sequences can be used to pobwideans with improved
navigation cuesnd simultaneous fluorescence functional magpthat would not be possible

with current devices.

However,the results presented in this chapter represent the initial attempt to develop a flexible
access platform with multhodal imaging capabilities ands will become clear in Sections3.
Discussion and Conclusion, the design approach was ultimately deemed to be incompatible with
the overallgoals of the platform. This resulted in a change in design strategy feonote
tendon actuatioto embeddednicromotoractuation; detailed design dés of which will be
providedin Chapter 4Consequently the results in the subsequent chapters are considered to be
more relevant to the overall contribution of the thesis than Chapter 3. NonethHedessslts
reported in this chapter are importantiriolude on the basis that several crucial lessamsh
influenced the design of the modular mechatronic jaiete learnt duringlevelopment of the
multi-spectral imaging robof o reflect thisithe chapter documents key elements of ramat

its imagingsystembut the more detailecengineeringinformationis included inAppendix |

rather thanwithin the main text of the chapter. Such results include thssembly steps,
(Appendix I.A), mechatronic design detailsAgpendix LC), device repeatability andalig
(Appendix ID) and the steps required for image mosaiciAgpendix LE). However, the
significant results obtained with the robot, includimgdemonstratiorof synchronised white

light and autfluorescence characterisation phantom and exivo tissuue samples are
provided. he key contribution of this chapter is the integration of rag#ctral imaging
techniques within a flexible robotic device compatible with the constraints of minimally

invasive surgery.
3.1 RobotAssisted Multi-Spectral Imaging

One of the recent advances in biophotonicsrimimally invasive surgeris the introduction of
fluorescence imagg for reakttime, invivo tissue characterisatioihis ability of fluorescence
imaging to provide additional information to clinicianstie result of the autofluorescence
emission exhibited bxll biological tissues when excited Ijtra-violet (UV) or visible light.

Critically, this emission spectra differs between healthy and cancerous tmsddblus offers
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the potential to identifghe precursors of cancét23, 124]and metastatic diseafE25]. There
hasconsequentlypeen an increse in clinical demand for systems whigtovide clinicians with
functional information regarding tissue structure which is aailablewhen imaging under

white light illumination alone. An advantage of having systémas combine white light and
fluoresence imagingcapabilities is that the former can provide navigational cues and
traditional evaluation of the tissue surfashile the latter can provide enhanced functional
information throughanalysis ofthe autofluorescence imagefn example demonstiag the
different types of images that can be obtained under white and fluorescence illumination is

shown inFigure3.1 andFigure3.2.

Figure 3.1: Cystoscopy image acquired under white Figure 3.2: Cystoscopy image acquired under blue

light. Credit: Prof. Maximilian Burger, University of  light illumination. The pink areas of the image

Regensburg indicate abnormal tissue structures. Credit: Prof.
Maximilian Burger, University of Regensburg

Two images ofhe same tissue region obtained during a cystoseraminatiorare shownAn

optical imaging agent (Cysviéll (hexaminolevulinate HCI)) is used tamplify the
autofluorescence effect and highlight abnormal tissue structaresnjunction witha dual
modality imaging system (Karl Storz-Dight C Photodynami®iagnostic(PDD)). The image

on the leftwas acquired under white light illuminatiowhile the image on the right was
acquired under blue lightlumination. The pink region which can be seen Figure 3.2
indicates a tissuebnormality not visible under white lightProviding such information
intraoperativelyoffers the potential to increase the accuracy and speed at which diagnoses are

perfomed and thus appropriate treatmadministered

Examples of multimodal (fluorescence and whitéght) imaging systemsthat have been
commercially developed include the K&torz DLight [126], Richard Wolf Combilight PDD
5133[127], Pentax SAFELO00[128] and the Xillix OnceLIFE [129]. However each of these
systemsis incorporated intoeither a rigid laparoscopeor flexible endoscope and thimas

limited actuation capabilities anghust be manipulated by theinician in order to perform

63



exploratory scans of target anatomy. Thalti-spectralimaging robotto be described in this
chapter incorporatedual mode imaging capabilitiesimilar to those mentioned above but
within a small diameterarticulated robotic platform. The advantage of the robotic platform is
that it can be used to imagelbnd fixed structureby fixing its proximal joints and scanning
with the distal tip alone Alternatively, it can employcontrolled joint actuation to trace
overlapping trajectories with the distal tip to genewrateextendedield of view of the target
scene. This ability to preefine trajectories offers the potential for the device to generate

functional maps with synchronised white light and tissue autofluorescence infarmatio
3.2 Mechatronic Design

The proposed deviaeonsists of two cordesignelementsi the mechatronic design required to
provide access, support aegdntrolled articulation at the target siteand the optical design
required for the illumination of the target acapturingof the reflected image. Although clearly
separate element#t, was necessary to carry otite design work in parallel due to thsze
constraints imposed by the restrictiasfsminimally invasive surgery Specifically,the cross
sectional area available fdine structural, actuatiomnd optical componenis limited by the
requiremento minimise the incision diameterA schematic of the overall design can be seen
later in the chaptdiFigure3.5).

3.2.1 Mechanical Design

In order to achieve large area scans with overlapping tip trajectorieauttiespectral imaging
robot features four links serially connected via threBdF revolute jointsO hO h0 . These
joints areattached to the distaind of arigid, hollow shaft 310mm in lengthas can be seen in
Figure 3.3. Each link unit is 30mm in length and the diametebath the links and shafis
8.5mm This diameter is compatible with existing trocar pofitse links feature two internal
channelsthelargerof which isusedto pass the actuation tendossd a flexible fibre image
guide The smaller channel is used to passllumination fibre The fibre image guide and the
illumination fibre will be described in greater detail in Sectionahd Appedix I.B. This entire
unit (shaft and link segments) is connected to a fourth revolute joint which is capable of
providing rotation along the principal axis of the shaf(Figure3.3). This combination of the
three joints providing iplane articulation and the fourth rotational joint allows the device to

point its tip in any direction through 90°.
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Each of the serially connected joints is independently actuated by a 0.5mm diameter steel wire
tendon. To reduce the number of tendons required for actuation, each joint is returned via an
embedded torsion spring, as is marke#igure3.3. The tendon fixation point is offset from the

joint axis of rotation so that when the tendon length shortens, the joint experiences a turning
force. If this turnirg force is greater than the torque exerted by the torsion spring, the joint
rotates. Similarly, when the tendon length adjusts so that it is no longer applying a turning force
on the joint (i.e. the tendon is slack), the torque stored in the torsion sptatgs the joint in

the opposite direction. This torque must be of a sufficiently high magnitude to overcome any
friction in the system. Bearings and washers are used to reduce the effects of friction where
possible. The joint will stop rotating once tiedon is placed under tension. In this manner, the
angular displacement of each joint can be controlled by adjusting the length of its tendon. Using
this configuration, only three tendons are required to control the three degreeplafien
articulationof the robot. These pass down the central channel within the-spalttral imaging

robot; the tendons for the more distal links pass through the proximal links. Eaahdlaé
feat ur es Tandon Chamtnélr haht 6 al | ows t hhelinlanelitupadsi ng t e
through the linkn to the tendon fixation point located on limik1. Further details on this
design, including actuator selection and the geometrical relationship between tendon translation
and joint displacement, can be found in AppgerdC. Other mechanical components of each

link unit include a ball bearing (inner diameter 1mm, outer diameter 3mm), an axle (outer

diameter 1mm), washers and spacers.

Rigid Shaft

~.

Channel for
fibre bundle and

Tendon path to tendons

actuate link n+1

Channel for
illumination fibre

Figure 3.3: A CAD schematic showing the key components of the articulated section of timeulti -spectral
imaging robot. The three axes of irplane articulation (J1, J2 and J3) and the axial rotation (J4) are marked in
red. This articulated section is attached to a rigidshaft 310mm in length. The rigid shaft is then connected to
an actuator pack.
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3.2.2 Electronics and Control Design

Motor control is achieved using an OOMRagrogrammable integrated circ@iRIC). The PIC is

interfaced to a computer via the serial port andustom user interfac&he user interface is

designed to allow an operator to easily implement large area imaging awadhs capture

synchronsed multi-modality images. Given the robot architecture, the most straightfomayrd

to achievethis is to tace a series of concentric circles with the distal tip uging rotate

through 360°. To define the radius of each circular trajectory, the opseitihe required

angular displacements 6fh0 and 0 and saves these values to the system mer@orgethe

desiredrobot configurations havbeen saved by the operator, the system is programmed to

automatically rotate through 360° twice for each saved configurat®mvill be discussed in

Section 3.3, thepurpose of performing two scan runs ts capturereflected white light

information on the first run and tlaitofluorescencmformation on the second run.

The steps performed by the operatoexecute these imaging scansasdollows

1.

The desired agular position for each of the three jointsh0 ho is entered in a
dialog box on the user interfgce

The positions can be entered independently, and once entered the respettivejiein
to the desired position

The positions are finuned unti the operator issatisfied with the position and
orientation of the distal tip

The robot configuration is saved @enfiguration_X

The above procedure is repeated until the desired nuafllEmfigurationshasbeen

obtained

The operator clicks &canbutton at which point the system servos the robot to each
configuration in turn and automatically rotates through 360° twie# each

configuration;

These preprogrammed trajectories can be recalled and executed at a later stage if

required.

The commandsreered in the dialog boxes are sent to the PIC via the serial port. The PIC then

generates thpulsewidth modulated (PWM) signal to control each motdk.detailed position
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repeatability analysis was carried out to ensure that the robot was capabldoomipgr
imaging scans in a consistent and repeatable manner using the protocol described above. Details

of this analysis can be found in Appendix I.D.
3.3 Integration of Dual Mode Imaging Abilities

A significant technical challengeading the integration of a duahodality optical imaging
system into an articulated robotic device is the limited esestional area available once all
structural and actuation elements are in place. In medical endoscopes and laparoscopes,
reflected whié light imaging istypically achieved using an incandescent or arc lamp
illumination source coupled into a fibre bundle or series of lenses for delivery to the target
tissue. However, the incoherent and extended nature of these light sources typicalhg @mequ
transmission fibre bundle with a diameter of sevaidlimetresin order to gesufficientlight to

the target.Integrating such an imaging bundle into tmeilti-spectral imaging robotvould
necessitate an increase in the overall diam#tes limting its applicability for MIS.The multi-

modal (white light and fluorescence) medical instrumeng&ntioned earlier in th chapter
(Karl-Storz DLight, Richard WolfCombilight PDD 5133Pentax SAFELOCO andXillix Onco-

LIFE) utilise such illumination sgtems. When switching to the fluorescence imaging modality

various filtering optics are used to select the desired wavelength frdighthgpectrum.
3.3.1 lllumination System

Since incorporating such an illumination system intorthdti-spectral imagig robotwas not
possible, a novel optical configuration was developedollaboration with Dr. Daniel Elson
from the Biophotonics and Surgical Imaging Lab at the Hamlyn C¢h&@. This utilised a
coherent white supercontinuuibre laser (Fianium SC45p) to provide sequential white light

and fluorescence illumination within theulti-spectral imaging robahstead of the traditional
Xenon light sourceThe laser is capable of emitting light over a broad spectrum and so can be
tuned to emit white light or a specific wavelength as required. Additionally, the coherent beam
of the laser cambe focused into a single muttiode fibre thus reducing the effective footprint
required for the illumination fromx & to‘ & As such, thisllumination source is idebl suited

to the size and flexibility constraints of tha@bot Although the application of this laser device

for fluorescence and fluorescence lifetime imaging has previously been demonfit&dted
132], to the knowledge of the author it has not baglsed for standard or robotic assisted

laparoscopic white light or fluorescence illumination.
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The laser is capable of emitting broadband {4800nm) pulsed light generated in a highly
nonlinear holey fibre. The output was passed through a computer controlled spectral filter
consisting of a dispersive prism (SF2) anahotor controlled slit to allow different wavelength

ranges to be selected automatically. The spectrally filtered ligstthhen coupled into 2m of

high numeri cal aperture polymer clad-20@0em co
using a x20 achromatic microscope objective, as showkiguare 3.5. It is this fibre which

passes down th@lumination fibre channélof therobot Uniform illumination of the field was

achieved through the use of a tip mounted optical diffuser.
3.3.2 Image Acquisition System

In rigid laparoscope systems reflected white light images are tiypaajuired using aeriesof

rod lenses to form an image on the proximal end or using a miniature tip mounted CCD camera
However, the flexible nature of endoscopes precludes the use idf rdd lenses and
consequently standard endoscopes typically acquire images with distally mounted cameras or
flexible fibre bundles which transmit the reflected light to external camera systems. An
advantage of the flexible fibre bundle approach is thmt additional optical amponents
required for specialed operation (such as mdiftiodal imagng) do not need to be miniatweis

and celocated with the camera(s) at the distal fimble 3.1 outlines the properties of the
different image acquisition techniques suitable for integration with devices designed for

minimally invasive surgery.

Table 3.1: Properties of different image acquisition techniques suitable for minimally invasive surgery

Image Transmissior o Image Distal Tip
Flexibility _ .
Type Quality Complexity
Rod Lens None Excellent Simple
Flexible fibre _
Good Average Simple
bundle
Distal CCD Good Very good Complex

To account for the articulated nature of the dedilga limitedcross sectional aresvailableand
to facilitate seamlessswitching between white light and fluoresceriogage acquisitiona
flexible coherent fibre image guide (SumitorfGN-05/10, 10.00Gibres, length 1.5 m, outer
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diameter 0.59mmThe datasheet is provided in Appendix) MBasselected for integration with

the multi-spectral imaging robo®A graded index (GRIN) lens (Grintech GmbH) was cemented
onto the end of the imagguide (diameter 0.5mm, working distance 10mm, NA. 0CB)s uses

a variable refractive index to focus incoming lighmidimages a circular area of 20mm diameter

at a working distance of 35mm onto the distal end of the image guide. This was then passed
down the central channel of thebot(as indicated irFigure 3.3) and exits at the distal tifhe
proximal end of the image guide was imaged ontcC® €Camera (QImaging Retiga Exi) using

an achromatic x10 microscope objeetand 100mm focal length lens. In order to obtain colour
images, a liquid crystal tunable filter was placed in front of the CCD camera. This was
switched between red, green andebfiiters in synchromsation withimage acquisition by the
camera The threecolour channels were calibrated under white light illuminatioom the
supercontinuum lasegand 300x275 pixel imagesere acquired with exposure times of 20ms
for each channel at 6HxVhen the system switches to tHaorescence intensity imaging
modality, the electronically controllable sig adjusted to only pass light shorter than 500nm
and a 500nm longpass interferomnie filter (Thorlabs FELO500)s introduced between the
microscope objective and the 100mm ldnsagesareacquired with an exposure time of 200ms
and a frame rate of 5HZhe actuahcquisitionsetup can be seen igure 3.4 andthe overall

system schemati@s used for the experimental tesjimgFigure3.5.

CCD Camera —
Filter Wheel

Liquid Crystal

V-Clamp Objective Lens Filter

for Fibre

Figure 3.4: Image acquisition system used with thenulti -spectral imaging robotincluding fibre clamp, liquid
crystal tunable filter and CCD camera
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Slit and Mirror

f Silicone Soft’
f Tissue Phantom
Figure 3.5: Schematic of the entiremulti -spectral imaging robot system used during the dual mode imaging

scans. Thesupercontinuum laserillumination source and its associated optical componentthe robotic probe,
image acquisition equipment and silicone tissue phantoare shown.

3.4 Experimental Setup andResults

Two different &perimental tests were carried out with tlobot in order to demonstratits

ability to:

1 Perform sequential white lighinage acquisitiomnd fluorescencémage acquisition

1 Characteris a largdield of viewthrough controlled joint motion

These tests were carried auding a silicone tissue phantom and excised ovine liver, both of

which were infiltrated with fluorescein dy&xamples of static images captured under both

white light and fluorescence illuminatiaf the silicone phantorare shown irFigure 3.6 and

Figure3.7 respectively These clearly demonstrate the ability of the systemdosac r € 6 st anda
white light images and to both excite and detect sluofluorescencesignal from the

fluorescein. Similar images from an-ewo liver sample are shown iRigure 3.8 and Figure

3.9. The mottled surface of the liver can be identified in the white light image, while the
autofluorescere from the fluorescein can be seen in the image acquisaty fluorescence
illumination. These images clearly demonstrate the ability ohthéi-spectral imaging robdb

acquire different information about the targi&fsue when switching between acgition

modalities.
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Figure 3.6: Sample image showing the fluoresceir Figure 3.7: Sample image showing the fluorescein

stained silicone phantom under white light stained silicone phantom under fluorescence

illumination . illumination. Pseudo-colour has been added to the
image

Figure 3.8: Sample image of the liver surface under Figure 3.9: Sample image of t
white light illumination. The mottled pattern of the liver  auto-fluorescescing  under  fluorescence
liver surface can be clearly seen and the fluorescei illumination.

dye is not visible

The experimental protocofor demonstrating the ability of the device to charastesn
extendedfield of view involved tracing concentric circular trajectories. This operation was
performed in a manner similar to that descrilvethe repeatability analysis which can be found
in Appendix I.D The tip of the devicavas setat four different angular displacemerdad
rotated througlctircular trajectories at each positicit eachtip position two rotations of the

device through 80° were carried out at a speed of 36° per second. The first rotation captured
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reflected white light images and the device was then set to capture fluorescence images during
the second rotation. By keeping the tip angular position fixed between rungyithdight and

fluorescence image sequencas besynchronsed.

To illustrate how these synchronised dual modages can potentiallybe employed to provide

a clinician with enhanced visual information, a pair of panoramic views of the phantom tissue
suface were reconstructed from the individual images captured during the robot scans. This
was performed using th&utostitch image mosaiitg software which is freely available online

[133]. The algorithm is capable of generating fully automatic panoramage stitching fom

an image dataset irrespective of rotation, scale and illumination changes. As such, it is ideally
suited to take the individual images acquired by thalti-spectral imaging roboand to
generatean extendedield of view. It performs this task in founain stepsvhich are described

in Appendix |.E Full detailsof can be found ifil34] and[135]:

A total of 145 individual images captured during the four rotations ofrthii-spectral imaging
robot (under both white light and fluorescence illuminatis@re used as the input images for
the dgorithm. Examples of both the reconstructed white light amdfluorescencpanoramas

are shown ifFigure3.10, along with a sulsample of the inpumages.

Figure 3.10: Fused panorama from 145 combined white ligh{left) and fluorescence imagegright) generated
using the Autostitch image stitching algorithm[133]. Pseudecolour has been added to the fluorescence images.
(middle) Samples of white light and fluorescence images indicating the relativieeld of view of each image
acquisition.

Each panoramashows images acquirddom the same region of the siliconantom The
reconstruction increases the effectfiedd of view of the fibre bundldrom a circle of diameter

20mm to approximately 70mmThe total time taken for image acquisition was 100 seconds
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(including 20 seconds to transition between imaging modalities) and 20 séoppasiorama
reconstructionThe fidelity of the white light reconstruction was validatéslially; however it

was not possible to validate the fidelity of the fluorescence panoramaheory a lager
panorama could be generated.owsdver with the configuration described herewas not
possible for theobotto trace a largecircular trajectorywithout damaging thébre bundle. It
should be noted that the information contained in the individual images can be used without

reconstruction, as would be the case in standard endoscopy or laparoscopy.

A similar protocol waautilised when imaging the fluorescein stainédet sample (i.e. four
rotations for both acquisitioonodalities using controlled joint articulation). A panoramic
reconstruction of this scene is not presented as the Autostitch program is unable to identify and
match sufficient features between imagesettimate the camera motion. This is because a
typical image of biological soft tissue contains a limited number of feattités isdue to
conditions such as fréerm tissue deformation, specular highlights and inedlecting lighting
conditions[136]. The author has been involved in a project attempting to solve some of these
challenges in order to improvehe generation of fibroscopic panoram@s37], however

description othis work is beyond the scope of this thesis.

This entire dual mode surface characsion is achieved without requiring external
manipulation of theobot as would be necessary to obtain similar results with a wadlti
laparoscpe or endoscope. Additionally, it is achieveith minimum intervention from the
operator These two features demonstrate how thalti-spectral imaging robotan be
employed to improve thentraoperativeinformation flow to a surgeonChallenge 3).
Additionally, the results verify the ability dhe supercontinuumaser sourcdo provide dual
modeillumination whilst adheringto the miniaturgation requirements of robotassisted MIS

tools.

However,as was mentioned at the introduction to this chapiterexperiments carried out with
the robot also highlighted the limitations of the fibre image guide based imaging system.
Qualitatively, the image quality, resolution and field of view are poor vétpect toCCD
baseddevices on the marke& problem whictwould potentiallypreclude the use of the device
for navigationand explorationPractically, the system could only be deployed under guidance

from an additional laparoscope. lhig instance, th@nboard whitelight visualisation would
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only be used for targeting and -cegistration of the fluorescence data. While such a system
mi ght have u-al oneé §pedra imagingisstrument its overall usefulness for
a clinician is somewhdimited.

A second limitation of the fibre bundle is thequiremento restrict the range of motion of the
robot joints This is hecessargo as not to go beyond thd@nimum bending radius of the image
guide. Exceeding this radius woulekultin damage to the indigual fibres within the bundle.

This inturn would reduc¢heimage quality further. Realistically, the flexible fibre image guide

is more suited to a continuum style bending, similathtd exhibited by an endoscopdere
deflection ofthe distal tip is achieved as a smooth curve rather than disctetalating joint

units. A solution for increasing the resolution and image quality would be to use a fibre image
guide with a larger number of pixels. However, this would have a det@ainefiect on the
minimum bend radius of the fibre&s the number of pixels in a fibre image guide increases

too does the minimum bending radius. The next size larger than the 10,000 pixel bundle
integrated with theobotis the 30,000 pixel IGND8/3Q This has a bending radius of 40mm

which would further reduce the ability of tegstento charactedge an extendefield of view.

3.5 Discussion andConclusion

The multi-spectral imaging robobas successfully demonstrated its ability to perfootmot
assisted white light and fluorescence imaging in a simulated MIS environment. By adhering to
the space restrictions prevalent MIS compatible devicesit demonstrates the feasibility of
integrating dual modality imagingith articulated robotic probe#.also illustrates the potential

for enhancing théntraoperativeinformation flow to the surgeon by effectively increasing the
field of view. Having aflexible robotic devicewith these imaging and sensing capabilities
complements the identified clinicalemand outlined irChallenge3. It brings multi-spectral
imaging capabilitie$o anin-situ, in-vivo settingand thusallowsfor large areareaktime tissue

charactegationandfunctional assessme

Thelessons learnt from the development of the system were quite\db#e.it is undoubtedly
advantageous to have thelapito perform both whi¢ light and fluorescence imaging using the
same optical system, the challenges of the limited benditigs,resolution andield of view
of the fibre image guidéiinders their practical deployment within an articulated robotic

platform. Additionally, with the ongoing development of both third party rsyléctral imaging
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probes and CCD microameras, the clinitaneed has shifted towardke requirement for a
flexible robotic devicecompatible withsuchthird party instrumentation This compatibility
may include integration within thdevice or allow passage through internal channels in a

manner similar to anneloscope.

Improvements are also requirgdthe mechatronic design of the system. Specifically, while the
4-DoF provided by theaobot successfully demonstrated the ability to scan @rerextended
field of view, the dexterity of the device is limited. Modegrees of freedorare necessaryo
perform tasks such as retroflexion on @ntra-abdominal exploration. However,simply
expanding theurrent spring loaded, tendon based actuation sckerukl take up more of the
cross sectional areaithin the 8.5mmdiameter. Such an expansion would &lsiboduce new
control challenges due to the tendon path lemfidmnges and joint couplinthat would occur

during actuation

In conclusion, following the development and testing ofrthéti-spectral imaging robott is

clear that whilefunctional, in its current configuratiorthe instrument is notyet readyfor

clinical deployment as a tool to provide controlled flexibility and increds@@operative
information. It therefore does not fit theveralldesign goals of the flexible access platform and

a new system architecture and design is required to more specifically target the challenges
outlined in Chapter 1. To deal with these challengddle incorporating the lessons learnt from

the multi-spectal imaging robgtamodularmicromotor drivenmechatronic jointvasdesigred

This new desigmwill be describedn Chapted.
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Chapter 4.

Joint Design for a Flexible Access
Robot

The previous chapter introduced anmiculated robotic devicthatfeatured the ability to actuate
along curved pathways and to provide maoitbdal imaging. However, the systeha not meet
many of the requirements fofflaxible access platforras set out in Chapter 1. This chapter will
introduce a modular mechatronic joint design which has been devetopedkeet these
requirements whilsadhering to the principadf maintaining a minimum footprint within the
operating theatre. Each degree adeflom within the joint module features a novel hybrid
micromotortendon actuation schem@ifferent modules can be assembledjetherto create a
multiple DoFflexible accesgobotic device A 7-DoF version of such a device is presented.

This system specdally addresse€hallengel and Challenge4 described in Chapter 1 by
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providing controlled flexibility along multiple degrees of freedom, the provision of three
internal channels through which third party instrumentation may be passed minimum
footprint within the operating theatreDetailed analysis of the joint design including tendon

path length analysis, backlash compensation techniques and torque transmission characteristics
are presentedA system level description of theDoF flexible accesolatform will also be
presentedThe key contribution of this chapter is the demonstration of a modular mechatronic
joint design that can be used the building blocko create novel multiple degreé-freedom

instruments.
4.1 DesignRequirements

Thepri mary aim of any surgical robotic design
given procedure or to enable new procedures to be carried out. Althouflbxible access

platformis envisaged as a genefliexible deviceand not procedure spéci for the purpose of
establishing a clear set of design requirements and,goalsrget clinical application was
identified. The procedureselected was ansvaginal tubal ligatioas described ifi.38]. Given

the overall vision of thdlexible access platform as alowcost 6 f ocusedd robotic

procedure provides an ideal initial clinical focus. Specifically:

1 The transaginal approach requires fall retro-flexion within the pelvic cavity to
visualise and inervene at the fallopian tubes. Theref@digh degree of flexibilityand
stability is required

1 The procedure is relatilye minor surgery and can be performed withdoscopically
compatible interventional instrument$138]. Such instrumentation can be used to
perform the procedure if deployed through the internal channels of the platform.

i The procedre can be carried out under general or locaesthesia as either an
inpatient or an outpatierii39]. Therefore, to provide the flexibility to integrate into
different standards of operating theatrdge system should be lightweight andt

require large infrastructural support to operate

In addition to these procedure specifichtrical requirements, the tramginal tubal ligation
also represents an ideal target application due to the potential patient benefits and the
unsuitability of existing instrumentation. From a patient perspedtive procedure is elective

and can be carried out via a laparoscopy, {iparotomy, standard laparotomy or imaural
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orifice approach via a tramaginal colpotomy. The option of teansvaginalapproach offers
several advantages due to the lack oeeul incisions, reduced pesperative pain and rapid
convalescence. Howevdp carry out the procedure from this approach is technically difficult
and requires extensive surgical training if performed without special appéta@ls The
procedure has beertt@mpted using an endoscope to provide the necessary flexibility to
visualise the fallopian tubefl38]. However the authors report that the suitability of the
endoscope for the task is limitedSpecific problems include difficulties controlling the
endoscope due to its inherent flexibility and difficulties controlling instrumesised through

the devicedue to he disorientation induced when operating the endoscope in a retroflexed
configuration A flexible, robotically controlled device would be ideally placed to solve these
problemsby providing a stable platfortihrough which instruments can be pasgeattlitionally,

a robotic platform could leveraget s -bBydvri ir wéd ar c hsofttvagecalgorithms ta n d
improve the overall ergonomics and controllabilivhen comparedwith the traditional
endoscope Finally, tubal ligationis one of the most commonly penfeedsurgicalprocedures.

In the United States 643,000 cases were perfoime2D06 [139] thus offering a significant
commerciaimarket for any potential device

Using transvaginal tubal ligatioms the clinical focus, a set of systeeguirementswere
derived. These were based on th&timate anatomical requiremers, robotic system and
dimensionrequirements3rd party instrumentatiorrequirement@andtheatrerequirements. The
details of these specifications can be foundable4.11 Table4.4 respectivelyTheestimated
measurements listed fanatomicalrequiremats Table 4.1 were identified by Dr. James Clark
from a series of eight Magnetic Resonance Imaging (MRI) scans of female pelvises. The
measurements aresed to represent the pelvic volume as a truncated wbhagethe distance
between the right ASIS (Anterior Superior llliac Spine) and left ASIS repregediameter of
the base (widest part) of the cofimarkedB in Figure4.1). The distance between theacral
promontory and the pubis symphysis is considered the pelvic flooreprdserd the top
(narrowest partpf the conglmarkedT in Figure4.1). The height of the e@ is given by the
distance between the pelvic floand the line joining the AS8& (markedH in Figure4.1). The
flexible access platformwill enter the truncated cone at a point within Hreadefined by the
pelvic floor andshould be able to achieve retroflexion withie volumetricconstraintsof the
truncated coneThe approximate locations of these measuremeamisthe anatomicdeatures

areshown inFigure4.1.

78



Sacral §
Promontory |

Pubis Symphysis

Figure 4.1: Approximate location of the measurements in the pelvis used to define the volumetric constraints
for the flexible access platform The truncated core is defined by B, H and TImage Sourcefor 3D model of
the pelvis [141].

Table 4.1: Estimated specificationsbased onanatomical requirementsderived from 8 pelvic MRI images

Constraint Anatomical Measurement
L-ASIS* to R-ASISs 21.7 £ 0.42cm
Diameter of pelvic floor 9.86 £ 1.24cm
Height of pelvic volume 8+1.&m
Below the sacral promontory bilater

Position offallopian tubes in pelvis from midline

*L -ASIS: LeftAnterior Superior lliac Spine
8R-ASIS: RightAnterior Superior lliac Spine

Table 4.2: Systemspecifications related torobot system anddimensions

Robot and System Dimensions

Constraint Design Goal Reason
Diameter <15mm Based on standard trocar ports
To enable largeegion scanning with

Flexibility (individual joints) 45 individual joints
Based ortransvaginaincision and a

Flexibility (combined joints) >180C° requirement to approach the fallopian tube
from above

Max diameter of retroflexion 110mm Based on anatomical dimensions
Function of joint flexibility, number of

Length (individualoints) a40mm joints required for retroflexion and the
anatomical constraints.

Footprint in theatre (robot) Minimal Hancheld or simple table mounting t

seamlessly integrate into surgical workflov
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Table 4.3: Systemspecifications related to 3rd party instrumentation

Instrument Dimensions

Constraint Design Goal Reason

At least one channel is required to

Channels required 1 min, 2 ideal pass interventionahstrumentation

. . 2.8mm min, 3.5mm Based on standard endoscopic
Channel dimensions

ideal instrument dimensions
Visualisation Tip mounted camera .SO additional Iaparoscop_|c
instruments are not required
Lighting Tip r‘.’ou.”ted As above
illumination
Table 4.4: Systemspecifications based ortheatre requirements
Theatre Requirements
Constraint Design Goal Reason
Setup time <20mins Standard theatre setup time
L . For transvaginaltubal ligation faster
< .. .
Total operative time 30mins than existing techniques
Handheld or tele To provide optimum ergonomi
User nterface operated. Single configuration and minimise the
person operable number of people itheatre

Based on these requirements, a mechatronic joint design was devélbeddture integration
of the design into a multiple degreé-freedomflexible access platforrivas considered at all
stages of its development to ensure that the design goals ar&hisetlevelopmentwill be

described in the next section.
4.2 Mechatronic Considerations of theJoint Design

The joint design described in this chapter representsvbkition of anovel actuation design
thathas been refined and improved over the courskeeoproject. While these refinements have
altered the physical appearance of the joint, the initial conceptual design has not changed. The
proposed solution is to take the core benefits identified during the evaluation of Actuator
Technologiescarried ait in Chapter 2and to combine therim an architecturetailored to the
requirements of th#éexible access platfornThe resuing actuation schemie a hybrid system

which combines brushless DC miemwtors with a preensioned tendon drive mechanidm.

the proposed configuration each robot link would house an embedded brushless DC micro
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motor which transmits rotary motion to the joint via a shorttpnsioned tendon transmission

stage The rotary motion is converted to joint rotation through the usa 6fr i ng gear 6
transmission elementhe system is analogous to a biological muscle actuation system where

the DC motor is the muscle and the mechanical tendon is the biological tendon which connects

the muscle to the actuating bone.

Figure 4.2: CAD schematic illustrating the key Figure 4.3: CAD schematic illustrating the axes of
elements of the conceptual design utiing the hybrid  rotation for the hybrid micromotor -tendon actuation
micromotor -tendon actuation scheme scheme

The conversion from rotary motion at the motatput shaftto joint rotationat the rotatable
stageis illustrated inFigure4.2 andFigure4.3. Its operation for anttlockwise rotation of the
motor is outlined belw:

1 Step 1:The brushless DC michmo t o r ma r k e dclockwise , rotates an

i Step 2: The micremot or rotati on causes rotation o
cl ockwise. The wupper external surface of

which a pretensioned tendon is wound

A

1 Step3:As the &éring gear6 rotates clockwise t
exerts a turning force on its fixation point, which is located on thégointiatable stage
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1 Step 4:The moment exerted by the tendon pulling down on the rotatable stage causes

the stage to rotateFgued3ut the axis mar ked

The advardgesof using this hybrid transmission mechanism include:

1 Each link can be developed as a separate stand alone module with a motor(s), tendons,

internal channels and electrical connectjons

1 By actuating the tendons locally within each link they will not dodbject to long

transmission routes or joint coupling as the robot changes orientation

1 The design can be implemented with the module having a single degree of freedom
(pitch or yaw) or can be expandeadamplemented with twdegrees of freedorfpitch

ard yaw). These degree fsttedom would be located at opposite ends of the mpdule
1 Each degree of freedom can be independently addressable

1 Using the tendon transmission is a space efficient method of converting the rotary
motion of the motor into a linearation at the point of connection to the joframe It
means that the motor or gears do not need to be placed directly at the joint, as would be
required in a direct drive system (for example a worm gear and wheel as sH8&}).in

Instead, the motor can be located back down tte Where spacis more availablg

1 The placement of the motor away from the rotating axis results in a large free volume
between the actuating members of individual degrees of fnreetlbis is important for
ensuring that sufficient crosectional area remains available for the internal channels

to pass instruments as the joint rotates through its range of motion

1 With careful design and pretension the tendons can be used to achieve low friction

transmission and torque amplificatidrhis will be demonstrated iBection 4.4

There are however some disadvantages of employing such an actuation schemmirilhe
problem is that of the smalbrque developed by the mienotors. As a consequence of thise
overall link mass must be as low as possible, friction must be rigorously reduced where possible

and additional gearing incorporatetherespace allows.

A prototype onedegreeof-freedom joint module was constructed as a podafoncept for the

actuation scheme and is shownHFigure 4.4 below. The prototyg f eat ur es an 06 e x't
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gear 6 in which the ring gear and tendon ru

tendon runs from the surface of the ring gear to the tendon fixation points via two idler pulleys.

Figure 4.4: Images of the first joint prototype featuring the proposed hybrid actuation scheme. The core
elements of motor(1), ring gear (2), tendon(3), rotatable frame (4) and tendon fixation point (5) are marked.

Over the course of this project five different joint designs were developed and implemented into
the different versions of thigexible access platfornThe changes made edch design iteration
reflectthe lessons learnt from the practical deploymenhefdystem in laboratory and-vivo

tests These changesere carried out in collaboration with Dr. Jianzhong Shang of the Hamlyn
Centre The details of these changes and howfigseble access platforrperformed with the
different design iterations canebfound in Appendix Il. However, the overall conceptual
architecture of a hybrid micromottendon actuation scheme remained consistent throughout
all designs.The next section will describe ttigth and final iteration of the joint desighis

design wa integrated into a-DoF flexible access platforand used for the imivo casestudies

presented in Chapter 7 of this thesis.
4.3 Joint Design Prototype

The conceptual actuation scheme introduced in Section 4.2cerstantlyrefined inorder to
addres the requirements of dexterity, modularity and functionality as definédbte4.2 and
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Table4.3. In its final configuration the proposed mechatronic joint design has the following
key features:

Table 4.5: Key features of the mechatronigoint design

Feature 2-DoF Module 1-DoF Module
Outer diameter 12.5mm 12.5mm
Totallength 43mm 34mm
Weight 10.1g 7.19
Degrees of freedom 2 1
Range of motion +45° per DoF +45° per DoF
Modular Yes Yes
Channel 1 1x3.5mm; 1x3.5mm;
(instruments) (instruments)
Channel 2 1x3.0mm;(camera and  1x3.0mm;(camera and
illumination) illumination)
Channel 3 1x1.8mm;(motor power & 1x1.8mm;(motor
signal) power & signal)

A CAD schematic of the joint module is shown Figure 4.5 below. Figure 4.6 shows the

module from the same perspective except that #ieminium body has been rendered
transparent. This allows more of the internal components to be s&lidionceptually the

design is identical to that shownkigure44wi t h t he excepti ongetahrabt i n
having teeth on its external surfacea n 6 e x t e r e lteeth drenlagated enaits ianer

surface( an O6i nt er.Cankegenhfygehedmi cromotor -is now
gear 6 and the gear itself sits inside the ol
benefits of protecting the actuating elements (i.e. motor, pinion geariagdead inside the

joint body and providing a smooth external surfacEhis joint module design can be easily

modified to provide a single DoF (pitch or yawjroughthe removal of a motor and the

actuation elements at one end of the module.
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Modular
» 4 [nterconnect
\ Board

Module body

\ N
Axis 1 JERIITH Twist and
:’ \ 4 lock feature

Tendon routing

4mm motor

Figure 4.5: CAD schematic illustrating a 2DoF joint module which features two orthogonal degrees of
freedom at opposite ends of the joint segmememdoAdt uat i

transmission scheme and the mode contains three internal channels (&3.5mm, 1x3mm, 1x1.8mm). The
module can be integrated as shown (with-DoF) or as a singleDoF module with one of the DoB removed

Rotatable Link

Idler pulleys

Ring Gear
(outline)

Tendon fixation

Rotatable
point

Link

Figure 4.6: CAD schematicidentical to that shown in Figure 4.5 but with the aluminium body of the joint
rendered transparent so that the inernal components can be visualed
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Given the limited torque available from the embedded micromsigmificanteffort was made

to reduce the losses due to friction between moving parts, to reduce the overall weight and to
reduce the module length. The negative effects of friction were addressed through the use of an
array of micro ball bearings (diameter 0.5mnggad between the ring gear and the inner wall

of the module housing. To stop the ring gear translating axially, a stopper component was
manufactured from Polyether Ether Ketone (PEEK) which is lightweight andubeltating.

The modular interconnect bwh and rotatable linkwere also manufactured from PEEK.
Aluminium was used as the housing of each module and Spect/dFime used as the tendon
owing to its small radius of curvature and higlrength properties. Both gears were
manufactured fronstainkess steeand the pinion gear features a module of 0.25, 10 teeth and a
Pitch Circle Diameter (PCD) of 2.5mrhhe ring gear features an identical module, 36 teeth and

a PCD of 9mm. When attempting to shorten the overall module lghgtimotor (20.4mm frm

base to top of output shaft) was the primary restricting factor. Additiorfadig) a design
perspective it is necessaty ensure thasufficient clearance exists to pass instrumentation
through the internal channel{hen at the maximum angle of diagement (i.e. +45° gA5°).

An example of a real implementation of a single DoF module is shovigure 4.7. The
individual elements of the moduldesign, includingactuation, rotor eectrical wiring,
modularity andpositionfeedback will now be described in greater detail.

Figure 4.7: A single degreeof-freedom joint module. The embedded 4mm motorthe joint body, tendon
routing and the interconnection board can be clearly seen
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4.3.1 Actuation

Actuation ofeach degreef freedom is achieved vi@4mm brushless DC motor (SBL@829,

Namiki Precision Jewel LtdJapap which outputs 5.7mNm of torquaa a 337:1 planetary
gearbox (PG04837). As shown irFigure4.6, a pinion on the motooutput shafdrives a ball
raced Oi nt e ontoawhch raicapgtan gseattachid. The tendon (Spectrdlfibre
Honeywell International Inc) is wrapped around the capstan for one complete rotation and fixed
at one point. The two free ends of the tendon then pass over idler pliags,diameter
2.25mm) beforeunning to the rotatable linkf the jointmodule The tendonshien pass around

the edge of thidink before returning to the joint segment where they are terminated. In this
configuration, the tendons act as an antagonistic pair such that when tigeaingnd capstan
rotate in one direction, the tendon on one side is pulled in while the tendon on theidsiser
reeled out. The pulling motion of the tendon serves to apply a moment about the joint axis and
thus causegoint rotation. By routing the tedons in this manner, the effective torque of the
design shown irFigure 4.5 is doubled when compared to the tendon routing showigare

4.4. This is because the tendon is now pulling on the rotatable link from two locafiass.
torque amplification feature is important due to the small torqaeiged by the micromotors

and will be discussedhigreater detail in Section 4.&chematic diagramef the module design

with key dimensions can be foundAppendix I1.
4.3.2 Motor Electrical Wiring

One of theintegration challengewhen designing thoint modulewas how to connect the
power and signal lines of eanticromotor to their respective drive electronics units. Due to size
restrictions within the joint module these drive electronics units are located remotely in a Motor
Control Box which will be described in Section 8.Each motor requires four connections
(phases U, V, W and Commosee Appendix )l and needs to be connected to-phase
sensorless drive circuit (SSD04, NamikiecisionJewel Ltd). A standard SBLE@829 motor
features a short Flexible Printed Circuit (FPC) which connects to the SSD04 via a Zero Insertion
Force (ZIF) tab. The length and width of this FPC preclude its placement within the joint
module.In order tofacilitate a fully integrated wiring architectyra custornged version of the
SBL04-0829 was developed in conjunction with Namiki. In this customized veisier-PCs
replaced by a flexible,.Bmm diameter, 2m long,-dore wire. Giverthe cross sectional aresH

the wireit is possible to fit approximatel§ inside the 1.8mm channel of the joint module and

thus control9 motors without additional circuitry Naturally, if multiple joint modules are
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connected sequentially the number of wires ipgsthrough theproximal modulés) will be

greater than the number of wires passing through the distal module(s).
4.3.3 Modularity Considerations

While it would be possible to hardwire each motor directly to the drive electronics by threading
multiple 4core wires throug the 1.8mm channeduch approach would not allow adjacent joint
modules to be linked up inraodularmanner. To address this requirement, the rotatable link on
each end of the module features a custom O6tw
features a circular array of spring loaded contact pins (PR81SCoda Systems Ltdyhich

allow electrical connections to be madetween adjacent joint segmentsUsing this
architecture,hte electricalconnectios between the drive circuits and motams carried over 4

core wires when inside the joint modulend through the contact pins when passing between
adjacent joint modules. Three contact pins (and one ground pin common to all motors) are
required for each motor and so a limit exists on the totalber ofmotors that can be supported

in this mannerThe current configuratigrwith the contact pins listed abgwean support up to
seven motors within a 12.5mm outer diamefelCAD modelof the modular interconnect can

be seen ifFigure4.6 and a realmplementatiorcan be seen iRigure4.7. This figure shows an
example of a “DoF module designed to be connected as the distal mofitile flexible access

platform
4.3.4Position Feedback

A significant design challenge addressed when developing the joint design was thattof h
measure the angular displacement of each degree of freedom given the space and wiring
restrictions inside the joint module. In the final design thusitpn feedback is provided by a
miniature potentiometer (3203X103P, Tyco Electronics) mountedherjoint axle as can be
seen inFigure4.8. In order to measure a rotation of the jaidng its axisthe outer casing of
the potentiometer is fixeth the housing while the inner rotatimgper of the potentiometelis
fixed to thejoint axle Therefore as the joint roes, the axle causes the wiper to rotatetard
resistance of the potentiometer is changed. By measuhigy resistancethe angular
displacement of the jointan be calculated. his particular mountingconfiguration is
advantageouas itprovides directon-axisdposition readings and thus is not susceptible to any
backlash introduced by the gearboxtbe tendon transmigs stage. Theadvantages of the

sensor when compared to other sensing techniques include the following:
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1 Smallfootprint: The small volume of the sensor (3.4mm x 3.4mm x 2mm) allows for

integration inside the joint modyle

f No additional circuitry is requed: Potentiometers are staiatbne electrical

components and do not require additional circuitry which would take up space within

the joint unit

9 Efficient wiring architecturePower and Ground lines can be common for multiple

sensors which means that yine signal line is required per joint axis

1 Modularity: The power and signal lines for the potentiometer are compatible with the
modular architecture of the module design.

Module 1 .
Contact Pins

#Module 2

Potentiometer

Figure 4.8: Image of two conneced joint moduleswith orthogonal axes of rotation. The potentiometer used for
position sensingcan be seen. The modular interconnect and some contact pins can be clearly identified

The potentiometer shown iRigure 4.8 was fitted to the joint module after the module was
constructed. As a result it is located on the outside of the module housing. However, sufficient

space does exist to integrate fhotentiometer inside the module.

It is worth noting thatte joint position feedback from the potentiometers was not used during
the experiments carried ofdr this thesis. However, they have been integrated intfidkible
access platformVersion_4and an assessment of the repeatability of this position feedback
mechanisnis outlined in Appendixil. Thesystem iurrentlybeing used as a telsed by other
researchers and preliminagfosed loop control algorithmbave already been implemented
[142]. The implications fothe use of closed loop position feedback control withplh&orm

will be further discussed in Chapter 8.
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4.3.5 Module Desigriteration s

The joint module design introduced in Section 4.3 is the resuttulfiple design iterations
which took place during this project. At each iteratiomeav flexible access platforiwas
constructed.Five versions of the platform were constructed in total and their technical
differences are documented in AppendixTlhe design itetiors weredriven bytechnical and
clinician feedbackrom both laboratory and #wivo trials, and the module design changed three
times during this process list of the key differences in the module iterations can be found in

Table4.6 andtechnical schematics can be found in Appendix Il.

Table 4.6: Key differences in joint characteristics between design iterations

Range Axisto

Channel(s
Platform  pjameter ) of Axis Motor Modular
diameter .
Version (mm) (mm) motion  Length  wijring  Interconnect
mm
©) (mm)
_ External
Version_1 11 1x2.5 +30° 42 No
FPC
Version_2 11 1x2.5 +30° 42 Integrated No
_ 1x1.8
Version_ 3 125 +30° 40 Integrated No
2x3.0
_ 1x1.8
Version_ 4 125 +45° 35 Integrated Yes
2x3.0
1x1.8
Version_ 5 12.5 1x3.0 +45° 35 Integrated Yes
1x3.5

The joint module design introduced this sectionaddressesnany of the requirements of the
flexible access platformlit provides a building blockof constructing multiple degres-
freedomrobotic devices which are capable of actuating along curved pathwagiso allows
for the passage ahinor intenentional instuments andmaging probesPlacement of the motor
away from the rotating link within the body of theoduleprovides a large unrestricted space
beween the capstan and thetatable link which is importantto allow the passage of

instrumentation througheé joint when at extreme angles of rotatiohdditionally, the use of
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an embedded actuation scheme means that no external actuation components are Témguired.

next section will present an engineering analysis of the joint module.

4.4 Joint Analysis

A limitation of the joint module design presented in Secti@iglithe presence of backlash
introduced because the tendon paths on each side of the joint unit (between the pulley and the
rotatable link) do not add up to a constant path length as the jatésoThis manifests itself as

a slackening on the side that is not driving the joint rotation thus causicigabh.To
demonstrate the effect of this backlasto iterations of the joint module design introduced in
Section 43 have beeranalysed The frst iteration of the design highlights the negative effects

of this backlashThe second iteration presents a method for compensating for the change in
tendon path length amdducing the backlasi\n additional advantage of this iteration is that its
terdon routing also amplifiesthe joint torque. This second design iteration is the
implementation used iflexible access platforiersion_5and shown irFigure4.2. Geometric

and schematicepresentations dhe twodesign iteratioa were developed in orddo aid the
derivation of equations necessary to carry out this analysissimplified schematic
representation obesign Iteration 1 (DI_1)oint is shown inFigure 4.9. In this iteration the

tendon terminates on the rotatable link

Rotatable

Tendon fixation
point on frame (x2)

Tendon
— |
7 1 Joint axis of

1 rotation (0)

Tendon fixation
point on ring gear

Pulley (x2) —,

Ring gear axis o
rotation (y)

Ring gear

Figure 4.9: Schematic illustrating the key components used for joint analysis. The tendon path is shownlilue
and green with the transition between colours taking place at the tendon fixation point on the ring gear.h&
two primary par ambitheepesend the rotaticm mfdthe ding gear and the rotatable link

respectivelyare shownset equal to 0°.
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4.4.1 Tendon Path Length Analysis Design Iteration 1

Figure 4.10: Schematic illustrating the constantsand variables used to calculat¢he lengthsd andd for
Design Iteration 1

Figure 4.10 showsa schematic withthe key variables required to calculate the variation in
tendon lengths between the pulley and the rotatable linkiéhgthsd and0 ). From Figure
4.10the following relationships can be defined

n | "Q i toe
T
n Q p | i ¢
. IOI’] r] T o
c¢n n

Whereci is the distance between the tendon fixation points on the rotatable link (7.€nm),

is the distance between the plane of the ring gear and the plane of the tendon fixation points on
the rotatable link (6.4mm) andrepresents the fraction of the total len@@hwhich defines the
distance between the joint axis of rotation and the plane of the tendon fixation points (

T Q For a given clockwise rotation of the joint; where— T11J, the lengths of tendons

conneeting the rotatable link to the pulleys andd vary accordingo:

6— o anAlS —

60— n o anAi6 —
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Given these parameteisis possible to calculate the variation in tendon path length as the joint
unit rotatesFigure4.11 illustrates how the tendons move as this rotation occurs and depicts the
variables required to calculate the change in tendon path length from the tendon fixation point

on the ring gear to the pulleys (iie.andi ).

(pulley to (pulley to
fixation point) fixation point)

Figure 4.11: (left) Schematic illustrating the path of the driving tendon during clockwise rotation for 6>0°
(right) Schematic illustrating the path of the driving tendon during anti-clockwise rotation of the joint unit for
6>00

As can beseen inFigure4.11, for a clockwise rotation of the joik{ T11J), asthe ring gear
rotates with an angular displaceméntthe lengths of the tendons connecting the pulleys to the

fixation point on the ringear,i andi , vary according to:

i i Yo T 0
i i “or T X
Wherel is the radius of theapstan(4.45mm). When the ring gear is driving the joint

module and the link is rotating, the drig tendon is under tension and does not change its
physical length. For example, when the link is rotating clockwise, the right tendon (length
0 i ) is driving the joint (se€igure4.11 (left)) and the variation dd is by definition equal

to the variation in Y0 Y'Y 1. Therefore for clockwise rotations of theotatable link
wherertd — 1 Jthe relationship between the angular displacement of the ringf geand
theangular displacement of the rotatable Jirkis defined by the geometry specifiedrigure
4.10andFigure4.11and is given bg,
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[ —

Whered is the value ob when— tJandi s the value of when— 11, As the ring
gear rotates antilockwise back towards], the left hand tendon becomes the driving tendon
and thereforeY0 Y'Y 1. This allows a new relationship betweerand—for anti-
clockwise ptationsof the ring geafwherettd — 1 J to be defined as:

o0 0 — i i T

r—= i

Similarly, 0 is the value ob when— TtJandi isthe value of when— T,

The tendon path length variatiorss a result ofa clockwise rotation between 0° and 45°
followed by an antclockwise rotation between 45° and @te shown inFigure 4.12 with
respect to the angular displacement of the ring,gedn Figure 4.13 the sane rotation is
shownwith respect to the angulalisplacemenof the rotatable link— Figure 4.12 clearly
demonstrates that whitee6 d r i vd ommgé teemes not undergo any

joint rotdaréev nghet éndon does undergo a

constructing the joint unit is of a finite length, it must be at least as long as the longest path
length fa all possible angular displacements of the joint. Therefore backlash will occur when

the ring gear changes its direction of rotation until the path length variation of the tendon has

been recovered and the tendon is in tensidnis can be seen iRigure 4.13 at the transition
betwee directions of rotation at 45°. Herbettendon must recover the change in length before

—will changeand the linkrotates.
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Plot of left and right tendon path length vaggtior
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tendon path length (mm)

v (degrees)
Figure 4.12: Tendon path length variations plotted with respect to ring gear rotation. Themaximum change in
tendon length and theregion of rotation where maximum backlashoccurs are marked

Plot of left and right tendon path length vasatior
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Figure 4.13: Plot of left and right tendon path length variations with respect to theta. The backlash zone,
wherethe tendon path lengths are changingut theta is notcan be seen af=45°
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From these plotdhe maximum variation in tendon path lengin be measured &97mm.

This corresponds to anaximum backlash for the ring gear rotatipn of 12.5%. Plottingr
against—allows the maximum backlaslof the joint unit to be calculated. This valuel® at

— 1 U. Given the proposed application area of the joint mqduwieh a large backlash would
potentially preclude its use on safety grounds. In particular, the cumulative error that would
result with multiple joint modules connected together would be significant. The nexinsectio
will show Design Iteration 2vhich incorporates a compensation scheme for reducing the effect
of this path length variation while simultaneously amplifying the torque applied to the joint by a

factor of approximately two.

Note: A similar set of derivations can be calculated for joint rotatfonstd — 1 4.

4 4.2 Tendon Path Length Analysig Design Iteration 2

Tendon Rotatable
path
; Tendon
Pulley (x2) —. fy. - L(6) fixation

I\ point (x2)

Tendon fixation X
P \

point on ring gear

Ring gear axis o
rotation (y)

Ring gear

Figure 4.14: Design Iteration 2illustrating the enhanced tendon routing method whereby the tendon passes
around the edge of the rotatable link and then passes down to a fixation point on the joint badyhis fixation
point is displaced a distance x from theulley axis of rotation. This displacment allows for some of the changes
in tendon path length to be compensated.

In Figure 4.10 the tendon can be clearly seen terminating onettge of therotatablelink.
However,an alternative tendon routing schemeolves passing the tendamound the edge of
the rotatable link and back down to the frame of the joint b@tlis provides twoadvantages

over simply terminating the tendon oretbdge of the rotatable link
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1 The positon of the tendon termination poiah the frame can be optissid to minimse
the overall variation in tendon path length as the joint ratdteis can be seen by the
tendon displacementin Figure4.14.

1 The output force applied by the ring geBs,, is effectively doubled since there are
now two tendons applying a moment about the joint axis of rotation.olipeit force

will be further discussed in Sectiori4.

Moving the tendon fixation point from the rotatable link back to the main body of the module

housing provides a new parametgrwhich representa displacement of the tendon fixation
point off the axis brotation of the idler pulleys. This displacementaisng the path of the
tendon when— TJ8 By adjustingwit is possible to compensate fewme ofthe changes it
and0 with two new tendorsegments) and0 . The geometric relationship between each of
these parameters is shownFigure4.15. The parameters required to calculttelength ofd
and0 are shown inFigure 4.15 (left) while Figure 4.15 (right) illustrates the parameters

required to calculatthelengthof 0 andi .

‘I‘;-"l ‘\ \
I.‘ . \[4— r —b' "I,"‘I T~ < ry >
Fout 6{”} pi. {;) I(;’r ) \\. 6{)} pI(;)
AN N Ls(0) | |
‘.‘ (ﬂy ) (9_ ‘. ;‘,-‘ (Uﬂ_.:\l___
L) | e L L(0)| | [ py
Py | >y L
0 ‘ \d 0 l

Figure 4.15: Schematic representation of the joint illustrating the parameters required to calculate the
variation in tendon length for (left) tendon segmentd.; and L, and (right) tendon segmentsL3; and L4. The
variables used tocalculatethe resolved output force are also shown.

When calculating the new variation in overall path lengtk valuegpreviously calculatedor

0 A andi

under tensiorior clockwise rotation of the joirigiven— 1), the relationship Y0

Tt was true. This relationship is now repladsd Y0

following values can be defined
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This results in a new relationship between the angle of rotation of the ring gead the
rotatable link,—-for clockwiserotation between 0° and 4&8

, 6 0 — 0 b — i i, Topt

Whereb is the length ob when— 1. Similarly, for anticlockwise rotations between 0°
and 45° whereYd Y'Y Y0  m, the relationship is given by:

6o 0 — 0 0 — i i T pu

= i

Whered is the length off when— m. The resulting plot of Y0 ¥ ¥ with
respectt¢ and YO ¥Yi YO with respectto is shown inFigure4.16.

The plot clearly illustrates that the maximum variation athplength has been reduced from
0.97mm to 0.63mm. This is due to the fact that the new tendon leéhgiimel0 are varying in
opposition tad andd . The variableomay be adjusted in order to match this compensatory
effect with the aim to reduceéhé cumulative variation in tendon path lengths as much as
possible. The value of is set t02.85mm for the plot shown irFigure4.16. Additionally, the

plot clearly shows that as the effective tendon path length increases, the range of motion of the
ring gear also increases. The ring gkamust now rotate through approximately 66° so-that

will rotate through 45°.Figure4.17 illustrates the variation in tendon length with respeetto

and it can be seen that the maximum backlash experienced by the joint unit now ocecurs whe
— 138
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Plot of left and right tendon path length vagationsh e n  x
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Figure 4.16: Plot of tendon path length variations for both clockwise and antclockwise rotations of the joint

untwi th respect to t hwhenrtandogs z@reld sareinootparated.oThe, posiion of the

fixation point on the frame is set x =2.85mm in order to compensate for the variation in length of Iy and L, as
the joint unit rotates.

Plot of leftnd right tendon path length variati®ngien x = 2.85mn
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Figure 4.17: Plot of variation in tendon length with respect to theta. This indicates that the greatest backlash
will occur when P J. However, the variation in path length at this location is 0.63mm which represents a
backlash within the ring gear, a4, of 9.62° and a resulting backlash at the joint oPy of 4.7°
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Given the capstan radiysrcapsian Of 4.45mm and a maximum variatioof 0.63mm, the

maximum angle of backlash on the ring gear,is given by:
i r Yoo ¥i Y0 T po

This gives/ yJ which results in a maximum backlash of the jot,of 4. 7. This
represents a significant improvemenenthe maximum backlash @#° calculated foDesign
Iteration 1and is deemed acceptable for the flexible access platfoisralso worth noting that
W ¢q & & was selected as the optimum solution forcanfiguration considered
6 ma n u f a déntthe coatbxt akexXisting workshop machine tools at the Hamlyn Ceatre
within the other design criteria, such as mirgnyg the overall link length and diametérsuch
restrictions were not in place, it is possible that alternative optimum soleboitbe found.

4.4.3 Joint Torque Transmission Analysis

The previous section analysed the tendon routing scheme of the joint module from the
perspective of variation in tendon path lersgihdbacklash. Equally important is tladility of

the design toransmit the otput torque from the micromotahrough the ring geaand pre-
tensioned tendons to the rotatable lilmkthe design, the original output torque of the motor was
maximised through the use of a small diameter pinion gear and a slight diteiregameter

between the ring gear and the capstan.

Se——
g NG
N
\
oy e L |
N ™

CAPSTAN

Figure 4.18: Schematic diagram of the gearing mechanism showing the joint torque transmission parameters
For clarity, the internal channelsand the locations of the 4mm motors are not shown.
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The transmission is split into three sections, the key variables of which can be &égurén
4.18 (a schematic showing a cross section through the joint unit taken on the plane of the
capstan):

1. A piniongearwhich meshes with h e 0 r to gemerageea forc&

2. The capstathatis welded to the ring gear but which has a different diametiret ring
gearand is rotated with a torqué,

3. The tendon which is wound around the capstad which exerts a forc&) as the

motor rotates.

Given parameters:t uga U a, i &0 4, i p& vand i

T8 & a, the output force of the tenddiQ) can be calculated from:

T z T P X
|

O ——— @

This is the force exerted by the driving tendon on the rotatableHiowever, given the joint
configuration, he momentexerted by the tendon about the axis of rotation will depend on the
angle of the tendon segment with respect to the rotatable linko Farx & the resolved force

will be identical for all driving tendondjowever, forw 1A &, tendond) andd will have a
different resolved force tdendon segments and0 . Figure 4.19 shows the variables

necessary to calculate this value when tengdani is the driving tendon.

Figure 4.19: Schematic illustrating the variables required to calculate the resolved force from tendon segment
L, when that segment is the driving tendonThe variables required to calculate the resolved force for tendon
segment Ly have been omitted for clarity, however, they can be found iRigure 4.15.
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Where the output force exerted by the tendon on the joint unit is given by:

O *AI0 T pyY
1 _ 1 Tt pw
C
| ATet S= e
¢ho —
Fort U — TtdJas the rotatable link rotates.

Similarly, from Figure4.15 whenw Tt

6) ‘> AT110 T ¢p
] -0 T CgQ
C
- 0 — ‘ T o
1 Al O — n‘ N ¢
¢ o — o

Therefore the total torqué, experienced by the joint is given by:

t n 0O O T QT
Figure4.20 shows the torque values for clockwise and-alutckwise rotations of the joint unit
for an input force)Q of 4.61N.

Plot of the net output torque experienced by the rotatable link fa@-rot&ito
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Figure 4.20: Plot of the netoutput torque experienced by the rotatable link as it rotates through45° to 0° (red)
and from 0° to 45° (blue)
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This plot clearly shows the asymmetrical nature of the force transmission, however, the
important feature to note is that the minimum torde joint is capable of developing is
22.3mNm.Theoretically, this torque value is sufficient to cantilever lift (i.e. the lift required in
the worst loading scenario possible) thifethe 2DoF joint modules. This is based on a
calculation similar to thaperformedin Appendix |.Cto computethe torque required to actuate

the multi-spectral imaging robotn this case, the link mass, p ®"Q the link lengthg

T @ & (axis to axis length plus the length of the interconnect fraand)the number dfnks,

£ o.
T "Q T CU
Where:
O &zd4 zu@p T GO
Eza T CX
G

In this case, the theoretical torque requiredBi®&hNm. However, this calculation does not take
the effect of friction or any transmission inefficiencies into accolinti nvesti gate the
worl dé actuati on ¢ a7pDabfledible adcess platbofwad corstrugegd st e m

The next section will describieow this was achieved.
4.5 Mechatronic Configuration of a 7-DoF Flexible Access Platform

This sectionprovides a system lelvdescription a7-DoF mechatronidlexible access platform
constructed through the combinationtafo universal joints (pitch and yaw) and thre®aF
yaw joints as can be seen Figure4.21. To minimise the torque required to cantilever lift the
distal tip in the worst case loading scenario @.eantilever lift from a horizontal position), the
universal joints are aligned ah angle of 45° with respect to the gravity vector. The yaw joints
are aligned with the gravity vector so as to actuate in the horizontal pllaiseconfiguration
effectively maximises the number of degrees meldlomthat the system can have given the
5.7mNm torque available from the 4mm micromotdhe distall-DoF moduleis 32.5mm in
length andthe proximal 1DoF modules are 34mm in lengthh&d 2DoF module is 3mm in
length and features rotatable links orientated orthogonally at both €hdsdistal 1DoF
module is very similar to the proximatloF modules, differing only because the proximal 1

DoF modulesneed connection points on both enflach bF is capable of actuating +42%s
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will be demonstratedn Chapter 7, the system is capable of retroflexing with a maximum

bending radius of 91mm, which is within the volumetric constraints outlined in Section 4.1.

This version of thdlexible access platforrwvas the fifth constructed during this project.eTh

details of the other four systems can be found in Appendix II.

Integrated
Wiring

Figure 4.21: The flexible accessplatform without external sheath. This version of theplatform features seven
degrees of freedom arranged ito two serially connected universal joints and three single degree of freedom
yaw joints. Three internal channels of 3.5mm3mm and 1.8mm diameters run through the system. Its outer
diameter is 12.5mm

4.6 Flexible Access PlatformSystemArchitecture

Previbus sections have described the joint module design, introduced the mechatronic
configuration of the articulatesegmentsand documented the advantages of using embedded
micromotors. However, eally as important for ensuringpat the platform has a smédiotprint
in-theatre is the overall system architectdiiee key elements dhe system are shown kigure

4.22 and those which have not already baddressed wilbe described brieflyThese elements
include themotor control box, the connectionunit, the userinterface and thgraphical user
interface(GUI).
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Figure 4.22: The overall system architecture of theflexible accessplatform including 1: the articulated distal
tip covered in a custom latex sheatt?2: The connection unit on the rigid shaft; 3: The motor control box; 4:
The handheld controller; 5: The GUI

As with the joint module design, five iterations of the system were developed during this
project. The material described beloglates to the fifth iteration. Specifaetails advantages
and disadvantages the four previous iterations can be found in Appeiidix

4.6.1 User Interface

The user interface developed to control th®dF flexible access platfornis a handheld

controller with an integrated thunrdtick. It wasdesignedin collaborationwith Chrigopher

Payne of the Hamlyn Centre.istdecoupled from th#lexible access platforpas can be saén

Figure4.23. This allows the operator to position thiatformin any location and reentation

that is suitable forhe particular surgical procedurand thenhold the controller inan
ergonomically comfortable position. The operator is also free to move around the operating

table and/or to manipulate additional instruments as required. feature is of particular
importance considering the potential for integrating phetform into the existing surgical

wor kfl ow without di srwpgtiickm. cTomé rdéoddceauplegpd ets
several user input devices constedcand tested for this project. More detail of these devices

will be presentedn Chapter 5 Al t erative designs t fexibleed i ncl
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access platformin which a thumistick was located in line with the robot shaft, and a fully
6deceodu pjloystickd in which t heplatormmbut meededt®ehe was
clamped to a rigid structure in order to operate. While the handheld system was advantageous
from the perspective that surgeons are familiar with handheld instrumeatsphbrent
ergonomic limitations of minimally invasive surgery can result in such a device proving
difficult to operate. The decoupled system overcame this limitation by separating the controller
from theplatform however the need to clamp the joystickie table was found to be difficult

to achieve in a theatre environmehtalso does ot fully exploit the advantages of the small

footprint provided by thelatform Consequently, -dgthiec kWddecomutpd @ldl

developed to combine the advages of both systemk providesthe operatowith the ability
to both locate th#lexible access platforrim the most appropriate locaticend allow forcontrol

from any necessary positi@amoundthe operating table

Figure 4.23: Schematic of the decoupled, handheld controllerlt features an embedded thumbstick and
integrated pushswitch. An image of the device being used during an4vivo pre-clinical trial is also shown.

Movement of the thmb-stick causes variations in resistance of two aytimally arranged
potentiometerdlt also features an embedded pistiton which activates when the thustick

is depressed.In order to achieve intuitive control of a multiple degree of freedom system
directoj 0j ot ®t contr ol scheme was i mplemented.
one axis of thehumbstick results in a corresponding movement along one of the seven joint
axes in thdlexible access platform Relative positioning is used change the desired joint

angle with a velocity proportional to tlshange in resistance of the potentiomdiaturally, an
input-output asymmetry exists {QoF in the thumbstick compared to -“DoF in the platforn).

To overcome this, the operator mugtitsh between each joint unit sequentially to actuate the

device. Thisswitching between joint units is achieved by depressing the thstink. When
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initially powered up, the default configuratiomapsthe two axes of the thurrdtick to the two
axes of tle distal universal joinfJoint 1) When the thumistick is depressed, the mapping is
switched to the next universal joi@ioint 2). Subsequent depressions of the thestibk will
resultin the control switching to the thresngle DoF joints in turn(Joints 3, 4 and 5and then

back toJoint 1 This process is schematically illustrated-igure4.24.

Thumb-stick Thumb-stick Thumb-stick Thumb-stick Thumb-stick
depressed depressed depressed depressed depressed
Power ON
(default) R Joint 1 » . > o v , . » Joint5
(distal tip) Jomnt 2 Joint 3 Joint 4 (proximal)

A

Figure 4.24: Schematic illustrating the joint switching functionality of the thumb-stick. As the operator
depresses the thumistick, the control is transferred to the next joint unit in sequence

When the 1DoF joints are active, onlgne axis of thgpotentiometeis mapped. In this manner,

each of the seven degrees of freedom can be controlled using the handheld controller. Further
experimental results demonstrating the efficacy of this control strategy will be discussed in
Chapterb.

4.6.2 Motor Control Box

Due to the size constraints within the joint module it was necessary to locateptteese3
brushless drive electronics rembtefrom the motors. However, since the system is effectively
6drbywer ed6 it plasethe drisesliedironies inamtor control boxvhich can be
located away from the operating table and connected tdlekile access platfornvia
electrical cables. Thus the additional footproftthe platform infrastructuredirectly at the
operating tale is limited to the electrical cables required to connect the motors tmdter
control box In order toensure portability andobustnessand tofacilitate rapid setup in th
operating theatre, the motor control box was constructed from sheet aln(s@eFigure
4.22). Suitable connectors on its external surfaedlew for easy connection of thigexible
access platformthe handheld controlleend the GUI to theinternal control hardwarelhe
internal elements of theontrol boxare shown irFigure4.25 anda photograplitan be found in

Appendix IL

4.6.2.1 Embedded Controller
To allow for realtime control of theflexible access platforrand its associated inputs/outputs,

the main componerdf the control boxis a CompactRIO (cRIO) (National Instruments Carp.)
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This consists of aeattime controller (dR10-9014) and a field programmable gate alfeffGA
backplane (cRIE&®113) which are connected via a high spdathbus. Thereattime contrdier
carries out processing while the FPGA backplane performsleest operations on the
inputoutput lines. Software to control tipdatformwas developed in theabViewdevelopment
environment and three programs (orsMl Virtual Instruments) are reqeid; one each for the
reattime controller, the FPGA and @mputerto host a GUI. The software deployed to the
reattime controller is a dedicate@altime program which features two deterministic control
loops. The first handles any high priority caltidns required for motor control while the
second, less critical controldp, handles nemssential tasksuch as communicain with the

GUI or data loggingThis program is complied on a sepam@eputerand is downloaded to the
cRIO. The program for the FPGA is also developed in lthbView environment. Whan
compiled a configuration file, or bitstream, is generated. This reconfigures the FPGA digital
logic based on the desired task. Forfthrible acess platformall analogue and digital input
signal acquisition and output signal generation are hardware timed and run in parallel loops at
25kHz. Acquired signals are passed to the-timaé controller via the higspeed bus, processed
and therthe sigrals to be generated goassed back to the FPGA. Although a raushputeris
required to develop and compile the software, the cRIO is capable of controllifigxite
access platformas an embedded controller without the need fee@arateomputer However,

in order to display the system state to the operator and to allow for parameters to be adjusted
during operation, a third program runs on a laptop to display an interactive GUI.
Communication takes place over Ethernet. The GUI displays key iafaimsuch as motor
selection,motor power, joystick position ansensor thresholds. During peénical in-vivo

trials the GUI was fed from the laptap a display on a laparoscoptack This allowedthe
operatorto monitor system parameters during ffrecedure Signal acquisition and generation

are carried out using -Series modules (National Instruments Corp.) which plug into the
backplane. Specifically, a MI264 16channel module was used to generate analogue outputs, a
NI-9205 32channel module acired analogue inputs and 8-channeiNI-9401 handled digital

inputs and outputs.
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Figure 4.25: Schematic of the internal components of thenotor control box. The cRIO embedded controller,
the powersupply unit, voltage regulators and drive electronics can be seen.

4.6.2.2 Drive Electronics

As can be seen iRigure4.25, between the outputs on tk&®lO and the motors are an amplifier
section andch motor drive electronicsection Theformeris required due téow current drive

from the NF9264 (4mA per channel typical) while the latter is required to generate the three
phases to drive the brushleB< micromotors. The drive electronics units used were the
SSD04 from Namiki Precision Jewel Ltd. These are sensorless drivewbith commutate
based on the badkMF generated from one of the phases in the micromotor. They feature three
input termirals (Vcc, GND and CW/CCW) and oneSSDO04 is required for each motor.
Therefore, seven SSDO04 units are required to control the seven degrees of fréadom.
analogueoutputs are required per motor (oneptmwverthe motor clockwise and one to turn it
anti-clockwise when requirel Thus 14 of the 16 channels in the-®64 are required.
Current amplification is achieved using highrrent operational amplifiers (OPA551PA)
arrangé in a voltage follower configuration for each of the 14 channiétés amplifierwas
chosen for its high speed and high current capability. For stable operation, the OPA551PA
requires both positive and negative voltage rails. This required implementing a switched
capacitor voltage convertor to obtain a negative output voltage froosiivp input volage.

This was achieved using@L7660 IG and 10uF capacitors. The overattuit schematic for a
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single motor is shown irfrigure 4.26. This circuit was repeated seven times to control all
motors.

+9V

[1
&
<

OPA551PA

Power

24V from PSU L7809CP
0.33uF 0.1uF 10@'; D ) Direction
Di GND

OPAS5TPA

To Motor
SSDO4——»

[0

_Analogue Output 1

“Analogue Output 2

Figure 4.26: Electrical schematic for one motor. The voltage regulator, charged pump capacitor circuit and
current amplifiers and 3-phase drive electronics are shown. The circuit must be repeated for each motor (with
the exception of the voltage regulator)

A power supply uniwas integrated within theotor control box This unit (Recom RCA40
24SA) is an AGDC convertor that plugs into a maipower supply and outputs 24V up to a
power limit of 40W. The 24\powersboth the cRIO (directly, no viage regulation required)

and twovoltage regulators. These regulators step the 24V down to voltages of 6V (L7806ACV)
and 9V (L7809CP) to power thHeardheld controllerand amplifiers respectively. The result is
thatthe motor control boxs simply plugged into a mains supply to power all elements of the
system.

4.6.2.3 Connection Unit(s)

As was described in Section 4.3.a¢ck motor isvired via a 0.5mnuiameter, 4core wire when
inside the flexible access platforue to the high resistance of these wires they are terminated
in the connection unit on the proximal end of the rigid sHafure4.22). This connection unit

is then connected to the control basingfour 9-core wires (Maplin, Part No: XR27EBjith 8-

way DIN plugs on each end. Fo8#way DIN socketslocated inthe connection unit anthe
motor control box allow for all elements to be securely conneciédse cables are each 3m in

length thus allowing thecontrol boxto be located away from the operating table.

4.6.2.4 Handheld Controller
The handheld controller described in SectidghMconnects directly to theontrol boxvia an 8

way DIN connectoona 3m cableWhen this connector is pluggedadrthe control boxpower
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from the 6V rail inside is fed to the thurskick and the necessary sensing lines are connected to
the cRIO.

4.7 Additional Components

Additional components required to complete tlagible access platforrmclude acameraan
illumination system, an external sheath and an internal sheath to guide any instruments passed
through the device. Image feedback from tistadl tip is achieved usingndntroSpicd™ 115

Micro CCD video camera (Medigus Lttsrae) which is threaded through the 3mm channel of
the platform Illumination is provided by two tip mountelight emitting diodes (LED)
(LUXEON® Rebel LXML-PWC10120) nounted on a custorduminiumprinted circuit board
(PCB). The purpose of the PAB to dissipateany heat generated bthe LEDs back to the
aluminiumhousing of thalistal joint module This feature is essential to ensure that the LEDs
dondt o v egrcdniinaods opetationThe LEDs are connected seriglignd their power

and ground lines also pass through the 3mm channel. The internal shegaitlalissinforced
tubing (OSCO Ltd, UK)which has sufficient flexibility to bend as the joumits articulate but
sufficient strength to reirect the passage of any instrument passed through its lumen. These
three components can be seefigure4.27. Finally, the overall system is covered in a custom
6bel | owe d o to pretdctethe insehveoekihgs from contaminatidie purpose of the

bellows is to minimse the mechanical impedam of the sheath as the joint units actuate.

PCB
LED

Medigus
Camera

Internal - LED
Sheath ‘

Figure 4.27: The distal tip of the flexible access platformillustrating the internal sheath to ease the passage of
instrumentation, the camerafor visual feedback and the LEDs for illumination
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Three different images of theDoF flexible access platform are shownHigure 4.28. The

bellowed sheath can be sea theupper and lower images

Universal

Joints Joints

/

Figure 4.28: Images of the flexible access platform to demonstrate its flexibility and degrees of freedom. The
customised latex sheath is also shown in the top and bottamages.

4.8 Discussion andConclusion

The purpose of this chapter was to introduce a new mechafantcdesign suitable for

integration withina flexible access platforrwhich canaddressome ofthe challenges outlined

in Chapter 1In that chager ther e qu i r e me nste dféo rmeac hGaftaocowmni ¢ devi c
The key challenge addressed by this chapter is th&haflengel i the ability to provide

stable, controlled actuation along multiple degrees of freedaohto ensure passage of
interventionalinstrumentatiorand optical imaging probesrhe modular joint design described

here is capablef this and its efficacy will be demonstrated in the following chapters.
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Additional advantages of thpint design includehte use of embeddexttuation within the link

segmentsto reducethe external actuation requirements also presents thpossibility of

providing joint modules which can be interconnected as requirddi s &é modul ari tyé
could potentially be used to construct diffdreconfiguration flexible access platforms

depending on the requirements of a given procedure. By keepirgrnibal elements of the

link segmentdree for the passage of instrumerite deviceis effectively compatiblevith all

existing endoscopic ingtmentaton Thi s el i minates the need for
developed. Another clear advantage of the system isetthendancyprovided by the seven

actuated degrees of freeddna feature which will be further discussed in Chaptérand the

practical usefulness of this dexterity for tasks in the pelvic and peritoneal cavities.

However, if more degrees of freedom are required then optimisation of the design will be
necessary This is due to the fact that there is insufficient torque availbl® the 4mm
micromotor to support any more degrees of freetitan the current seveifihis lack of torque

is also evident from the fact that the system is only capable of actuating the three proximal
joints when their axes are aligned with gravitgowever, during laboratory and ivivo trials

with the system this has not proven to be a problem since thetuated roll and translation
axes (along the shatft of tflexible access platforjrcan be manipulated manually to extend the
workspace of the devic A potential element of future work would be to actuate these two

degrees of freedom.

Other future work which offers many exciting possibilities is ititegrationof robotic control

algorithms with theflexible access platformThe system described rieeis primarily a

mechatronic devicdts utility can be greatly improved by building on the potential offered by

the joint position sensors to inteacuanate o6r obo
manoeuvresuch asstraightermg for removalfrom the patientshape conformance matched to

tissue deformatioror the tracing of specific trajectoriesittv an optical imaging probdt is

anticipated that such robotic control algorithms will be ablgréatly enhance the ability of a

clinician to perform tasks with thdlexible access platform Chapter 8will provide further

discussion on this topic

Finally, in its current formthe flexible access platforms a testbed for exploring and

addressing the challenges outlined in Chapter 1.mFanengineering perspective, ¢an be
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used to explore how the ergonomics and contrdleafble devices can be improved so as to be
made suitable fodeployment irtheatre This will be further investigatedn Chapter 5. From
the perspective of improvingelintraoperativenformation flow to a surgeon, th@atformcan

be used to experiment with prebased optical imaging techniques. This will be further
investigatedin Chapter 6. Lastly, from a surgical perspective, pkeform can be used to
experimentwith clinical applications oflexible accesssurgery. Two such applications were

explored andhe results of prelimingrcasestudies will be outlined in Chapter 7

114



Chapter 5:
Control Strategies for the Flexible

Access Platform

The previous chapter introduced tinain mechatronic elements of tlfiexible access platform
The purpose of thishapteris to use theplatform as a tesbed to develop and explotao
different experimentalcontrol strategiesThe frst strategyutilises a physi cal 6j oy s
user interfaceto allow the operatoto control theplatform in a manner suitable forapid
deployment in a clinical environment. The evolution of tsgr interfacever three different
configurations Wi be describedlts design criteria include providing intuitive control of the
platformgiven its multiple degrees of freedpandprovidinganadaptableergonomidnterface
for use in an operating theati@me based user trialgereperformed to ensure that users could
successfully navigate the device usihg direct goint-to-j o i coritrd schemeproposedin
Chapter 4 The secondontrol strategythat will be introduceds a method of controlling the
flexible access platform thrgh the eye gaze of a surgeon. Results of a stadyest the
feasibility of this approach will be presentethe goal ofthis experimental user interface is to

provide an operator with the ability to contftdxible robotic devices in a handee manner
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and thus allow one amore standard instruments to be simultaneously manipuldtee gaze
contingentcontrol technique uses monocular image feedifiamk the camera mounted in the

tip of theplatformand a commerciaye trackingunit. Interfacing theseamponentsallows the
operator to servothe | at f or hydigkingtheo p € s dixaton posit with thecontrol
software.Two different variations of the gaze contingent control technique were trialled and
results from user studies will be presentéithe key contribution of this chapter is a
demonstration of the feasibility of controlling a flexible robotic device through the eyes of a

surgeon.
5.1 Existing User Interface Strategies for RobeAssisted MIS

As was explained in Chapter 2, many curreiatenf-the-art robotic devices for minimally
invasivesurgeryare not necessarily robots in the true sense of the definition. Instead of carrying

out automated, repetitive tasks, as would occur in a manufacturing plant, medical robots are
mainly masterslave telemanipulators wherenovements ofthe robotic end effectors are
directly controlled by t Heaweab gffeadopisenydna t hi s
el emenmas tTehred 6contr ol el ement i s eqgeguddliny as i
order to ensure that the overall system complexitpaskedrom the operator. One of the key
successes of the daVinci Surgical Robot is the fact that the master console is very totuitive

use Features such as an immersive operating enwieon andvisualspatial alignment of the
surgeono6s h msirdnentmwotion resulsin an ;tuitive man machine interfag@l.

Similar master ontrol stations have been developed for other surgical robotic platforms such as

the Zeug[9] or theViaCath[33]. However, as can be seenRigure 5.1, a limitation of tlis

master console architecture is substantiafootprint within the operating theatre and the fact

that the surgeon is physically separated fronptitesnt.

daVinci master console Zeus master console ViaCath master console

Figure 5.1: Typical master consoles for controlling teleoperated surgical robotic devices. I(nage Sources:
Intuitive Surgical Inc, Computer Motion Inc and EndoVia in [33])
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Thistype of architecture is not compatible with the design goals fdidkible access platform
since the operator wodl be separated from the patieand rapid deployment would be
problematic due to theize of the sulsystems involvedWhat is required for thitexible access
platformis a small footprint, adaptable user interfétat allows the operatdio interact directly

with the patient and control all of the degrees of freedom of the system.

A further extension of a small footprint user interface is the concept of controllinmatierm

i n a totfarld egd OrmEsrapeoach has been described for several laparoscope
manipulation systas such as the FreehafiB] andthe EndoAssis{48], which are controlled

by headmovements andthe AESOP [49], which iscontrolled by voice commands. In these
cases, the user interface is effectively transparent to the operator thus allowing direcrhands
interaction with the patient while simultaneously providing the ability to controfighe of

view of the laparosqme. Howeverthe input resolution of voice or heasbvementcommands

are limited and so controlling flexible device would behallenging An al t er n-ati ve ¢
freed cont r ol gaz cantmgeatanyol In this doritral paradidrthe surgon is
perceptually docked with the robotic systghrough their gaze fixation pointl43-147].
Example applications of this technique which have been developed by Dr. George Mylonas at
the Hamlyn Centre include gaze contingent depth recovery, motor channelling and motion
stabilisation. Gaze contingent depth recovery can be used to extract inforatatiat the tissue
surface iavivo which can aid surgical navigati¢h43]. Gaze contingent motor channelling can

be used to dynamically prescribe and update safety bounfibdigls Gaze contingent motion
stabilisation ca be used to automatically provide a stable frame of reference during complex
procedures which suffer from tissue motifitd6]. These examples demonstrate that the
technique offers the potential for a surgeoimtaitively interact witharobotic device. Ahigher

input resolutioncan be achiead than is possible withvoice or head movement controlled
systems. To investigate theasibility of controllingthe flexible access platforrim this manner,

an experimentalgaze contingent control framework was developed in parallel with the more

traditional mastercontroller.

The following sections will introduce and describe both control stratebiesever it is
important to note that the design goals for each were quite different. The purpose of the first
strategywas to facilitate rapid testing fathe systemfor flexible accesssurgery applications
within an in-vivo environmentwhile the purpose of the second strate@sto investigate the

feasibility of an experimental control technique
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5.2 User Interfaces Suitable for Controlling the Flexible Access

Platform

Three differentd p h y susec iatérfédce designs suitable for deployment durirgvio trials

were developed and testigdparallelwith the different versions of thigexible access platform

The specificd et ai | s of t h-ePlatrby/er silomn@&@r pacei ngs can
Appendix Il. The relative merits of each interface design will nowbbiefly discussedA
significant advantage of the embedded micromotor based actuation schemehis flyatem is
extremely lightweight This compact, lightweight design presented several opportunities for
differentinterfaces. The first interfacedevelopedwas a fully handheld device with a thumb
stick embedded into a pistol grip located at the proximal end of the rigid shaft. The second
interface was a setfentring joystick which is decoupled from the rigid shaft and could be
clamped at any location around the operating tabte third interface is that described in
Chapter 4 and is a handheld controller which features an embedded-gticknbrhe
advantages and disadvantages of each interface are liSiedl@b. 1.

Table 5.1: Advantages and disadvantages of the different user interface designs

Interface Type Advantages Disadvantages
Minimal footprint(no clamp
Handheldntegrated _ _ _
_ required to hold the flexible Poor ergonomics
Thumb-stick

access platform)

Difficult to attach to operating

Small footprint table

Decoupled Joystick SRl Operator musstay near joystick
location for joystick can be

Mechanisnrequired to hold the
found

flexible access platform

Best ergonomics

. Small footprint Mechanism required to hold the
Handheld Thumistick _
Operator free to move around [€Xible access platform
operating table
Not e: The aAdv adaDti agqgey@ntagesod | isted were de

when using the different interfaces during testing. As such, they should be considered specific to
the interfaces and the requirements of the tasks described in this thesis.

118



Each of these istfaces were deployed with the flexible access platform diaibmgyatory and

innvi vo wuser trials designed t+4oj bestbdéthaesadabi
scheme introduced in Chapter 4. The purpofsthese trialsvas to assess if opeoas could

successfully navigate thglatform around a spatial environment given the limitations of the

system. These limitations include the requiremergwitch between joint units to exploit the

degrees of freedonthe lack of positioinformationfeedback to the operator and the orientation

of the distal universal joints at 45° with respect to the proximal degrees of freedom. Only image

feedback from a tip mounted camevasprovided during these trials.
5.2.1 Usability of the 6 J o-to-8 b i @ohti®l Scheme

Multiple user trials were carried oirt an abdominal simulatdil48] in order to evaluate if

userscould successfully navigate tdevice The difficulties facing theisersinclude thedirect

6j etd-jnaai nt & contr ol and the misal heggaxememthe bet we
universal joints This axis misalignment is a result of the torque optimisation detailed in Section

4.5 where the axes of the universal joints were offset by 45° with respect to the gravity vector

These trials were carried out using bothdhk a n dhingbstidkdand thed d e ¢ ojoyptitk& d
user interfaces. To further assess the usability of the joystick imawnadirsetting, additional
user trials were performed during a live porcine experingnfortunately the thumbtick was

not available for usduringthis in-vivo trial.

5.2.1.1 User Trials in a Simulated Abdominal Exploration
HYPOTHESIS

Users can effectively navigate the flexible access platform to perform a large area visualisation
using the direct 6 oi n simulated or livé surgiéal eaviramrhento | pa

using both user interfaces.
THE TASK

Five targets (T2 to T6) were placed at specific locations withensimulated abdominal cavity.
The locations of the targetain be seen iRigure5.2. Version_2of the flexible access platform
(see Appendix Il) was used during these experiments and featldeE.5The task was to
navigate thaleviceto visualse each of theéargets using only the feedback from the onboard
camera. The locations of the targets were selected such that T2 and T3 could edibyali

only actuating the-DoF of the distal tip, T2 T5 required both the distal and medial joints (i.e.
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4-DoF) to beactuated and T6 required all three joint units (and herideF to be actuated

The order in which the targets must be visealirequird the operator to traverse tfiexible
access platfornfrom one side of the simulated abdomen to the other thres tikatarget was
considered visuaded when the target marker was fully inside the camera field of view, as can
be seernn Figure5.3. Both user irgrfaces connect to the motor control box via identieab8

DIN connectors and are capable of beingdwapped without requiring a system restart.

Figure 5.2: The abdominal exploration experiments showingnarker positions and the robot visualsing each
marker. (top, left) robot in default start position, (top, mid) visualisng T2, (top, right) visualisng T3 (out of
sight), (bottom, left)visualising T4, (bottom, mid)visualising T5, (bottom, right)visualising T6.

TEST USERS

The flexible access platformvas clamped into positioand fourteen userswere randomly
assignedo complete the tasksing either the thumstick or the joysticKsevenusers each)All

of the users were considered novices who hagrioo experience controlling the platform.
EXPERIMENTAL DESIGN

Each usewas given five minutes to familiag themselves with thactuation characteristics

before performing three timed trials navigating giatform between the target# total time

limit of three minutes was imposethe systemwasres t o a def aul Figukestr ai g
5.2, top left) between trials. The abden was open during the familigation stage but fully

covered during the timed trials.
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Figure 5.3: Feedback from the onboard camera showing theisualisation of the individual targets. Clockwise
from the top left showsthe view when theflexible access platformis in the default straight position visualising
T2, visualising T3, visualising T6, visualising T5 and almost visualising4t

RESULTS

The average timand fastest timéor eachoperator tocompletethe three trialdor the joystick

are shown irFigure 5.4, while similar results for eachfdhe usersvhen usinghe thumbstick

are shown inFigure 5.5. The results show that alburteenusers were successfully able to
complete the task within the time allowékhis indicates h at t-thjeoidmptod® n¢ontr ol
is suitable for controlling the multiple degrees of freedom provided byfléléble access
platform Additionally, it was found that twelvef the operators recorded their fastest times on

the third trial. This impprovement between the average time and the fastest time indicates that the
operators became more familiar with the system characteristics with practice and therefore were
ableto complete the task in a shorter period of tifitee plots would also indicatbat operators
performed better when using the joystick. This was a result which was not expected, however
given the small numbers of participants in the study it is difficult to state conclusively that one

user interfacevas more intuitive to use then tbtner.
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Plot of Average and Fastest Times for
Joystick Users
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Figure 5.4. Plot of the average and fastest times taken to complete the task over three attempts using the
joystick interface in a simulated environment
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Figure 5.5: Plot of the average and fastest times taken to complete the task over three attempts using the
thumb-stick interface in a simulated environment

DISCUSSION

The trials also revealed the limitations of the overall control scheme. Specifically, these
limitations relate to the ease with which an operator can get disorientated due to a lack of
knowledge of the configuration and orientation of the articulated ssatibtheplatform When

this occurred the operator was unable to complete the task uvotiergation using a visual cue
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could be achievedNaturally, this disorientatiereorientationphaseresulted in longer ovaf

times (in particular Wes 8, 9, 11and 14in Figure5.5). This disorientation occurreghen the
operators only had five degrees of freedimntontrol and it is anticipated that the wiflities

with disorientation would increase with increasing degrees of freedom. A solution to improve
the overall controllability of thesystemwould be to provide the operator with a graphical
representation of the overgdiint configuration with respedb a fixed frame of reference, as is
provided by the Sensai Platforof Hansen Medica[104]. Such a graphical representation
would useangulardisplacement information from the joint potentiometers described in Chapter
4 to update theonfigurationof a computer generated model of the eniagform. However,
carrying out such an implementation and reassessing the controllability pfatf@em when

used in conjunction with is beyond the scope of this thesis.

In conclusionthe results of these user trials demonstth#d the technique of controlling the
individual joints for navigations suitable for controlling the multiple degrees of freedom in an
experimental environment. To validate sbaesults the controllability experiments were

repeatedn-vivo as part of dive porcine experiment.

5.2.1.2 UserTrials in an | n-vivo Porcine Experiment
The purpose of the inivo user trials was to validate the findings outlined in SectidriA.and
the hypothesig h at ttog oidbmMtod ncontr ol me t h drdlind theg y i

flexible access platforrim an invivo environment
THE TASK

To perform the procedure thglatform was inserted throughnaadaptedl5mm trocar port
(Applied Medical Resources Corp.) and pneumoperitoneum established at 15nmhtge
thoroughdescription of the itvivo experimentsappearsn Chapter 7)A task similar to that
performed in the abdominal simulator was carried Bue to the difficulties associated with
inserting identical target markers to thgseeviously usedfour targets wer defined using
features that could be easily identified inside the abdominal cavity. These targets were as

follows:

1. T17 Atrocar port located to the left of tifiexible access platforés insertion point

2. T2 i1 A clip on the abdominal wall specifically gited to provide a target on the
featureless abdominal wall
T31 thegallbladder
T4171 atrocar port located to the right of thiatformb s i nserti on point .
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Visualiss ng T1 from the default Oédstraightodo positio
T2 and T3 requirgthe distal and medial joints be actuatedvhile T4 required all joints to be
actuated.

TEST USERS

Only four operators were able to undertake the task due to the restrictions on the use of animals
for medical research purposes under the Animals (Scientific Procedures) Act (ASPA) 1986.
Each of the users had a surgical background and were novices wiphionoexperience

controlling the flexible access platform.
EXPERIMENTAL DESIGN

Each user navigated the device ten times between the default position and the targets using the
6decoupled joystickd user interf aptorapiNsed addi t
laser diode mounted at the distal tip of the device and, as before, the operators could only use
feedback from the tip mounted camera for navigation purpdséme limit of three minutes

was imposed and the system was resettoadéfault r ai ght 6 p o sHiguré5®én bet w
shows six separate views of thexible access platforrwithin the abdominal cavityNote: the

laparoscope was removed during the user tridf)gure 5.7 shows the view from the onboard

camera during this user triahs with the laboratory trialVersion_2 of the flexible access

platformwas used. This version featuradtereecamera paias can be seen Fgure5.7.

Figure 5.6: Images captured from a separate laparoscope during the imivo porcine user trials. Clockwise
from top left, the flexible accessplatform visualisng T1, visualising T2, visualisng T3, a disorientated
operator to the right of T4, a disorientated operator to the left of T1, visualing T4.
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Figure 5.7: Images from the onboard stereecamera pair captured during the invivo user trials. (left)
Visualising target T11 the tip of a trocar port and (right) Visualising target T31 the gallbladder.

RESULTS

The results for the average time taken by each apetatcomplete the task along with their

fastest time to complete the task are showFignire5.8.

Plot of Average and Fastest Times for in-

vivo Trial
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Figure 5.8: Plot of the average and fastest times when using the joystickerinterface over 10 attemptsduring
the in-vivo user trials.

DISCUSSION

The resultgderivedare encouraging as they again indicate that the device is controllable using
the di rtejcdi ntjoimndntr ol t echni qu eivo tridle shewae r bo
large difference between the average and fastest times of the operators.alsovesarly

observed by the author during these trials that the fastest times were recorded when the operator
did not get disorientatedConversely,the slowest times were often a direct result of
disorientation. This indicates that the user input strawggs allow for the system to be
successfully and quickly navigated around a spatial environomyif disorientation does not

occur. However, the lack of positional informatiand thus information regarding th@nt
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configuratiors) provided to the perator can result in disorientation which subsequently makes
the task difficult to complete.

5.2.3 Conclusion

The user trials presented in this section have demonstrated tioat thee cto-] @ j ot ®t cont r
strategy allows thdlexible access platfon to be successfully navigateatound a spatial
environment Additionally, from the data contained ihable5.1,t he &édecowsgpli ed& o6t hu
has been identified as the most suitable interface for deployment in a clinical environment.
These results are important as they alaiter elements of thigexible access platforrsuch as

motor performancdiexibility /dexterity, robustnessnstrument deploymengtc) to be tested in

both laboratory anah-vivo setting.

However, the user trials exposed the limitations of the overall systents current fom.
Improvements could be obtained by implementingtrol features whichutilise the position

feedbackn orderto develop new user interface elements such as

1 A graphical display of thelexible access platform joint configuratiowhich is
presented tae operatar

1 An option toutilise kinematic control of thélexible access platforrar di r e c-to- 6j oi nt
jointd control. Should this be i mplement e
constantly switch between joints and the misalignment between ythcjoaxes and

the axes of the universal joints could be eliminated.

With the incorporation of the position feedback potentiometers intéirtakdesign iteration of
the joint module, both of thesé&atures have been implementedirtRer dscussion ofthe

implementatioris outside the scope of this thebi@swever

While the user interfacesdescribed above represent a practical solution to facilitate
expeimental trials with thdlexible access platforma seconaxperimentaliser interfacavas
also deeloped as part of this project. The purposal@felopingan additionaluser interface
was to investigate a potential solution@ballenge2 outlined in Chapter 1. Specifically, this
involvesproviding a surgeon with enhanceraoperativecapabilitiesand reducing the number
of specialists required to perform complex procedureshis case, the use ghzecontingent

control offers the potential to allow a surgeon to controfithéble access platforim ahands
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freedmanner. The next section wititroduce two differengiaze contingentcontrol strategies

and demonstrate the feasibility of the approaches for controlliniettible accessplatform.
5.3 Gaze Contingent Control of the Flexible Access Platform

The handheld controller only takes upraall amount of space within the operating theatre.
However, it still represents an additional piece of equipment which the surgeon must physically
use in order to control the flexible access platform. Eliminating this requirement through the use
of asohaewed contr ol me c hani s m wftatiormdnthieatre.t h e r
The purpose of this sectionistointrodscei c h a 6 hands frwherébytheontr ol
joints of the platform are controlled by the location of the opeiafisation point on a monitor
displaying the image feed from the onboard camérhe feasibility of intuitively controlling

the flexible access platforrim this mannewill be demonstratedAs was mentioned abovedis
gazecontingent control conce@ddresesChallenge2 outlined in Chapter ,las the technique

offers the potential to both improve the controllability of flexible robotic instrumentation and to
reduce the number of operators requiiretheatre A key potentialadvantage othetechnique

is that it allows an operator to control th&atformin a handdree manner, thus allowing other
instrumentation to be controlled simultaneously. In the case of a diagnostic laparoscopy, this
could potentially allow an operator to control the movements of tatform while
simultaneously retracting or moving organsngstraditional instrumentation. Alternatively,
during a minor interventional procedure, the technique potentially simplifiesoveeall
ergonomics by allowing the operator to easily feed arogieany instruments (endoscopic

clips, biopsy forceps, diathermy tools) through the internal chanmithout needing to

simultaneously manipulate the handheld controller.

This section will introduce two differeiglaze contingentontrol techniques comphble with the
flexible access platformThe first technique provides joint level control wiflnctionality
similar to that of theddecoupled thumis t i ¢ k 6 @he sdcond tedhréque uses current
feedback from the micromotors embedded withinjtiet modulesto automatically select the
most suitable degree of freedom to actuate based on the dinectitich the operator desires

to servothe distal tip The advantage dhe former technique is that it provides the operator
with explicit control over each joint unit and therefalows full exploitation ofthe multipke
degrees of freedom availablehd advantage of the latter technique is that it further simplifies
the overd control of the system by eliminating the need for the operator to consider which joint

unit should beselectedat any given time Results of multipleuser trials performed with both
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techniqueswill be used to demonstrate the feasibility of deploygage contingent control
strategies with thélexible access platfornThe flexible access platforiWersion_3featuring 5
DoF was used during thgaze contingent control studies. Please see Appendigrlispecific

details of this version.
5.3.1 Eye Tracking Unit

Both gazecontingent control techniquasgilise a Tobii x50 (Tobii Technologies AB, Sweden)
standalone eye tracker positioned underneath a 1280x1024 screen displayaqghealuser
interface (GUI). The x50 performs infrared videased remote eyiacking and records 2D
fixations onthe screen at 50Hz with an accuracy of 0.5° and drift <1° across the work plane.
The system allows for head movement within a working volume of 30x16X2@tr60cm

from the unit) [149]. Subject specific calibration is required prior to operatiand during
operation the raw datae. thelocation of the fixation pointwas median filtered with a window

of 140ms toeliminate erroneous readingsefore transmission to the control software. Such
readings can be introducede to saccadic eye movementblinking The S-videooutput from

the Medigus IntroSpico11% camera cotrol boxis digitised and imported into the GUI. The
right hand side of th&UI also features several command buttons required to operate the gaze
contingent control techniques, as can be seerigare 5.9. The following sections will
describe how thélexible access platforrand the eydracking unitwereinterfaced along with

the method of operation of the twgaze ontingent control techniques.

Joint 1

Joint 2

Joint 3

Toggle

Figure 5.9: The GUI used for the experiments. The main feature of the GUI is the image feedback from the
onboard camera. The white lines on this image illustrate the five segments used to identify which ditien the
user wishes to servo thesystem The four buttons required to implement the two gaze contingent control

techniques are shown on the right hand side of the scre

dwells on the button area for nore than 300ms.
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5.3.2 Flexible AccessPlatform i Eye Tracking Unit Interfacing

In the context of the ovell flexible access |ptform system architecture, tlege trackingunit
essentially replaces the handheld controller asisiee interface In order b provide the same
functionality as the thumbtick, aprotocolwasrequired to convert the user fixations fran
 woordinate on the screen to a control input for the motors. To achieyéhthisnage from

the onboard camera was divided into fregions as can be seen markéd in the image feed

in Figure5.9. The configuration of theegmentsvas chosen so as to reflect the configuration of
the universal joints of thitexible access platforwhich are offset 45° from the gravity vector.
By fixating in the relevanguadrantthe operator can indicate which direction they want the
platformto moveandgive a proportional indication of what speed they wiamd move atThe
relationship between quadrant fixation and the resulting motor rottioa typical universal
joint can be seen iMable5.2. Theproportional gain is calculated from theeasurement dhe
Euclidean distance between tlveation point andthe centre of the camera imagad mapped
linearly to amotor output voltage Fixating on the central segment indicates that the user does
not want thdlexible access platforrto move. In this manner, when thguadrantsare mapped

to a universal jointa fixation in a given quadrant will result in the rotation of one of the motors

of that universal joint with the following relationship:

Table 5.2: Truth t able illustrating the relationship between quadrant fixations and resulting motor rotations
for a single universal joint on theflexible access platform

Fixation Point Motor 1 Rotation Motor 2 Rotation
Quadrant 1 Clockwise -
Quadrant 2 Anti-clockwise -
Quadrant 3 - Clockwise
Quadrant 4 - Anti-clockwise

Central Segment - -

The above example holds for a universal joint, howéwertDoF yaw joint unitsonly have
two possible directionsn which to servo In the case that thgaze contingent control is
controlling a yaw joint, the image feed is only segmented into two segnefhtsnd right of

the centreling(i.e. a fixation inQuadrantd and 4indicates that the operator wishes to servo the
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system to the right while a fixation Quadrant® and 3indicates that the operator wishes to

servo the system to the left).

This information is transmitted from theye trackingapplication to the cRIO in thewotor
control box via an RS232portat 30Hz. The cRIO then interprets which motor should be turned
on, in which direction it should rotate and how muwcitageto deliver to the motor. Thus, in
order to move thélexible access platforrim a specific direction, the operator fixates on @mpo

in the relevanguadrantandthe platformservos in that direction until the fixation point falls
within the central regi on. I n this manner the
based on the image feedback from the onboard caiéimck diagram representation of this

is shown inFigure5.10. The whitequadrantdemarcation lineshown inFigure 5.9 were not
visible to the users during the experimems an additional safety feature, in practice the
system could be engaged via a footswitch (or similar device) when the opexioes the
flexible access platforno be controlled by eye gaze. This effectively allows the operator to

lock the field of view in order to fully observe all areas of the image when required.

User Fixation + Proportional Motor _
Point @ Gain Controllers > To FAP
Camera
Image |

Figure 5.10: Block diagram of the gazecontingent control loop utilised in this study

Naturally, segmenting the screen into five regions is only suitable for controllisigoé 20bot.

To enable full control of the-BoF of theplatform, further features are requirgdthin the eye
tracking application. How this inpubutput asymmetry was addressed will described in
Section 5.3.2.1 and Section 8.2.2 Each of these sectionmtroducesa different gaze
contingentcontrol technique which was implementedring this study. The first provides the
operator with the ability to control each degree of freedom independently, while the ssesnd

an algorithm to seleche most appropriate degree of freedom automatically. It was anticipated
that the latter technique wouldqvide a more intuitive contrahterface as the operator does

not need to consider which degree of freedom should be selected, while the former would
provide more low level controllability and thus fulploitthefive degrees of freedowiffered

by thedevice.
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5.3.2.1 Gaze Contingent Technique 1: Individual Joint Selection

To facilitate switching between the five degrees of freedom in a straightforward manner, it is
necessary to define three joint upitmly one of which may be actively controllat any one

time. Given the configuration of thdlexible access platformVersion 3 used for these
experiments thesejoint units correspond to the distal universal joioint 1), the medial
universal joint Joint 2) and the proximal yaw joint)fint 3). Three buttons on the right hand
side of the GUI allow the operator to switch between the joints by fixating on the relevant
button for 300ms or longemhese buttons can be seerFigure5.9. WhenJoint_1is selected,
fixations in each of the fouquadrantsmap directly to motions of the distal universal joints (i.e.
fixating in the upper left quadrant will actuatee joint moduleup and left).Similarly, when

Joint 2is selected, control is passed to the medial jatienJoint 3is selected, fixations left

and right of the camera image cergezvo the proximal joint to the left or thight. The speed

at which the motor moves is proportionadlgaled based on the distance between the centre of
the image and t he ©ohseaclind means shanfall mosementsrof theoi nt .
flexible access platforroan beobtained by fixating just outside the circumference of the central
segmentigure5.9), while fast movementsan beachieved by fixating close to the edge of the
camera i mage. -to] hoii sntdi rceocenis anapgouptatheaat)glimgg recheme
introduced in Chapr 4 andallows many potentlaconfigurations to be obtained.okever,
servoing the robot over a large area requires multiple switching between the different joint units

which can be time consuming

5.3.2.2 Gaze ContingentTechnique 2: Automatic Joint Selection

The cond control strategy developed for thexible access platformobviates the joint
switching function so that the operator only has to fixate in the desired directiancanttol
algorithm will automatically select the degree of freedonbbé activated. This is achievbeg

sensing the current drawn by each motor as it is actuating and automatically switching to the
next suitable degree of freedom (which will continue motion in the desired direction) if the
current drawn exceeds a predefinthreshold. This threshold is set just under the current at stall
torque and so provides a crude measurement of when a given motor is no longer free to rotate
and has thus reached its actuation limit. This limit varied for each degree of freedom but was
within the range 8®5mA at 4.8V. Measurement of the motor current is carried out by
measuring the voltage dThe algordhmrindia$ss byadefdullirqy s hun't
to the distal universal joint and resets when the operator fixates iartralaegion. Thus, if the
operator fixates in the lower leffuadrantbut the desired point to basualisedis outside the

workspace of the distal joint, the algorithm will automatically switch to the medial joint and
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then the proximal joint in sequenc®nce at the desired location, the operator fixates in the
central region and control is passed back to the distal joint for continued scanning in that

configuration.
5.3.3 Results

The purpose of the user tsalescribed in this study was demonstratéhe feasibility of using

both gaze contingenttechniques to control thigexible access platfornm tasks similar to the

user trials described in Section25A secondary goal wak identify any clear differences
between the twoechniquesTo evaluate th ability of novice users to use the device for large
area visualation, five targets (T1 to T5) were placed at specific locations within an abdominal
simulator[148] , as shown irFigure5.11. As before, lhe task was to actuate tfiexible access
platformto visualee each of the targets solely using feedback from the onboard cameras. The
At ar gedat v badak b nidfiedtwihen he targes was fally inside the field of view

of the camera, as demonstrated-igure5.11. The locations of the targets were selectedhsuc
that T1 could be visuagd by only actuating the-RoF of the distal joint, T2 required both the
distal and medial joints (i.e-B0oF) to be actuated and T3T5 required all three joints (i.e- 5

DoF) to be actuated. Additionally, with the exceptionTsf sequential targets were placed in
locations such that multiple traverses of the abdominal cavity were required to complete the
task.

To standardie the trials and achieve a stalffileld of view, the flexible access platfornvas
clamped to the tabld a location which simulates the lower abdominal access typicalStis

or NOTES procedurdive novice users who had no experience in controllinglétérmwere
selected and given five minutes to familsari themselves with thesystem actuation
characteristics and control strategies before performing two timed trials navigatplgtfbem
between the targets. A time limit tireeminutes to complete the task was imposed and each
user controlled thélexible access platformonce withthe Individual Joint Selectiotechnique

and once withthe Automatic Joint Selectiotechnique; the order of which was assigned
randomly. Theplatform was reset to a default s t r @adsitjph between triaJsas shown in
Figure5.11, (top,lef). The operators could not see flexible access platforrduring the trials.
Sample images showing two of the tdsgender visuasation from theonboard camra are
shown inFigure 5.12. All users successfully completed the task using both gaze contingent

control strategies. In order to differentiate between the strategies two variables were used to
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evaluate their efficacy the time taken for each operator to navigate between the targkthe

distribution of the gaze fixations on the scredren navigatindetween targets.

Figure 5.11: Images illustrating the robot in various posesduring the user trials for gaze contingent control
(top, left) robot in the default start position, {op, right) visualising target T1, (middle, left)visualising target T2
(target not visible in image),(middle, right) visualising target T3, (bottom, left)visualising target T4, (bottom,
right) visualising target T5.

Figure 5.12: Sample images from the onboard camera showing the robot visusilig T1 (left) and T4 (right).
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5.3.3.1 Time Based Analysis
The times taken for each user to successfully completeasie using the Individual Joint

Selection techniquand the Automatic Joint Selection technique are showialite5.3 and

Tableb.4 respectively.

Table 5.3: Gaze contingent control user timesTime taken for each user to navigate between thartgets when
using the ndividual joint selection technique

Userl User?2 User 3 User 4 User 5

Target 1 4.3 4.0 4.5 6.2 6.6
Target 2 16.6 12.8 35.3 13.0 19.0
Target 3 9.9 8.15 19.0 16.7 14.1
Target 4 20.1 13.6 14.1 15.8 8.2
Target 5 7.4 4.5 3.7 8.75 8.8
Total 58.3 43.1 76.6 60.3 56.7

Table 5.4: Gazecontingent control usertimes: Time taken for each user to navigate between the targets when
using the aitomatic joint selection technique

Userl User?2 User 3 User 4 User 5

Target 1 4.0 3.8 4.1 2.6 6.0
Target 2 10.1 6.7 10.7 7.2 8.3
Target 3 7.3 7.3 8.2 8.1 22.6
Target 4 13.2 10.1 7.3 8.3 6.7
Target 5 6.9 7.2 8.4 3.2 8.7
Total 375 35.1 38.7 29.4 52.3

The results indicate that even with minimumaining on how to use the system, the five
operators were able to successfully complete both tasks within the time allditbdthe
exception of one user, all users completed the task in 60 seconds or under. Given the
unfamiliarity of the operators withoth thegazecontingent controtechniquesand the multiple
degrees of freedom of tHeexible access platformhese results are encouraging and clearly
show that the control strategiase intuitive and straightforward to us@&dditionally, the data

listed in theTotal columnsof eachtable highlight that each user completed the task quicker
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when controlling theplatform using theAutomatic Joint Selectiotechnique. Analysing the
averagdask completioriime for all users shows a 35% decrease wherguhis techniqueTo
illustratethis in more detail thaverage time taken for all users to reach each target using both

techniquesvas extracted from the data and plotted. The results are shéiguie5.13.

Average time to reach each Target for all Users using both
Gaze Contingent Control Strategies

25
20

15

10 - M Individual
. I Automatic
1 2 3 4 5

Target Number

Time (seconds)

v

Figure 5.13: Average time taken for all users to reach each of the five targets. Times for both control strategies
are shown

This figureagainillustrates thafor all targetsthe time taken to complete the taskaster when
using the Automatic Joint Selection technigldis can be attributed tehe fact that the
operator does ndbse time directing their fixation point to the jointlestion buttons and
pausing to select a joint. Additionally, the cognitive workload is reduceideasperator does
not have to consider the robot configuratiand make a decision regarding which joint unit
should be actuated next is alsonotabletha the quickest targets to be acquired are those
where only limited actuation is required (i.e. from the default position to T1 and from T4.to T5)
For these targetthere is very little difference between the times for the two techniqlibis
reinforcesthe hypothesis that delays are introduced when the issgansitioning between
targets which requirenultiple degrees of freedoto be actuate@nd hencenultiple switches
between joint unitsThis additional time spent fixating on the buttons can béhdéurexamined

by analysingthe fixation point distributiosbetween targets.

5.3.3.2. Gaze Fixation Distribution
To illustrate the difference in fixation distribution between the two strategies, the corasp
fixations of User 1 fordrgetsT1 - T4 areshown inFigure 5.14 (Individual Joint Selection

technique) andrigure 5.15 (AutomaticJoint Selectiortechnique).Each subplot displays the
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fixations on the entire area of the screen while searching for a given targigtuta5.14 the x-
axis of the subplots are 1280 pixels widadthe y-axisis 1024 pixels high. Théoint selection
buttons are located at pixel values greater than 1000 onaxis and their approximate
locations are marked with grey rectangl&seseJoint selection buttons are disabled in the
AutomaticJoint Selectiontechnique and so theaxesof the subplots ifrigure5.15 only run to
1000 pixels.

When comparing the fixation distributions as the user controlpldtéorm to visualse the
same targets (i.e. Target 1 in b&tigure5.14 andFigure5.15, Target 2 in botlrigure5.14 and
Figure 5.15, etc) it is clear that the additioneffort required to fixate on the different joint
selectionbuttons significantly increasgthe timetakento complete the task. Looking initially at
T1 for both control techniquésthis particular target is relatively easy to vissalas it does not
require multiple joint units to be actuated. As a result, few fixatghsuld berequired to
visualise the target. However, when using thdividual Joint Selectiontechnique, the operator
must initially select the relevant joint unit (thé&etion which can be seen by the single fixation
point over theJoint_1 selection button on the right hand side of the)pldtich delays the
operator in reaching the targethis delaying effect of théndividual Joint Selectioriechnique

is amplified when looking at the fixations performed in order to visaall2. This action
requiresthe flexible access platforno servo fom astraight position to observe the target on
the right wall of the simulator as shownhigure5.11 (middle, left) In this case the operator
makes multiple selections of the different joint units, evidenced by fixations on each of the
three joint buttonseven through only the distal and medial joints &guired to visuate the
target In comparisonthe fixations of the same operafgrhenemploying theAutomatic Joint
Selectiontechniqué are located in a focused cluster on the right hand side of the plot. The
operator does make two fixations back in the centre of the whith would imply that the
flexible access platforrhad reached thiémit of its travel in a given direction and the operator
was passing control back to the digtaht. This tighter clustering of the fixations in the known
direction of the target indicates that when uding Automatic dint Selectiontechnique the
system is easier to contrahd more efficienthan when using théndividual Joint Selection

technique.
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Figure 5.14: User 1 fixations for Individual Joint Selection when servoing the robot to Figure 5.15: User 1 fixations for Automatic Joint Selection when servoing the robot
(top, left) Target 1, (top, right) Target 2, (bottom, left) Target 3 and (bottom, right) to (top, left) Target 1, (top, right) Target 2, (bottom,left) Target 3 and (bottom, right)
Target 4. All units are in pixels. The grey rectangles in each plot correspond to th Target 4. All units are in pixels.

approximate locations of the Joint Selection Buttons in the GUI.
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This same pattern is repeated when looking at the fixations used to serptatfbem to
visualise both T3 and T4. These targets are locatethe lower left and lower right of the
abdominal simulator. When using tAeitomatic Joint Selectiotechnique the location of the
fixation clustersareclearly seen to be docated in the quadra;mknown to contain the target
markers. Howeverjn the cae of the Individual Joint Selectiontechnique the fixation
distribution is more diffuse and multiple user fixations on fwnt selection buttonsare
required As expected, this indicates that th&ertechnique requires more user interaction than

its automatic counterpadnd therefore more time is required to complete the task

5.3.4 Conclusion

This section demonstratdsetfeasibility of controlling dlexible roboticdevice through the eyes

of the operator. The provision of controlled distal dexgeit facilitate large area visusdition

and targeting in an intuitive, hanftee manner offers the potenti@l free the operator from
directly controlling the system with the handheld controller. This capability could be used, for
example, during thdransvaginaltubal ligation procedure introduced in Chapter 4. In this
scenario, the operator could target texible access platfornusing thegaze contingent
interface andsimultaneouslymanipulate any interventional instruments inserted through the
internal channel(syvith both hands This could eliminate the need for a surgical assistant to
manipulatesuch instrumentand potentially provides a solution @hallenge2 outlined in
Chapter 1 by reducing the overall numberoperatorsrequired to perfon flexible access

surgery.

However, the studies presedtin this chapter onlgepresent preliminary feasibility results and
further work is required to fully charactsei operator performance during more complex user
trials. Issues such gmtential visial fatigue introduced by the stgm over longer periodseed

to be investigated. Additionally, the practical challenges of deployingybdrackingsystem
in-theatre should be considered. In that environment a direebflisight between operator and
monitor is not always possiblend the operator might need to move out of thedpfened
volume where accurate tracking can be achievédpotential solution to this issue is to use
wearableeye trackingsystem however this introduces new challengesth regard to locating

the fixation point of the wearer on the monitor and the cumbersome nature of such systems.
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5.4 Discussion andConclusion

This chapter provided a detailed description of two diffevsatinterface platforms suitable for

controlling theflexible accessplatform. The firstuserinterface provides the operator with the

ability to control each degree of freedom of the systemii ng a doij rod entt 66 jcooinn tr
paradigmvia a handheld controlleGiven the lack of position feedback available in the early
versions of thelatform this approach offered tHanctionality required forrapid deployment

andtesting inlaboratoryand preclinical settings It also provideghe low level control over

individual joints which is necessary to take full advantafjthe dexterity of the platform In
additon, he O6decouptedkdG@hdmbign offers flexibilit
through its portability andadaptabilityi attributes essential fothe future deployment of

docused robotic devicesinto operating theatresWhi | e t he -tdjiaiercttd &g oon tnrt
paradigm has proven to lseiccessfufor controlling theflexible access platfornm a clinical

setting, he results Dthe usability tials indicatethat additional features are required to fully

leverage thepotential ofthe robotic platformThis is a similar conclusion to that identified in

Chapter 4.It is anticipated that features such as the optiontiise kinematic control to

eliminate the need for switching between joint yraisd a graphical representation of jbiat
configuratiors to reduce operator disorientatiowill build on the exishg success of the

interface

The use of gaze contingent control represents a neeelinterface for the control afflexible
roboic device The combination of the onboard cameral a monoculagye trackingsystem
offers controlled distal dexteritgnd the ability® performlarge area visuaation and targeting

in an intuitive, hand$éree manner. This technique aims to directly address elements of
Challenge 2oy reducing the number of operators requiederformflexible accesprocedures
while also improving the usability of the systedeployed. The addition of th&utomatic Joint
Selectiontechniqueprovided users with a simplified interfacand this simplification was
demonstrated in theeduction in timetaken to complete the user trialdlowever, it is
acknowledged that any future pleyment of the technique would require further trials and

system characterisation.

The next chapter in this thesis will switch from presenting solutions to the challenges posed by

the controllability and ergonomics tife flexible access platforrand mwoe to address the issue
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of how to provide surgeons with enhandattaoperativeimaging capabilities via robotically

controlled instrumentss identified inChallenge 3n Chapter 1
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Chapter 6:
ntraoperative Force Adaptive

maging with the Flexible Access

Platform

The previous two chaers introduced a seven deggdreedomflexible accessplatform and

two different control methodologies designed to add@sallenges 1, 2and4 as outlined in
Chapter 1. These chafiges relate to the provision of controlled flexibility along curved
pathways, simplified ergonomics and the ability to pass interventional instrumentation.
However, the issue raised Ighallenge 3i improving theintraoperativeinformation flow
through thantegration ofmulti-spectral imaging techniquéshas yet to be addressesingthe
flexible access platformin thischapteran additionabevicedesigned to be used in conjunction
with the platform will be described. The new devieéms to provideentanced functionalitand

toi mpr ov e aabilgydordgpoyinvidcsoptical imaging probes in a minimally invasive
manner. The goal is to facilitate the acquisition of accurate and repeatéaibticalb i op sy 6
images in a ergonomic and controllableanner. By decoupling the operator from the complex

manipulations required to target such optical imaging probesvin the system offers the
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potential to improve thatraoperativanformation flow and simultaneoushprovide more time
for therapeutic and interventional decision making. The additidegice developed fothis
task is aforce adaptivelinear servoing mechanism whichs capable of automatically holding
andtranslatingan optical imaging probe whilenaintainng a consistenttontact force between
the probe and theéargettissue The combination of thélexible accessplatform and theorce
adaptivelinearservoing mechanism allows aptical imaging prob¢o beeasily naigated and
targeted irvivo using only théenandheld controller described in Chagfer Details ofthe effect
of achangingcontact forceon image consistenayill be describedor an exvivo tissue sample.
Additionally, detailed ex-vivo experimens to demonstratethe efficacy of the system for
maintaining aconsistentontact force betweesamulti-spectralfluorescence imaging prolasd

a tissue sampleiill be provided Although primarily addressin@hallenge 3as outlined in
Chapter 1, théorce adaptive linear servoimgechanisnmalso addresses elementGifallenge 2
andChallenge 4by providing a clinician with the ability to target optical imaging probes along

curved instrument pathways in a repeatable, controllable and ergonomic manner.
6.1 Flexible Access Surgeryand Probe-Based Optical Imaging

Someof the earliest proposddtraperitonealapplications of theNOTES component diexible
accesssurgerywerefor diagnosticperitoneoscopyl150, 151] tumourstaging[152] and minor
interventions, such as liver bisyp and tubal ligatiofil53, 154] Many pre-clinical and clinical

trials have been performedsing existing endoscopic equipment, and althouggmerally
successful, the authotsve commented that improvements in technology would increase the
usefulnessand efficacyof the approach The chall enge of O6i nber oveme
viewed from two (or more) perspectives. The first is that of improved instrumentation. The
papers cited above mention that although successful in navigating around the peritoneal cavity,
the inherent [Exibility of the endoscope can result in problems targeting and obtaining tissue
biopsies. Theflexible accessplatform presented in this thesis is ideally suited to provide
surgeons with the necessatgxterityand platform stability to perform such task a feature

that will be further discussed in Chapter 7. However, a second perspective on improving the
technology availablés that of the incorporation eéattime optical imaging techniques into the
operating platformEmerging techniques such asIpednased confocal endomicroscofpCLE)

[155], fluorescence spectroscofds6] and optical coherence tomograp@9CT) [157] each

offer the potential to provide retime, nearhistopathological grade information to a clinician
without the delays, risks or discoomfort posed by standard biopsyhe combination of the

reduced patient trauma possible vidlexible accesssurgery approach and the facilitation of
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simultaneous virtal histology could potentially offer significant benefits durimgary of the
proceduresnmentioned above However, it is essential to note that at this stage the techniques

listed above are experimental and their future uptake will be reliant on the clinical community
devel oping met hodol ogi esi caanld bpirooptsoycoo | ismawghei sc ht
as accurately as the current gold standard of histopathology. Further discussion of this topic is
beyond the scope of this thesis but it is important to note that the optical biopsy images
contained in the following @pters are provided for illustrative purposes only and are not

intended to be viewed for diagnostic purposes.

A challenge ofusingoptical imaging probes in an-irivo environment and hence providing

high quality imagesis the difficulty of deploymentand ergonomic controlSuchprobes are
typically deployed using conventional endoscopekich are designed for intfamenal
interventions and not navigation within aaipl environmentsuch as the peritoneal cavity.
Tasks such as navigatingetendoscopt® create a mosair representative video sequersfe

lesion or abnormality requireteady contact between the probe and the tissue and a slow
translation over a fewnillimetres This isfurther complicated bytissuedeformationdue to the
contact and/or respiratory and cardiac motion. Additionally, from an ergonomic perspective, the
operator is required to simultaneously control the insertion depth and axial roll of the endoscope
with one handg¢ontrolthe deflection of the distéip via the control wheels with the other hand
andstill insert the imagingrobe through the biopsy channel of the device. As was mentioned
above, the dexterity and controllability of tHexible accessplatform providesolutions for the
challenges pad by the endoscopes an instrumenHowever, a research niche exists to also
improve thecontroland ergonomics with which thaptical imagingprobe isdeployed. This in

turn can lead témprovements inthe consistencyand repeatability of the images aogd. Of
particularrelevance is the issu# probetissue contact force and how it is controlled in an in
vivo setting. In[158] it was found that variations in contact foroetween an exivo tissue
sample and opticabpectroscopy probesiduced major profile alterations in the diffuse
reflectance spectra and significant intensity increases in the fluorescence Jpmseachanges

can be attributed to:

1. The coupling efficiency between the tissue and the fibres.
2. The chage in optical scattering properties due to compression.
3. The increase in signal from deeper tissue layers with increasing pressure due to the

displacemenof surface layers.
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These resultindicatethat in order to obtain accurate and repeatable opticpbbimnages, the
contact between the imaging probe and the tissue should be controiezbossiblg159].

The force adaptivelinear servoing mechanisrpresented here has two purposes. The firgi is
providea straightforwardorobe advancement device which simplifies the ergonomic challenges
experienced by clinicians when attempting to deploy optical imaging probes through
endoscopesThe secongburposds to facilitatea more advancegbbotically assistedysten that

aims to improve the accuracy and repeatabilitgrobebased optical imaging by maintaining a
consistentontact force between the probe andttbgue during image acquisition. The system
alsosynchrongesthe image capturéom the optical imagig probewith the onboard camera
and the trajectory ofhe joints as theflexible access platfornactuates This can potentially
improve theintraoperativeinformation flow for the clinician by allowing seamldegalisation

of the optical biopsy imagewithin the surgical field of viewThe following sections will
describe the system configuration and provitktailed exvivo results demonstrating the
importance of maintaining a consistent contact fofd¢eability of theflexible access platform

to targetan imaging probewhile bothmaintaining a consistent contact force and synchironi
theimage and tip trajectorinformation will also be demonstratedin addition, the ability of

the systemto perform 6 ha-hdee 6 probe a d v a n-dve ndagnostic dur i ng
peritoneoscopyvill be discusseéh Chapter 7.

6.2 Force Adaptive Linear Servoing Mechanism

The key design requirements of fleeceadaptivelinearservoingmechanisnareas follows:

1 To attach to the shaft of tlikexible accessplatform

1 To satly and securely clamp the proximal end of any optical imaging probe that can
pass through thiéexible access platform

1 To measureelative changes in thaxial force imparted onto the imaging probg
contact at its distal tip

1 To provide fast, accuratnkar translation of the imaging probe based on the feedback

from the axial force measuremenrtthe operator

The key hardware and software elements ofiteehanisnwill now be described.
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6.2.1Hardware

Each of the key hardware components offtiree adaptive linear servoingechanisnctan be

seen in the CAD schematic shownFhkigure 6.1. The mechanism is attached to the shaft of
Version_3of the flexible access platformi a t he o6 Shaft Clampd at a
opening of thed nt er nal Channel 6. This allows the opt
place using the OProbe Cl ampG6hamnaudeldtférm @@ dede t h
probethenpasses through the channel and exits from the distal tip @iatferm The probe

clamp is directly attached @&(24 teethh dModé B.L5) der 6 ¢
translation mechanism which is driven by a brushed DCom@¥axon RE10 6V, 16:1

gearhead, MR Type Integrated 256¢pr Quadrature Encdder)rack and pinion configuration

was chosen for its simplicity, backivability and fast response tim&he construction ofnie

slider is such that the imaging probe tratedainto theinternal channel as the motor rotates

anticlockwise and out of the channel as the motor rotates clockwise

Optical DC Motor
Imaging 5

Rack and
Pinion Slider

Nano17 F/T
Sensor

: Probe Internal
wn Channel

—

—

FAP Shaft

Figure 6.1: Schematic illustrating the force adaptive linear srvoing mechanism. Thecomponents which
translate to servo the probe (rack, slider, force/torque sensor, clamp and optical imaging probafe marked in
red and the probe translation motion is marked with a blue arrow.

The axial load along the central axis of the probe is medshy an embedded Nanol7
(calibration S112-0.12) 6axis Force/Torque sensor (ATl Industrial Automation, USA). Given
proximal positioning of the sensor at a distance of approximately 500mm from the tip of the
flexible access platformhe force measuredybthe sensor will not be representative of the

absolute contact force between the distal tip of tligrand the tissue surface. Taissolute
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measurement will be masked by interferentiesse aréntroduced due frictiomnd tacklash in

the internal chanel, the tortuosity of theflexible access platfornfdue tochanges in the
frictional interference effects along the length of the prabét is required to pass through the
articulatng links) [160] and some buckling as the probe enters the internal chahowkver,

the purpose of the system is not to provide the operator with an accurate absolute force
measurement between the tissue and the imaging probe, but ratheanceathe probe until
tissue contact is identified and then to maintain the relative forcecansstentievel during
image acquisition. It is assumed that if the distal tip of ftagible access platfornonly
undergoes small amounts of translation dyrrimage acquisition, then the force measured
remotely from the tip (and transmitted through the probe) is sufficiently representative of the tip
interaction force to drive the controlleFurther investigation into this assumption will be
detailed in Seatin 6.4.2.

6.2.2 The Control Hardware and Software

In order to measure th@obetissue interaction force and control the translation of the peobe,
closed loop force control scheme was created inL#i®/iewdevelopment environment. The
Nanol7 F/T sensor is mounted such that the axial force transmitted alotenthadineof the
probe is measured by theaxisof the sensor. This signal is acquired using ®R21Analogue
Input acquisition card (&tional Irstruments Corp., USAJYhis signal forms the feedback to the
force controller whichutilises proportional control to generate an output signal for a differential
operational amplifier via a NI USB009 Multifunction DAQ board (National Instruments
Corp.,USA). The differential amplifier generates a signal suitable for bipolar control of the
motor. This signal then forms the input to a Pulse Width Modulation (PWM) based speed
controller (LSC 30/2inear 4QServo amplifiey Maxon Motor AG, Switzerlandor the brushed

DC Maxonmotor. The speed of the DC motorngasured by an integrated quadrature encoder
andregulated by the speed controller. A block diagram of the dwaratrol system is showin
Figure6.2 below.

In addition to theforce adaptive linear servoing mechanjgnjoint position estimation scheme
was implementedo measure the position of the two distal degrees of freedom dlettilele
access platfornirhis was achieved lyounting a pulse output from the SSD04 drive electronics
chip for each full rotation o motor. Counting the number of pulses and the direction of
rotation of the two motors allows for the position of the distaldipe estimated. Fudletails of

the implementation can be found in Appendiflixible access platforiersion_2)
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Figure 6.2: Block diagram of the control loop running the force adaptive linear servoing mechanism. Key
components include a ATl Nanol7 F/T sensor and N6221 data acquisition card, the RE10 Maxon motor and
LSC 30/2 servo amplifier, a NI USB6009 and differential anplifier, and a computer running the LabView
software.

6.3 Optical Imaging probes

Two different optical imaging probes were deployed with fiegible accessplatform during
these experimentdhese were a research fluoresdamging probeunder developent at the
Biophotonics and Surgical Imaging Labthe Hamlyn Centr§l30] (described irf159]), and a
commercial system from Mauna Kea Technologj#61]. Both are compatible with the
platform and theforce adaptive linear servoinghechanism and demonstrate the overall
adaptability of the architecturén the interesiof completeness, botimaging probes will be

briefly described below.
6.3.1 Fluorescent Imaging FPobe

Fluorescence emission measurements were taken ustngradiameter flexible fibr@ptic

probe (Romack, V.A., USA) consisting of 7 hexagonally assembled fibres, each having a
200um core diameter and a 0.22 numerical aperture. Excitation light was provided by a 375nm
laser diode collimated with a 4.6mm focal length lens and focused into a central excitation fibre
with an 8mm focal length lens. The fluorescence emission ligkected by the siXfibres
surrounding the central fibre was arranged into a linear array which was imaged onto the 80um
wide slit of a spectrograph (Specim Ltd, Finland). A 405angpass filter was inserted to block

the reflected excitation lightand thelight was dispersed by a prisgnatingprism element of

the spectrograph and detected with a cooled CCD camera (Retiga EXI, QImaging, 1392x1040
pixels). The camera and the beam shutter were also controlled thralbiglew(exposure time
phantom, 1ms; exsure time liver, 10ms; region of interest 1392x110) and the
autofluorescence spectrum was acquired in a single shot with a-rfiadéenef 130ms. Image
acquisition from the onboard Medigus camera is also syndaniith the autofluorescence

signal acquigion, which allows the immediate locgdiion of the probed site within the camera
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field of view. A sample image showing the intensity of therescencemission light from the

six sensing fibregrhen not in contact with a tissue samiglshown inFigure6.3.

&
&
&

Figure 6.3: Sample spectral images from the six sensing fibres showing the nroontact condition. Image
source Vincent Sauvage, Imperial Cdlege London

6.3.2 Micro-confocal Endomicroscopy

The CellVido probebased Confocal Laser Endomicroscopy (pCLE) system from Mauna Kea
Technologies was deployed with thexible access platforrduring the invivo studies and the
experiments to qualitatively evaluate the effectaftactforce on tissue sample§he system is

capable of providing highesolution, reatime, invi vo i mages or Thepti cal
specific probe used duringhe studies mentioned aboweas the CellVizio GastroFleX" 6 Z 6

Probe (Mauna Kea Technologies, Paris, France). It uses a 488nm laser focused on a confocal

pl ane at a t i sand the rdflecpetl ffluoresdencel i &cguimed at 12 frames per
secondwh a resolution of 3.5em and 15em .lth t he |
hasa 600e&em di ametExamplé imagesdcaptured with tkismprobe are shown in

Section 6.4.1.

6.4 Validation Steps

Two validationexperiments were performemlior to carrying out the experimental assessment

of theforce adaptive linear servoing mechanidrhe purpose of these experiments was to:

1 demonstratehe effect of contact force on an-exo tissue sample using pCLE
imaging probe (GastroFI&%, Mauna kea Technologies, Paris, Fra) in a controlled
environment;

1 validate the assumption that the force measuréfam the F/T sensor mountédthe
servoing mechanism(at proximal end of theplatform shaft) is sufficiently
representative of the actual ceot force between the probe tip and the tissue to drive
the force controller.

In the first experiment, thprobeis used without théexible access platforno demonstrate
qualitatively how changing the contact forcaffects the images obtained from arvivo

porcine stomaclamplein a controlled environmentThe second experimentilises thesame
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imaging probén a simulated clinical scenanmith Version_5of the flexible access platform. In
this experimenthe probe is passed down the internal channel gblteormand engaged with
asecond F/T sensor to assess the differences between the forces measuredcat ddaptive

linear servoingnechanismandatthe tip.
6.41 Effect of Contact Force on pCLE@®pt i c al Bi opsyd6 | mages

In order toassesshe effect of contact force on the resulting optical biopsy imtdgeforce
adaptive linear £rvoing mechanism was mountedthogonal toan exvivo stomachtissue
sample, as can be seenFigure6.4. The system was naotntegrated withthe flexible access
platformfor these experimento that the effects of friction between the probe and the internal
channel would not affect the readingsSince the pCLE probe is clamped into position
orthogonal to the tissue sampletins controlled environmenit can be assumed that the force
measured by the F/T sensor is representative of the absolute interactmbdtween the probe

and the tissue sample.

Stomach

Pinion Tissue
Gear ‘
Force/Torque

Sensor
Probe , pCLE
Clamp l Probe

Figure 6.4: The exvivo test rig constructed to evaluatehe effect of contact force on the optical biopsy image
The F/T sensor, probe clamp, probe and exivo tissue can be clearly seen. THerce adaptive linear servoing
mechanismwas not attached to theflexible access platformduring these experiments so as to eliminate the
effects of friction on the force reading as the probe passes through the inteal channel. Therefore, the
reaction force measured by the F/T sensor can be assumed to be representative of the absolute contact force
between the probe and the tissue.

The protocol employed for these tests was to advance the probe into contact with thentdssue
to increase the contact force in increments of 5mN from ON to 35mN. The resulting images
recorded at each force incremané shown irFigure6.5. The magnitude of the forcesquired

to generate a noticeable change in the tisgeie found heuristically, and it is interesting to
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note the small magnitudes involvethe resulting imageclearly display thaunderlying crypt
(glandular structuresocated in the epithelial lining ofhe small intestine and colon) based
architecture of the tissu@he reason for using this particular tissue type isahahges in crypt
architecture arebeing proposedas a tool forin-vivo assessment of ulcerative coli@d
intraepithelial neoplasiassing CLE techniqueg162] [163]. The metric on which # different
grades of inflammation are assessed include the crypt diameter, regularity of shape and inter
cryptal distance. Qualitatively, it is clear from the images showRignre 6.5, that as the
contact force increasethe shape and diameter of the crypts chaigyetoodoes the inter
cryptal distanceTheseimagedndicatethatif usingpCLE as a diagnostic topa system such as
the force adaptive linear servoing mechanisrshouldbe employed to ensutéat a consistent
contact forceis maintained between the probe and tissue surftues guaranteeing that
comparabléemagesareobtained The ability of the force adaptive linear servoing nmagbm to
achieve this goal will be demonstrated with detailediiega experiments with the fluorescence

spectroscopy probe in Section 6.5.

i Cellvizio ; e g Cellvizio

#Cellvizio® ‘ #Cellvizio'

Contact force = 15mN Contact brce = 20mN
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# Cellvizio®
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Contact brce = 35mN

Figure 6.5: Multiple probe -based confocal endomicroscopy images taken at different contact force levels on ex
vivo porcine stomach. These imagedemonstrate the effecthat varying contact force has on the optical biopsy
images, and the importance of maintaining a consistentorce if usedfor diagnostic purposes.

6.42 Validation of the Relative Force MeasurementPrincipal

The secondexperiment carried out before testing thece adaptive linear servoingechanism

in a simulated MIS environment was to validate the assumption that the force measurement
from the F/T sensor at the proximal end of ptetformshatt is sufficiently repigentative of the

probe tip contact force to drive the force controller. As was discussed in Section 6.2.1, the
purpose of the system is not to provide the operator with an absolute force measurement of the
tip interaction force. Measurement of this foreeniot possible with the currenbnfiguration

given the interference effects of frictioetiveen the probe and the sheaihd howthis would

vary at different angles of joint displacement. Instead the system is designed to measure any
relative changes iffiorce as the probe is servoed over the tissue suréamk to adjust the
position of the probe accordingly. To demonstrate that the system is capable of measuring this
relative change in contact foread using thisneasured value to drive the force coliar, a
experimental test was performed with a second Force/Torque g@ii$ddanol7, calibration
SI-12-0.12) This sensor was mountao that as the probe exited the distal tip of flexible

access platfornit contacted the sensor along itsaxis as can be seen iRigure 6.6. The
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setpoint of theforce adaptive linear servoirgpntrol software (which sets the desired contact
force between the preltip and the tissue surface) was then adjusted to oscillate in a sinusoidal
manner about a contact force of 0.1N. Thus when nleehanismis engaged, the probe
advances into contact with the second F/T sensor and then applies a varying contact force onto
the sensor. By synchramg acquisition between the two F/T sensors, the measurement of the
@roximally Mounted F/T sensor (measuring relative contact force) can be compared against
the second Ti p M rsengod (theasuring trabsolutecontactforce). The difference
between the two sensors represents the losses in force transmission between the tip and the
probe clamp. The frequency and amplitude of the sinusoidal input function were varied to
demonstrate that the force measured bydreximdly M ounted F/T sensor is representative

of the actual force applied ke distal tip of the imaging probe onto theT i p MdInt edd
irrespective of such variation¥ersion_5of the flexible access platforand a Alveoflex™

Confocal Miniprobé”" (Mauna Kea Technologies, Paris, France) were used during this

experiment.
M F};LS_ ‘Proximally Mounted’
echanism F/T Sensor Imaging ‘Tip Mounted'’
Prob: Probe F/T Sensor
Clamp /
|/ - t * t * ¢ I
T t
Force measurement Articulated Force measurment
direction FAP Shaft Joint Segments direction

Figure 6.6: Schematic illustrating the experimental setup for the assessment of the force transmissiand
measurement. The measurementfrom the proximally mounted F/T sensor and thetip mounted F/T sensor
are compared to demonstrate that the proximally mounted sensor is capable of measuring relative changes in
the tip interaction force.

Figure 6.7 (top) shows the input sine wave (green) which is drivingftiree adaptive linear
servoingcontroller, the force measured by tfieroximally Mounted sensor (blue) and the
actual brce imparted by the tip of the imaging probe ontodffip Mo u n t emgbro(red. The
parameters of the sine wave result in an oscillation about a mean contact force of 0.1N with a
peakto-peak amplitude of 0.2N and a frequency of 0.25HFhe mean conti force of 0.1N

was chosen to ensure that the probe was advanced with sufficient force to overcome the
frictional losses within the systeffihe measurement from tid@@roximallyM o u n tF/@& gefsor

can be clearly seen to track the input sine wave in tefrfrequency, phase and amplitude. The
measurement from thélip Mo u n tFéTdsénsor can also be clearly seen to match the

measurement from thé Pr o x i mal | /T sbhsar mttexndsdof frequencglthough
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attenuationin amplitude anda limited phase sli are also evident. Although thforce
magnitudesare different, the measurement of tfferoximally Mo u n tsendod is clearly
representative of thactual force imparted by the imaging probe ontodfip Mo u n tF&d 6
sensor. An example of howlaéive changes in contact forege detected blyoth sensors cdre
seen after approximately 82 samples (as markeéiguare 6.7 (top)), when a sudden force
change can be seen in both tracBgure6.7 (bottom)illustrates that this result is independent
of frequency as the measurement from thiép Mounte dFST sensor castill be seen to track
the sine wave measured by tiRroximallyM o u n tF@ de@isowhenits frequency isloubled

to 0.5Hz.

Plot of Input Signal, Prox. F/T sensor and Tip F/T Sensor for Frequency of 0.25Hz

I I i
1m0 120 1400 B0 180 200
samples
Plot of Input Signal, Prox. F/T sensor and Tip F/T Sensor for Frequency of 0.5Hz

Frox. Signal
Tip =ignal
Input Signal

1 i |
o0 1200 1400 B0 180 200
samples

Figure 6.7: Demonstration of the ability of the force adaptive linear servoingmechanism to measure the
relative changes in probe tip contact forces given the proximal mounting of the F/T sensfar different input
frequencies The input signal to the controller is shown in green, the force measured hiyhe proximally
mounted F/T sensor is shown in red and thdéorce measured by thedistally mounted F/T sensor is shown in
blue. (top) Force measurements for a sinusoidal input of 0.25KZbottom)force measurements for a sinusoidal
input of 0.5Hz.

Similarly, the invariance of the system response to amplitude is shawigure6.8. In this plot
the frequency of oscillation was set at a constant 0.2ldzlaa amplitude was increased from

0.1IN to 0.2N in 0.01N increments after every two wavelengths. As beforesvadizsurd by
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the dTip Mo u n tF@E debisor (red) can be clearly seen to tracki®neximallyMo u n tF@ d 6
(blue)sensor, although with attenuated value.

These results indicate that although errors in measurement of the absolute contact force do exist,
the force measured by the F/T serisoatedin theforce adaptive linear servoingechanisms
representative ofhe probetissue interation force. However, although suitable for the task
described in this chapter, the attenuation in the measured force signal also highlights the
limitations of the system. The effects of fiim within the internal sheath amqmfobe bucking

within the intenal channelvould need to be modelled in order to improve the overall system

performance. These features will be further discussed in the conclusion to this chapter.

Plat of Tip F/T Sensor for increasing Amplitude

=)

ak]

(]

=
(1

-|:|.|'.1. | | | | | | | 1 |

a 00 200 300 400 500 BOO YOO 800 300 1000
oamples
Plat of Prox. F/T Sensor for increasing Amplitude

=)

uk}

)

=
(1

0.4

| | | | | | | 1 |
o 100 200 300 400 500 wOO O 700 8OO 500 1000
samples
Flot of the Input sine wave with increasing Amplitude

Force (M)

a2k, ....... Lar -y gy AFRERERY 1113, prad L

i I | | i i I
1] 1m0 200 300 400 S00  BOO YOO 800 900 1000
Samples

Figure 6.8: Demonstration of the ability of the force adaptive linear servoingmechanism to measure the
relative changes in probe tip contact forcefor increasing amplitude of input signal. The input signal to the
controller is shown in green, the force measured by the proximally mounte/T sensor is shown in red and the
force measured by the distally mounted F/T sensor is shown in blu&he amplitude of the sinusoidal input was
increased in increments of 0.01N from 0.1N to 0.2N.

6.5 Experimental Setup andResults

In order to fully assess thefficacy of the systepfour experiments were performedth the
fluorescence spectroscopy probe described in Section Bl&Tirst experiment was a system

charactesation to identify the force required to initially advance the imaging probe (and
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therdore overcome friction between the probe and the internal channel) foediffdflections

of the distal tip of the flexible access platformThe second experiment is similar to that
described in Section 6.4.1 and aims to charaetéhie effect of di#rent contact forces on the
autofluorescence signal measured using the fluorescence spectroscopy probe -aivtheafi
tissue.The third experiment was designed to validate the ability of the system to reconstruct a
multi-spectral map of a known fluseent pattern using a stained silicone phantom. Finally, the
fourth experiment was designed to demonstrate the ability of the system to acquire
autofluorescencespectra while maintaining contact with an-wxo tissue sample as the
platformservos the prabtip over the tissue surfadgote: It was not possible to also carry out

these experiments with ti@ellvizio system due to a technical fault with the system.
6.5.1 Effect ofContact Force on Fluorescence Intensity Spectra

In order to simulate a clinit@&nvironmentthe force adaptive linear servoingechanisnwas
attached to thélexible access platforrand the fluorescence probe passed through an internal
channel, as can be seerFigure6.9. The tissue sample used during these experiments was an

ex-vivo fowl liver, and the flexible access platforosedwasVersion_3

Distal Tip

Fluorescence
Imaging Probe

\

Figure 6.9: Experimental setup for testing the effect of contact force on reflectedutofluorescenceintensity.
The exvivo liver tissue sample, fluorescence imaging probe and the distal tip of tlikexible access platform
are marked. The force adaptive linear servoing mechanism is located at the proximal end of thelatform

shaft, approximately 500mm to the right of the probe tip as shown in the image.

With the flexible access platfornm a straight configuration (i.e. no angular displacement on
anydegree of fredom), theforce adaptive linear servoingechanisnwas used to advance the
probe into contact with the tissue. Duethe limiting effects of the long transmission distance
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and proximal location of the force sensor, a minimum setpoint of 20mN was redoired

advance the probe into contact with the tissue. Once touching the tissue, the force was increased

in 20mN increments up to 150mN and spectroscopic images were acquired at each increment. A

subsample of the plots of autofluorescence intensity verseslergth are shown for four
force incrementsOmN, 40mN, 90mN150mN) inFigure6.10.
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Figure 6.10: Plot of intensity versus wavelength for contact forces of OmN, 40mN, 90mN and 150mN. The OmN
increment represents a norcontact condition where the distal tip of the probe is in free space

Synchronised images captured using the onboard camera can be Bagmai®.11 - Figure

6.14. These images clegrshow that as the setpoint tife force controller is increased, the

probe is indenting further into the tissue surfand causing local deformation.
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Figure 6.11: Onboard camera view when the probe is Figure 6.12 Onboard camera view when the probe
not in contact with the tissue. Thefluorescencelight is contacting the with a 40mN contact force. The
from the illumination fibre can be seen reflecting off probe tip can be seen on the left of the image

the tissue surface on the left of the image

Figure 6.13: Onboard camera view when the probe is Figure 6.14: Onboard camera viewwhen the probe

contacting the tissuewith a 90mN contact force. More is contacing the tissuewith a force of 130mN. The

of the probe tip is now visible and the tissue probe can now be clearly seen deforming the tissu

deformation can beseen as it is advanced by theforce adaptive linear
servoingmechanism

These results show that whileetmagnitude of the tissue aflil@rescence remains constant for

all contact forces, the effect of the ambient light on the spectral trace decreases in proportion to
increasingorce. This trace from the ambient light can be seerall force values even as they
becomequite high, although there is a significant attenuation in the inteofsibe peak as the

probe engages the tissue. The fact that this trace is present evethe/peobe is in full contact

with the tissue is due to the diffusion of tambientlight through the tissue to the detection
fibores. However, at each of these contact forces, the spectra show that the primary

autofluorescencpeak at 510nm does not yareven with the large tissue deformation which
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can be seewith the 150mNcontact forcgFigure6.14). This implies that there is no advantage
in appling large contact forces to the tissue in order to improve the signal to noise ratio.
Indeed, translating the probe tip when engaged with such a contact force could potentially

damage the tissue surface.

These results indicate that émder to obtain aasistent imaging results with the fluorescence
spectroscopy probe without damaging the underlying tissue, the key requirement is to maintain
alow force contact with the tissue at all times during image acquisition (between approximately
40mN and 60mN). Tie contact forceshouldbe sufficienty large enough to stop angmbient
illumination from interfering with the autofluorescence measurembuatsiot too large so as to
cause any tissue damage. Achieving this during statiGvexexperiments istraighforward;
however, the unique challenges of thevivo environmentould potentially make this difficult

for an operator to achievén particular if the operator wishes to translate the probe over the
surface of the tissue in order to generat®irectional map ofthe underlying tissue response,
issues such as tissue deformation, -plamar surface profilesand motionartefactsdue to
cardiac and respiratory cyclesould result inthe probeeasily becominglisengagedrom the

tissue surface or deagingthe tissuef the contact force inadvertently became too high. In these
situations, theforce adaptive linear servoingechanism coulde used to ensure thauch
problems do not occur by automatically advancing or retracting the probe as the grofie

changes
6.52 Force Characterisation

The purpose of the force charactation experiments was to identifiye requiredorce setpoint

to advance the probe within the internal channel for different deflections of the distal tip. Only
small defections of the distal tip were used during these tests to ensure that the force
transmission from therobe tipis not adverselhaffectedby changes in thélexible access
platform configuration. To find the minimum setpoint required to advance the prabe f
different deflections the distal tip was servoed to five different positions using the handheld
controller. Thecoordinates of these positions are listed @ble 6.1 andrepresent the straight
configuration and positions each of the fouquadrants of the Cartesianocdinatesystem
These four tip positionsmdicatethe extreme deflections that will be used during this study. The
resulting workspace of the distal tip is approximately a square with an area of 218ineach
position the setpoint of the controller wascreasedrom OmN in increments of 10mN unthe

probe was advanced and made contact wisilicone phantom located approximately 15mm
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from the distal face of th#exible access platformThe results showing the minimum force

required to advance the profeg each distal tip positioare shown imable6.1.

The datashows that larger forces are required to advance the probe when the tip is deflected
than when it is straight. This is due to thergase in frictional interference effects between the
imaging probe and the internal channel as the distal tip deflects. Consequently, for the

remainder of the experiment a minimum setpoint of 40mN was employed during all tests.

Table 6.1: The minimum setpoint required to advance the imaging probe for different deflections of the distal
tip

Tip Location (mm) Minimum Force (nN)
(0,0 20
(-7.1,7.1) 30
(8.3, 8.3) 40
(-6.66.6) 40
(7.3,-7.3) 40

It shouldbe noted thafor the purposes of this feasibility study, only the tdistal degrees of
freedom of theflexible access platformvere used. Actuation of atlegrees of freedom is
possible;however, for any large displacememtf the joint angles additionalwork would be
required to reduce the friction -@dficient between the internal channel and imaging probe.
Additionally, the interaction of the imaging probe and the internal channel would need to be

adequatelynodelledin order to ensure accurate ogton of the force controller.
6.5.3 Phantom Validation

A double fluorescence stained silicone phantom was developed to demonstrate the ability of the
system to trace a trajectory over a surface aractoratelyreconstruct the underlying multi
spectralresponse. The phantom features four horizontal lines of alternating yellow and green
fluorescent dye mounted on a flat surfatlis surface is parallel to the distal face of the
flexible access platforrwheniti s i n t he 0 sAtgapaof appoxindately h5nmt i o n .
separatethe individual linesand each line is approximately 1.5mm thick. As was described in
Section 6.3.1each of the separate componentsptatform control, force adaptive linear

servoing mechanism control, onboard camera acquisition and autofluorescence image
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acquisitionwere synchrorsed and thalistal tip was servoed along a 2D scan pattern using the
handheldcontroller. An additional camera was setup to record the position of the probe tip

duringthe experiments.

As the probe is sereal along the 2D scan trajectpthie distal tip moves in an arc due to the
actuationcharacteristics of the universal jaiibh order to maintain a consistent contact force
between the probe and the phantom,firee adaptive linear servoingust constantly adjust

the probe positionThis is similar to the situation that would arise when imaging biological soft
tissue as the surface profile of the tissue wotyidically be differentfrom the arc traced by the
distd tip. Analysis of the spectral response and the external cafneeal for validation
purposes onlyonfirms that the probe did not lose contact with the phantom at any point along

the trajectory.

An additional advantage of théorce adaptive linear sasing mechanismis that the
synchronsed data streams allofor the spectral information at each acquisition point to be
localised along the tip trajectory using the estimation of tip posftiom the motor pulsed his
featureaddresse€hallenge3 as otlined in Chapter 1 bgffectively increaingthe information
provided to the operatpandallowing for ssamless comparison of the whiight tissue images

and the autofluorescence intensity signal. This has the potential to not only impretmmeeal
in-vivo diagnosis but to also provide the operator with a syncéednilataset which can be
further analysedoffline after a procedure has taken platbe presence of this dataset for
subsequent analysis or comparison is significant since, utrgditional biopsies, optical
biopsies do not leave a scar the absence of a scagn be difficult for a clinician to return to a
previously biopsied location for comparison purpdde€®l]. To demonstrate the usefulness of

this approach, all relevant data streams Hmen combined and visusdd inFigure6.15. This

figure contains a schematic representation of the fluorescent dye pattern with the robot tip
trajedory projected onto its surface (parallel to thstal face wherthe platform isstraight).

Using the synchrorsation between the tip trajectory and the image acquisition streams, three
0data pointsd haaeddi spé¢mayerdtr Batm@bdpodmd éseoad
spectra as recorded by the fibresof the imaging probéottom)and the image as captured by

the onboard camer@op, right) at that location on the tip trajectory. An additional image from
the external camer@op, left)is also shown to confirm that the imaging probe is engaged with
the phantom at all times and that the fluorescence intensities identifigt @pectral traces

corresponavith the dye that the probe is touching.
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Figure 6.15: Plot of the trajectory of the robot tip as it passes over the green and yellow fluorescence dye.
Three results sequences displaying the spectral informatiofbottom)the onboard cameraview (top- right) and
an external carera for visual confirmation of the spectral result(top-left) are also shown.

The spectral traces clearly show intensity peaks at four diffevamelengths These match
precisely with locations of the three ground tretttitation wavelengthknown to beon the
phantom. These agellow dye with a peak at 515nm, green dye with peaks at 505 and 640nm
and thebackgroundpaper with a peak at 460nimhese results clearly demonstrate the ability of
the system to differentiate between the different wavelengthsecorded at the different
locations. The results illustrated in the right hand spectFigure6.15 are of particular note as
the different fibres of the imaging probe display different wavelength peak intersaidsur

of the fibres show a peak at 460nm and the otherdigplaya pe& at 515nm).The reason for
this can badentified by looking at the image feed from the onboard and external cainetas
this particular point on the tip trajectorthe imaging probe is located between the yellow
fluorescent dye and the papers A resit, different fibres within the probe display different
excitation wavelengths. This information can be interpretddd®@ase the effectiveesolution

of the multispectral probe by incorporating the relevgpdtial distribution of the fibres.
6.54. Ex-vivo Liver Tissue Validation

The final experiment carriedut with the force adaptive linear servoinmechanism was

performed on an exivo sample of fowl liver. The purpose of this experiment was to
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demonstrate the ability of the system to servo the imgagrobe across the surface of a
biological tissue samplewhile ensuring full contact with a consistent contact foraed
simultaneously recording synchreadl image and tip trajectory information. The orientation

of the tissue sample with respecttte probewas chosen to represent a more challenging
scenario than the orthogonal placement of the fluorescent phantom in the previous experiments.
In this case, the tissue was arranged to slope away from the distal faceflekithie access
platformat a shallow angle. This orientation results in a significant change in the mifile

tissue as the imagingrobe moves across its surfae®d necessitates both advancement and
retraction of the probe to stay in consistent contact. The results fienexperiment are
visualised inFigure6.16. The information presented in this image is similar to that displayed in
Figure 6.15 with the tip trajectory projected onto a 2D plane and information regarding five
6dat a pointso al ong t he t rea j la chisocasg jushenb e d de d
autdluorescence spectra and the onboard camera image are displayed.

The magnitude of the primary atitmrescencepeak (approximately 510nm) in the spectra
remainsconsistentat all points along the trajectory of the probe. Timdicates that good
contact was maintained with the tissue throughout the experiment and that the region of the
tissue sample probed was homogenous. In the imagesdedfrom the onboard camerthe

probe can be clearly seen to advance and retractragvitss across the surface profile. This
movement can be further examined by looking at the profile of the force as measured by the
Proximally Mo u nt BTd éensor andsynchronisedxy position of the distal tip(

Figure 6.17). The plot in this figure shows how the controller is attempting to maintain a
consistent contact forcat the setpoint of 40mN. Significant deviations from this value occur
after aproximately 43 and 66 samples. Matching théseframesto the images from the
onboard camera shows that at these tittesprofile of the tissue changes significantly. When

the force drops suddenly after 43 samples, the probe almost loses contact with the tissue sample
but theforce adaptive linear servoingechanismadvancest in order to maintain contact.
Conversely, #ier 66 samples the trajectory brimthe probe into a tissue region close to the
flexible access platformvhich results in the probe becoming embedded deeper in the tissue.
This can be seeim the sharp increase in the force measured by the F/T sén¢be onboard

camera footage the probe can be seen to retract in order to reduce the force exerted on the tissue.
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Figure 6.16: (middle) 2D plot of the trajectory of the probe tip with five results sets indicated. Each results set
displays the spectral information and the synchrorsed onboard camera imageAn aluminium tray used to
hold the liver sample can be identified in the top portionof the onboard camera images as well as the
orientation of the tissue sloping away from the distal face of thitexible access platform
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Figure 6.17: Plot of the X (top) and Y (bottom)coordinates of the probe tip (greer) verses the forcemeasured
by the F/T sensor (blue)The controller is attempting to maintain the contact force at the setpoint of 40mN.
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6.6 Discussion andConclusion

The experimental results demonstrate that the combination dlettible accessplatform and
the force adaptive linear servoing mechanism address severatecchallenges outlineth
Chapter 1 of thishesis These achievements include:

1. Improvements in the ergonomics of deploying aadgeting probebased optical
imaging techniques through the combination of the dexterity of fibeible access
platform and the handfee probe advancemewapabilitiesprovided by thelinear
servoing mechanism

2. Improvements in the acracy and repeatability of prodmsed optical imaginthrough
the use of force controlled probe advancement which aims to ensure a consistent contact
force across all tissue profiles

3. Improvements in thintraoperativeinformation flow provided to surgeons through the
synchronsed acquisition of onboard camaeimages and fluorescence intensity spectra
andthesubsequent locahtion d these images on the trajectory traced by the distal tip

The results presented here represent the first step towards the developmetiinifaly
deployableforce adaptivelinearto servo the probe using all of the degrees of freedom of the
flexible access platforrfor large area surveillance. This will require focgson reducing the

friction between the probe and the internal chammelmodellingof probechannel intera@n

for different deflections of the@ | a t ¢ jointsnsoich deflections would result in a different
minimum force setpoint for each configuration of the platform. For example, the 40mN setpoint
(as shown inTable 6.1) required to advance the probe for small deflections of the tip would
significantly increase if the platform was fully retroflexed. Modelling and predicting the
required setpoint would relyn knowledge of the angular displacement of each of the degrees of
freedom. A practical demonstration of this limitation can be seen in Chapter 7 where the force
adaptive linear servoing mechanism is employed during-&ivinstudy solely to advance and
retract the probe, but not to maintain a consistent contact force. During that study the
configuration of the platformbés joint units
minimum setpoint that would be required to advance the probe at @iny ip time.
Consequently the setpoint of the controller was incrementally increased by the operator until the
probe was seen to advance. Without knowledge of this sepmind model of the interaction

of the probe within the channel of the platforiinis impossible measure the resulting contact
force between the tissue and the probe and to ensure this force remains consistent as the probe is

servoed over the surface of the tissue. This problem can potentially be addressed through the
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use of accurate adelling of the probé channel interaction or alternatively by measuring the
interaction force directly at the distal tip. This would involmeving the F/T sensor from its
proximal mounting location to the distal tip of the probe itsélie size restribons of
minimally invasive surgery and current force sensing technology rmfa@kea significant
challenge, bwever, with advances in fibre optidarce sensing technology such as is displayed
in [165] [166] and[73], imaging probes may become integrated with force sensing capabilities

to make thisa reality.

A second limitation of the system as presented, ierde use of motor pulses to estimate the
joint position employed with/ersion_3of the flexible access platformAlthough acceptable

for estimating the position of the tip, this techrégs prone to drift and erroneous readings due
to the fact that the motor can output extra pulses when stalled or when changing direction. As a
result, it is not suitabléor commanding thelistal tip to trace specific trajectories. At the time
that this vork was carried outthe potentiometebased position feedback developed for
Version_5of the flexible access platformas not yet availablddowever, knematic control is
possible with this latest versi@mdit is anticipated thatvhen theforce adaptivdinear servoing
mechanismis deployed withvVersion_5 the ability to servo the probe over specific trajectories
will allow for clinically relevant functional tissue maps (in the case of the fluorescence
spectroscopy probe) or large area mosaics (in the afthe pCLE probe) opscific regions to

be generatedFinally, the ptential also exists to combirthe system described here with the
experimental gaze contingent control strategies described in Chapter 5. dplayed
simultaneously, such systemwould offer a clinician the ability to use the dexterity of the
flexible access platforrto target the probe along curved pathways and perform force adaptive

optical i maging i neadcmaphet ely O6hands

The next chapter will take the flexible @&ss platform and its stgystems out of the laboratory
setting and present results from two case studies performed dwving ipre-clinical trials.

These case studies show the translational nature of the work presented in this thesis and
demonstrate howhe system can be used as a researckoéelsto investigate the potential

applications of robotic assisted flexible access surgery.
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Chapter 7-
In-Vivo Surgical Intervention using

the Flexible Access Platform

In Chapter 1, severalhallenges facing the adoption fiéxible access surgemyere outlined.
These included the ability to provide controlled flexibility and stability along curved instrument
pathways(Challenge 1)to reduce the system footprint withihe operating theat(€hallenge

1), to provide an ergonomic platform to target minor interventional instrumentation and imaging
probes(Challenge 2and Challenge4) andto improve thentraoperativanformation flow to a
clinician through the integratioof advanced imaging techniquéShallenge 3) The systems
which have been described over the preceding dbapters incorporate features which aim to
addresseach of these challenges. In this chaptetential clinical applications of thigexible
access platformwill be introduced The feaibility of performing two focsed applications will

be demonstrated witbasestudiescarried out during prelinical trialsin live porcine models.
The procedures performed were a unilatérahsvaginaltubal ligaton and atransvaginal
diagnosticperitoneoscopysing optical biopsy techniques. The former proceda@monstrates

the ability of the platform to achieve complete retroflexion within the constraints of the pelvis
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and to provide a stable platform for the successful deployment of multiple interventional
instruments The latter procedure highlights the suitability of the deviceptnforminglarge
areavisualisationin conjunction withprobebased optical imaging Each of thecasestudies

will be preceded by a laboratory based workspace assessment to demonstrate the suitability of
the platform for performing the specific procedure. In the case of the tubal ligation, an analysis
of the retroflexion capabilities of th@atform will be theoreticallydemonstratedwhile in the

case of the diagnostic peritoneoscopy, a peritoneal exploration was performed in a simulated
environment The key contribution of this chapter is the demonstration of the translational
nature of tle work described in this thesis and the suitability of the flexible access platform for

exploring the challenges of flexible access surgery.
7.1 Surgical Evolution - Minimi sing Invasiveness

The ongoing drive teaninimisethe invasiveness of surgical proceduinas wherever possible,
led to a reduction in thezg@ and number of incisiori®eing made during surgergs can be seen
in Figure 7.1, the trend over the last 25 years la®lvedfrom open surgery taminimally
invasive surgery (MIS) and now to the emergingxperimentalfields of single incision

laparoscopisurgery (SILS)andnaturalorifice translumenaéndoscopicurgery (NOTES).

Figure 7.1: Surgical technique with respect tatechnicaldifficulty /complexity and invasiveness
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