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CHAPTER 1

INTRODUCTION

The earliest application of computer-guided robotic surgery was in the area of neuro-
surgery where a modified Puma 200 robot was used to perform a stereotactic brain biopsy.
Neurosurgery was the first area where surgical intervention was experimented since the
skull rigidity facilitates localization of anatomical landmarks. This procedure was car-
ried out at Memorial Hospital of Los Angeles in 1985 by Kwoh et al. [1,2]]. Ever since,
computer-aided surgery (Also loosely called robotic surgery) has continued to disrupt the
surgical arena. This has impacted orthopedics [3H13]], neurosurgery [[14-16], cardiology
[17-24]] and urology (e.g. see review in [25]], works on laparoscopic nephrectomy [26-35]],
prostatectomy [36-39] and brachytherapy [40-42]).

In particular, urology has seen a substantial impact since researchers began to use robots
to overcome instrument limitations in laparoscopy to be able to carry out more complicated
tasks (for example, see [43-45]]). The first surgical robot approved by the Food and Drug
Administration called AESOP (Computer Motion Inc., Goleta, California, USA) maneu-
vered endoscopes by receiving user inputs from a foot pedal/joystick [46]. The use of AE-
SOP in laparoscopic procedures eliminated the need for human camera assistants, reduced
instruments collision and provided more stable camera control [47,48]]. Later, Computer
Motion developed ZEUS robot, a master-slave tele-presence system that incorporated an
AESQP and three other similar robotic arms to hold and position instruments. This system
was teleoperated by a surgeon sitting at a surgeon’s console. In 1997, the da Vinci surgical

system (Intuitive Surgical®, Inc. Sunnyvale, CA, USA) was used to perform a laparoscopic



cholecystectomy in Belgium [49]. Like ZEUS, the da Vinci is a master-slave robotic sys-
tem. It consists of a surgeons console , a patient-side cart with three or four robotic arms, a
visualization system and special cable-driven wrists (EndoWrist®). The da Vinci replicates
the surgeons hand motions at the master hands into the corresponding scaled-down move-
ments of instruments inside the patient and it also filters tremors. Currently, the da Vinci
platform is the predominant commercial surgical robotic system with more than 3 million
minimally invasive procedures performed since 2000, mostly for laparoscopic prostatec-
tomies and hysterectomies [[S0-52].

Yet, this progress in robotic surgery has not crossed over to transurethral resection of
bladder tumors (TURBT), a procedure where the bladder tumors are resected by a resec-
toscope. Instrument limitations such as reduced resection accuracy, lack of intracavitary
tool-tip dexterity, sparse instrumentation repertoire and lack of in vivo feedback have im-
peded progress in TURBT improvement. The goals of this dissertation is to explore the
mechanics of manual resection to shed light on its performance and then to introduce a first
surgical system for TURBT. This demands an intricate mechanical design but also more
importantly requires devising novel algorithms to make viable a surgical procedure in such
a confined, flexible and free-form space as urinary bladder.

Among all cancers, bladder cancer is the 7" most commonly diagnosed in males and the
11" in females worldwide [53]. According to the American Cancer Society® report, it is the
4™ most common cancer among men in US [54]. Approximately 75% of all bladder can-
cers is categorized as non-muscle-invasive (NMIBC) that are tumors either confined to the
mucosa (stage Ta, CIS) or sub-mucosa (stage T1) [55]]. Although TURBT remains the gold
standard for the diagnosis and treatment of NMIBC, it suffers several limitations. A major
challenge is insufficient resection [56]]. Surgeons often have to trade off two risks: deep
resections at the cost of increased chances for bladder perforation or shallower resections
at the cost of higher likelihood of leaving behind residual tumor. Apart from tool dexter-

ity limitations, the tumor boundaries and depth of penetration is often not distinguishable.



All in all, it is not possible to perform en-bloc resection in contrast with general oncologic
principles. Therefore, the tumors are removed piecewise hence increasing the likelihood
of recurrence which would demand repeat procedures (restaging TUR or re-TUR). In a
study by Adiyat et al. [S7], 70% of patients had visible tumor at the time of re-TUR and
30% had tumors at the original site. Considering all these factors, bladder cancer has the
highest overall treatment costs per patient among all cancers [58-60]. A more thorough
investigation into challenges of TURBT and its current status is covered in chapter 2 of this

dissertation.

1.1 Motivation and Knowledge Gaps

This dissertation is motivated by four key knowledge gaps that form the foundation for
its contribution. These knowledge gaps include: (a) Quantification of surgical performance
during manual resection of bladder cancer tumors, (b) Collaborative telemanipulation re-
quirements for successful TURBT, (c) The challenges and the potentials of robot-assisted
TURBT have not been explored yet. (d) A thorough kinematic/static analysis of an open-
ended wire-driven wrist. The following is a detailed description of these items:

Baseline for manual resection: The current practice of manual transurethral resection of

bladder cancer tumors lacks performance benchmarks. Several studies have postulated that
surgeons tend to under-resect tumors (e.g. [57,61]]) and that this could be an important
factor to repeated resection procedures. There is no published work characterizing the
kinematic limitations of the current repertoire of instrumentation or presenting estimates to
the expected resection accuracy in different anatomical regions of the bladder.

Assistive telemanipulation requirements for successful TURBT: When accessing deep

anatomy through a narrow access route such as in TURBT, several problems arise that
challenge our current knowledge of how to deploy robotic intervention successfully. These
challenges stem from the fact that the robots needed for completing such surgical proce-

dures often have a high number of degrees of freedom and they are required to coordinate



visualization and manipulation while respecting limitations of both visualization and ma-
nipulation tools. For example, the TURBT robotic system presented in this work has nine
actuated joints (excluding the distal laser arm). Also, the dexterous robot (a continuum
robot) and the visualization endoscope emanate from a narrow access channel thereby cou-
pling the manipulation and the management of the endoscope motion in order to success-
fully manipulate the robot without occluding visualization of the surgical site. Therefore,
there is a need for redundancy resolution algorithms that can address the specific needs
of TURBT while allowing the user to use a typical telemanipulation interface. These al-
gorithms must also include coordinated motion of the robot and the endoscope thereby
alleviating the need for the user or an assistant to control visualization.

Deployability challenges for robot-assisted TURBT: The feasibility of robot-assisted TUR-

BT has not been explored yet. The research community currently lacks an understanding
of the challenges facing successful deployment of such robotic systems for TURBT. Such
knowledge is only acquired through experimental testing of prototype systems such as the
one presented in this work. Lessons learned through this experience will hopefully inform
designers of future systems for TURBT.

Performance characterization of open-ended wire-driven wrists: The design of surgi-

cal systems for confined spaces often requires dexterous wrists to augment distal dexterity.
Such wrists allow delicate motions in a small workspace with often more range of motion
than human hands can provide. In fact, this has been one of the key advantages that robotic
surgery has offered since its inception. The majority of the existing commercial surgical
wrists often use a pull/release closed-loop wire transmission where a single motor is used to
drive a closed-loop wire in both directions. In such designs, the wire loop initially requires
a relatively high pretensioning to ensure it does not go slack during operation and this can
generate friction and substantial stresses on the wires. In addition, wire rope extension due
to fatigue and creep limits the useful life-cycle of surgical instruments with closed-loop

actuation.



In an alternative wire transmission known as open-ended wire drive, one end of a wire is
connected to the moving link while the other end is pulled by an actuator. In this paradigm,
pretension of each wire is directly affected by its dedicated actuator. As the number of
actuators is more than the degrees of freedom, it is possible to have a more accurate com-
pensation of motion losses and estimation of external forces. In addition, such devices can
provide robustness to wire creep thereby potentially increasing the useful lifespan of surgi-
cal tools. To design and analyze such wrists, it is important to consider the effects of wire

forces on their characteristics such as payload, workspace, positioning accuracy, etc.

1.2 Scope of Work

To improve TURBT, key advances in four areas are essential: 1. Improve intra-vesicular
surveillance and staging, 2. Improve resection accuracy, dexterity and instrument reach in
all aspects of the bladder, 3. Provide means for delivering a future imaging modality to
identify tumors in vivo, 4. Provide a means for monitoring resection depth and enforcing
methods to minimize perforation risks.

A major core of this scientific endeavor was in developing a robotic platform for blad-
der surveillance and tumor resection that addresses the aforementioned required advance-
ments. This transurethral surgical platform henceforth called TURBot (TURBT Robot)
(see Fig. (1.1)) is deployed transurethrally in the bladder and is capable of accessing all re-
gions, in particular the poorly accessible bladder neck and performing resections/ablations.
Through the three @'1.8mm working channels of TURBot’s miniature multi-backbone con-
tinuum robot (MBCR), various instruments such as graspers, custom flexible cameras and
other imaging probes can be deployed to facilitate resection/ablation and provide sensory
feedback. This concept of an MBCR for TURBT (called Prototype 0) was first presented
in [62,63] where an early feasibility study was performed on phantom models and an
explanted bovine bladder. Prototype O lacked several key elements needed for successful

deployment of TURBT, which motivated the development of TURBot. In this regard, TUR-



Bot is a first robotic system deployed for evaluation in animal experiments. With continued
development and clinical translation, this system could significantly improve the standard
of care for TURBT while overcoming surgeon skill barriers and eventually reducing recur-

rence rates and repeat resections.

Figure 1.1: TURBot: a master-slave robotic system for surveillance and transurethral re-
section of urinary bladder.

Apart from development of precisely-controllable dexterous tools, in order to enhance
the current status of TURBT, it is also essential to understand the kinematics of manual
resection and to characterize this procedure quantitatively. This was a motivation to develop
a kinematic model and to introduce performance measures based on this model. This not
only identifies and allows comparison of resection quality on different bladder regions, but
also establishes a baseline for manual resection that can be used for assessment of future
novel tools and robots for TURBT. This topic is discussed in detail in chapter (3)).

At the end of this dissertation, a new avenue is explored that regards a thorough expo-
sition of an open-ended wire-actuated wrist for robotic minimally-invasive surgery (MIS)

applications. Essentially, the wrist as illustrated in Fig. (I.2)), has two parallelogram mech-
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anisms incorporated with the design in [64]]. The wrist has a pitch and dual yaws (grasping)
motion (See Fig. (I.2)-a). The focus of the study is on the analysis of the architecture and

the particular mechanical embodiment simply provides an example case study.

Tr2 Tr1

Figure 1.2: 3-DoF wire-driven wrist: (a) Degrees of freedom include pitch, left and right
yaw, (b) Wire routing: Antagonistic actuation of 71,752 and 71,7, in pairs generates pitch
motion while antagonistic actuation of 737 and 73, (7,1 and T,5) yields left (right) yaw or
grasping motion.

The following enumerates the contributions presented in this dissertation:

1. Kinematic modeling of resection by a standard resectoscope: The direct and inverse

kinematics as well instantaneous kinematics are developed for manual resection.
This models helps provides an important tool in studying resection accuracy/dex-

terity in different areas of bladder.

2. Characterization of resection performance of the current standard resectoscopes: Us-

ing the developed kinematic model of manual resection, several performance mea-
sures are introduced to evaluate resection dexterity/accuracy. These measures are
then correlated with experimental data to determine which are more relevant in defin-

ing resection accuracy in lateral and in depth directions.

3. Constrained redundancy resolution of a multi-segment continuum robot: To control

the MBCR end-effector while respecting the constrained imposed by the resecto-

scope sheath access channel (tubular constraint), when a portion of a segment retracts
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inside the sheath, the entire segment posture should go straight to ensure TURBot
safety. However, this causes loss of the robot mobility which in turn jeopardizes
successful task completion. An elaborate high-level control scheme is developed
in chapter (5) to address this problem. Depending on how many segments of the
MBCR are constrained by the tubular constraint, the task description and the instan-
taneous kinematic changes. The proposed control architecture takes into account
these changes and switches smoothly between different methods to efficiently uti-
lize the TURBot available dexterity to accomplish the task while warranting tubular

constraint.

. Telemanipulation paradigms for transluminal surgical robots: The constrained redun-

dancy resolution should be incorporated within higher-level telemanipulation frame-
work. The user interacts with this framework by providing reference (command)
motion signals by using a master haptic interface. Two telemanipulation paradigms
namely eye-in-hand and eye-to-hand arise in the context of robotic MIS systems. The
former is generally used when the primary visual feedback is supplied by a camera
mounted on the robot end-effector. The latter is utilized when the camera is placed in
a stationary location viewing the robot and the surgical site. This method was used

for phantom and animal studies in chapter (6). This method is explained in more

details in section (5.2.2).

. Redundancy resolution to minimize visual occlusion: A problem that arises in trans-

luminal robotic surgery (or in NOTES robotic surgery in general) is the visual occlu-
sion caused by the presence of the robot and other tools in the field of view. During
robotic surgery - and especially when using continuum robots for added dexterity -
this problem is exacerbated because the body of the continuum robot often emanates
from the access channel in close proximity to the tip of the endoscope. To mini-

mize the encumbered occlusion, a redundancy resolution algorithm is proposed for



the control of a continuum robot that utilizes the robot redundancy to drive itself out-
side the field of view while completing the task with its end-effector. The proposed

method is general and can be applied to any redundant robot.

6. Analysis of an open-ended wrist architecture for Robotic MIS: The focus and the con-

tribution is on the analysis of the architecture rather than the particular mechanical
embodiment. The relationship between the jaws forces and the wire loads are derived
and the wrist positioning error, compliance and load bearing capability are analyzed.
A basic model for actuation compensation is presented. The methods developed for

these analyses are general and can be applied to any open-ended wire-driven wrist.

1.3  Outline

This dissertation is organized as follows: Chapter (2)) covers a brief history of computer-
aided surgery in urology and an overview of current status of TURBT. In chapter (3)), a
standard resectoscope performance in TURBT is analysed and evaluated by simulations as
well as experimentally. In chapter (), the design details of the TURBot system are ex-
plained. The calibration and the control algorithms of TURBot are brought in chapter (5).
In chapter (6], the system is evaluated through phantom and animal studies. The mini-
mization of visual occlusion by a redundancy resolved-rate control method is described in
chapter (7). In chapter (8), modeling, analysis and evaluation of the 3-DoF wire-driven
wrist is presented. This thesis is concluded in chapter (9) by presenting a summary of all

chapters and proposition of potential future research directions.



CHAPTER 2

BACKGROUND

2.1 A Brief History of Computer-Aided Surgery in Urology

The first case of application of robotic principles in urology was performed in Imperial
College London in 1989 where Davies et al. used an industrial 6-DoF PUMA robot to ma-
nipulate a resectoscope to perform transurethral resection of prostates (TURP) on a potato
enclosed in a box (See Fig. (2.1)) [36}/65]. TURP is a surgical procedure to treat urinary
problems due to the prostate enlargement. They performed some initial exploratory human

trials in 1991 to identify challenges and required improvements [66].

Figure 2.1: Experimental setup for a feasibility study of using robots for prostate surgery:
a PUMA robot resecting a potato enclosed in a box ()

Their eventual prototype called PROBOT consisted of a circular safety frame to ensure
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the robot did not violate its workspace and a 4-DoF mechanized conventional resectoscope
shown in Fig. (2.2). This allowed rotation, tilting and insertion of an entire resectoscope
along with extension/retraction of the cutting element (e.g. a loop) though the resectoscope.
They tested PROBOT in 1997 on 10 patients for full (or nearly full) prostate resection [66].

In all cases, complete relief from urine outflow obstruction was reported.

/
| Resecioscope shown dashed
is in the position when the
ring is rotated 180"

Robot frame

Figure 2.2: (a) PROBOT: first robot in urology used for prostate resection, (b) PROBOT in
clinical trails, (c) PROBOT degrees of freedom: rotation, tilt and insertion/retraction of the
resectoscope and the cutting element.(image source:www.wired.com, ,[@])

Telerobotic was starting to flourish in 1990’s when laparoscopy was experiencing major
roadblocks. The instrument repertoire in manual laparoscopy was limited and hence only
useful for relatively simple surgical tasks for instance tissue removal and basic tissue clo-
sure. Therefore, several researchers began to combine robotics with MIS to synergise more
efficient tools and techniques to perform more complicated surgical procedures [43-45].
Among them, Taylor et al. at IBM Watson Research Center in Yorktown Heights, New
York developed a 7-DoF Laparoscopic Assistant Robotic System (LARS) that holds and
pivots the laparoscope about the point where it enters the abdominal wall [45]]. The LARS
mechanical structure is based on a parallel four-bar linkage and a remote-center-of-motion
(RCM) to accommodate the patient’s abdominal entry port.

In 1994, the Food and Drug Administration (FDA) approved the first surgical robot.
AESOP (Automated Endoscopic System for Optimal Positioning) developed by Computer
Motion Inc. (Goleta, California) was a robotic arm to position endoscopes that could be

controlled by foot pedal/joystick and later by voice commands [46]. The use of AESOP
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Figure 2.3: Laparoscopic Assistant Robotic System (LARS): (a) schematic diagram ([45]),
(b) a picture of upper portion ([|68]).

in laparoscopic procedures eliminated the need for human camera assistants, reduced in-
struments collision and provided more stable camera control [47,148|]. Later, Computer
Motion used similar arms to hold and position instruments along with an AESOP to posi-
tion the laparoscopic camera. This system called ZEUS consists of a surgeons console and
three AESOP arms that attached to the patient operating table. In June 1998, Dr. Frank
Diamiano performed a reanastomosis of a fallopian tube using ZEUS [69]. This system
was cleared by FDA in 2001. Combined with a telecommunication system (marketed un-
der the name SOCRATES™ Robotic Telecollaboration System), ZEUS opened the area of
telesurgey and telementoring where the surgeon or trainer can be located thousands of miles
away from the patient or the trainee. This culminated in Lindbergh Operation in 2001, the
first transcontinental robot-assisted laparoscopic cholecystectomy (removal of gall bladder)
performed by Jacques Marescaux operating in New York, USA on a patient in Strasbourg,
France [[70].

The past decade has seen the emergence of a few commercial systems in urology.
Sensei® X by Hansen® Medical (acquired by Auris Health, Inc., Redwood City, Califor-

nia) and da Vinci platform (Intuitive Surgical®, Inc. Sunnyvale, CA, USA) are two of such
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systems. Sensei® X robotic catheter system was developed for catheter ablation proce-
dure. In catheter ablation, a small catheter is steered into the heart via a leg vein. Then
a radio-frequency energy is delivered through the metal tip of the catheter to ablate se-
lected parts of the heart. This robotic system consists of: (a) a surgeon console including
monitors to display endoscopic, fluoroscopic, and other procedure-specific imaging and
a master haptic device (2.4}a); (b) a Remote Catheter Manipulator (RCM) at the patient
side to deliver the catheters b). Although Sensei® X was developed for cardiovascu-
lar applications, Aron et al. passed a custom-built, passive, flexible ureteroscope through
the robotically controlled catheter system to be used for performing ureterorenoscopy [[71]].
ureterorenoscopy is a diagnostic or therapeutic procedure where a flexible endoscope is
placed transurethrally to the ureters and the kidney to inspect and biopsy kidney stones or
to remove them. This system was used in flexible ureterorenoscopic examination of five
female swine [72]]. After some improvements over their system, the authors performed the
first clinical study in robotic ureteroscopy on 18 patients who had renal calculus (kidney

stones) with successful outcomes [73]].

‘ Sensei' X0

Robotic System

Robotic catheterization for enabling
intravascular procedures

inner guide outer guide

Figure 2.4: Sensei® X robotic catheter system: (a) master console, (b) Remote Catheter
Manipulator. Inset is the sheath, (c) motion of inner and outer guides of Artisan extend
Control Catheter .(image source: www.hansenmedical.com)
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The da Vinci platform (Intuitive Surgical®, Inc. Sunnyvale, CA, USA. See Fig. —a)
that received CE mark and FDA approval in 1999 and in 2001 respectively is currently
the mainstream surgical robot with more than 3 million minimally invasive procedures
performed since 2000 . Even though it was originally designed for coronary artery surgery,
its primary application is for laparoscopic prostatectomies and hysterectomies [50-52]. The
da Vinci is a master-slave robotic system that consists of a surgeons console , a patient-side
cart with three or four robotic arms, a visualization system and custom cable-driven wrists
(EndoWrist®). The da Vinci replicates the surgeons hand motions at the master hands into
the corresponding scaled-down movements of instruments inside the patient and it also

filters tremors.

Figure 2.5: Current and upcoming surgical robots with applications in urology: (a) da
Vinci® (Intuitive Surgical®, Inc. Sunnyvale, CA, USA), (b) da Vinci® Sp™(compatible
with da Vinci® Xi), (c) Senhance™ (TransEnterix®, Inc., Morrisville, NC, USA), (d)
SPORT™ (Titan Medical™, Inc., Toronto, Ontario, Canada). All images are extracted
from the companies websites.

There are several emerging robotic systems with applications in urology. da Vinci®
Sp™ (Fig. (2.3)-b) is developed for urologic single incision laparoscopic surgery (SILS,
also called single port access surgery or SPAS). The multi-instrument robotic slave is com-

patible with the latest da Vinci® Xi robot (Fig. (2.5)-a). It delivers a stereoscopic camera
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and three articulated instruments through a 25 mm cannula. These Instruments have two
more degrees of freedom than the conventional da Vinci single-site instruments. This sys-
tem is FDA approved however it won’t be marketed until mid 2018. Senhance™ (Trans-
Enterix®, Inc., Morrisville, NC, USA) or previously known as Telelap ALF-X (Fig. —c)
is intended for laparoscopic surgery in the abdomen and pelvis [74]. It is composed of a
remote console, three robotics arms and reusable surgical instruments [75]]. Haptic force
feedback and eye-sensing camera control are the exclusive features of this robot. Sen-
hance™ had clinical trials in Europe and was approved by FDA in 2017. SPORT™ (Titan
Single Port Orifice Robotic Technology by Titan Medical™, Inc., Toronto, Ontario, Canada)
is another promising multi-instrument master-slave system for laparoscopic surgery (Fig. (2.5))-
d). This system is an adaptation of IREP robot developed earlier by Simaan et al. [[76] at
Columbia university. Based on the company’s claim, it’s cheaper, more versatile and more
agile than the competitors. Its camera insertion tube packs two multi-articulated instru-
ments and a stereoscopic camera. Perhaps, a major difference from the da Vinci® Sp™ is
that the instruments are wire-driven continuum robots (as opposed to linkages). SPORT™
is currently undergoing pre-clinical evaluations and is not FDA approved. For a review of

other upcoming robotic technologies in urology, the reader is referred to reference [77].

2.2  Overview of TURBT Status

Urinary bladder cancer was the 9" most common cancer in 2012 composing 3.1 % of
all cancers [78]]. Bladder cancer accounts for about 5% of all new cancers in the US and it
is the fourth most common cancer in men, but it is less common in women [[79]]. Accord-
ing to the American Cancer Society (ACS) the expected number of newly diagnosed BC
patients in 2017 in the US is estimated at 79,030 and the estimated associated BC deaths
includes 16,870 patients [/9]. Transurethral Resection of Bladder Tumor (TURBT) and
pathological staging are standard surgical therapies for non-muscle invasive bladder can-

cer (NMIBC) and integral parts of the diagnostic evaluation and progression monitoring
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of all bladder tumors [80-82]. Despite progress in recent decades, through use of cautery
resection loops, laser ablation and endoscopes, TURBT is still associated with significant
patient morbidity [83,84]]. The quality of the first Trans-Urethral Resection (TUR) pro-
cedure greatly affects patient prognosis, treatment follow-up, and treatment cost [85,86].
Due to the high recurrence rates (partly associated with incomplete tumor resection on ini-
tial TUR [86-89]), BC has the highest per patient treatment costs out of all cancers [84,90].

Current TURBT outcomes depend highly on surgical skill with surgical outcomes vary-
ing significantly between low volume rural hospitals and high volume specialized hospi-
tals. Also, recurrence rates following TURBT for NMIBC vary greatly between institutions
from 7% to 45% [85]]. Complications such as bladder wall perforations and incomplete re-
sections have been attributed to surgical tool limitations.

Contrary to typical oncologic surgery where tumors are resected in one piece (en-block)
to prevent spread of malignant cells, BC tumor resection is currently carried out piece-meal;
hence possibly contributing to seeding other cancer sites [91]. Although en-block TURBT
was recently demonstrated clinically [92,93]] it remains difficult or impossible depending on
lesion location and surgeon expertise [94]]. Current devices prevent validation of a clinical
standard for en-bloc resection [95] and acceptance by the Urologic community.

In addition to being a standard surgical therapy for NMIBC, TURBT is also an integral
part of the diagnostic evaluation of all bladder tumors. It does, however, have its shortcom-
ings. Initial TURBT is associated with imperfect clinical staging and incomplete tumor
removal. An accurate pathological diagnosis, which is determined by depth of tumor inva-
sion, is crucial for staging urothelial carcinomas. The stage of a patients BC plays a key
role in determining the patients treatment and prognosis. The urologist is responsible for
accurately sampling bladder tissue for evaluation, and should include muscularis propria
(detrusor muscle) for adequate staging. The frequency with which muscularis propria was
sampled by urologists in a community practice was studied by Maruniak et al. and they

found that up to 51% of documented cases of urothelial neoplasms lacked muscularis pro-

16



pria from the pathologic specimen [96]. Specimens missing muscle layers cannot confirm
complete tumor resection.

Although TURBT remains the gold standard for the initial diagnosis and treatment of
NMIBC, the early recurrence rate at 3 months is high, up to 45% [85]. In a combined anal-
ysis of seven randomized studies, the recurrence rate following TURBT for NMIBC varied
greatly between institutions from 7% to 45% [82]. This large difference was unexplained
by other factors assessed, such as tumor type or treatment so the authors concluded that
the quality of TURBT and surgeon skill greatly impact recurrence rate. Similar conclusion
was also found in [97] with regards to use of blue light or photodynamic diagnosis (PDD)
and resection of BC.

The quality of first TURBT determines the patients prognosis and corresponding treat-
ment costs [84]. Despite recommendations for eradication of all visible tumors during
initial TURBT, a large number of patients are seen with residual or overlooked tumors. A
study of 150 consecutive patients with NMIBC undergoing repeat transurethral resection
within 6 weeks of the initial procedure found 76% with residual tumor [86]]. Herr and
Donat studied 1,312 patients with NMIBC who underwent repeat transurethral resection
(re-TUR) and found residual disease in 51%-78% of patients, depending on tumor stage
[86]]. Of patients with initial papillary non-invasive disease (pTa) at first TURBT, 15%
were found to have invasive disease (pT1 or pT2) at re-TUR. Of patients with initial pT1
disease, 30% had muscle-invasive disease on re-TUR. These high rates of residual tumors
suggest that initial TURBT fails to achieve radical resection [87,98].

Divrik et al. have investigated the effect of re-TUR on recurrence rates in patients with
T1 BC in a prospective randomized trial [99]]. Recurrence was observed in 26% of patients
in the re-TUR group compared to 63% of patients who did not undergo re-TUR. The over-
all recurrence-free survival for the re-TUR group was 74% compared to 37% in the patients
who did not undergo re-TUR (log rank 0.0001). Zurkirchen et al. [87] performed a retro-

spective study to evaluate the persistence of carcinomas after a first resection. The study did
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not evaluate technique or effect of tools used but rather compared experts to novices while
including residents supervised by experts during resection in the expert group. They con-
cluded that 26%-37% of carcinomas persist after a first resection suggesting non-complete
resection and they recommended a second resection 4-6 weeks following the first TUR to
increase the chances of obtaining complete resection. This study, and others (e.g. [89]),
demonstrate a clear positive effect of re-TUR on recurrence rates. Others (e.g. [100]) also
suggest the use of chemotherapy to reduce recurrence; however, chemotherapy has no dis-
cernible effect on progression and long-term survival [101] and it does not compensate for
incomplete resection [99].

The technical challenges of manual TURBT procedures are associated with consider-
able clinical ramifications. In addition to incomplete resections in first TURBT, studies at
up to 5% of all TUR procedures have noted perforations in the bladder due to full wall
resection, or damage deep enough to impact the bladder exterior [82,/102]. In a multi-
center prospective experimental study, high variability in the quality of resection was noted
and attributed to variability in surgeon technique [58]]. Ukai et al. [[103]] further suggested
that lesion location influences resectability. In certain areas of the bladder, the ideal angle
of approach to a tumor may be kinematically infeasible and the bladder wall cannot be
appropriately reached or traced. Wilby et al. [[104]] have attributed instrumentation as a sig-
nificant limitation influencing resection quality. The anatomic constraints of transurethral
access make reaching the anterior regions of the bladder difficult or infeasible without ex-
ternal manipulation. As with visualization, for approaching anterior aspects of the bladder,
suprapubic pressure is applied to bring the bladder wall into the reachable workspace of
the rigid resectoscope.

En-bloc TURBT presents fertile ground for improvement. In typical oncologic surgery,
suspicious tissue is resected in one coherent piece to ensure malignant cells are not spread.
In stark contrast, TURBT resection occurs piece-meal as the tumor is shaved down in

stages. En-bloc resection may limit the role of seeding and recurrence rate after resection
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[91]]. Though the technique has been shown clinically [103,/105,/106], the limited dexter-
ity of rigid resectoscopes makes en-bloc resection difficult or impossible depending on the
lesion location and the surgeons technical skill [94]. A clinical standard for en-bloc resec-
tion has been deemed infeasible with currently available devices [95]]. The instrumentation
limitations prohibited en-bloc TURBT in randomized trials [[104]] and therefore the general
acceptance of en-bloc TURBT by urologists is currently unattainable.

The high recurrence rates and long survival periods make BC treatment a significant
financial burden with the highest lifetime treatment costs compared to other cancers [84,
100, 107]. TURBT is currently performed manually using straight resectoscopes and laser/-
cautery loops. Outcomes of TURBT are variable and highly dependent on the experience
and technical ability of the urologic surgeon and the location of the tumor. Anterior tumors
are especially tricky to accurately resect due to the inability of straight surgical tools to
curve up from the point of entry to the bladder. Surgeons currently rely on pubic pressure
and resectoscope tilt to reach the anterior aspects of the bladder. However this technique
has limited success in obese patients due to a thick fat layer. Further, inadequate surveil-
lance and tumor staging have been associated with misdiagnosed tumors and with a high
recurrence rate [[108]. Reliance on white light based imaging (visualization of the blad-
der interior using endoscopes) complicates the task of ensuring positive resection margins
while use of PDD using blue light is limited by use of straight instruments resulting in diag-
nosis artifacts due to incidence of light at shallow angles in anterior aspects of the bladder.

This makes the success of PDD highly dependent on the skill of the surgeons [95,97].

2.3 A Brief Overview of Novel Imaging Technologies for TURBT

Traditionally, urine cytology and standard (white light) cystoscopy have been used in
bladder cancer diagnosis and treatment. However, urine cytology does not have enough
sensitivity for low-grade lesions and does not provide information about the stage of dis-

ease. Standard cystoscopy is invasive though minimally. Moreover it lacks specificity (rate
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of true negatives) for flat malignancies [109,[110]. Recent technologies such as photo-
dynamic diagnosis (PDD or blue-light cystoscopy) and Narrow-band imaging
(NBI) [113] have shown to improve tumor margin detection. Some other new imaging
techniques include positron emission tomography (PET), lymphotropic nano-particle en-
hanced magnetic resonance imaging (LNMRI), CT/MR cystography, virtual cystoscopy,
MR spectroscopy and intra-operative ultrasound. Figure [2.6] shows the current status of

technology development and validation for imaging modalities in bladder cancer.
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Figure 2.6: Phases of technology development and validation for imaging modalities in
bladder cancer, picture from [114]. (OCT=Optical Coherence Tomography, CLE=Confocal
Laser Endomicroscopy, NBI=Narrow-Band Imaging, PDD=Photodynamic Diagnosis,
US=Ultrasound)

PDD and NBI offer macroscopic imaging of the tissue, i.e. they can survey a large area
and provide contrast enhancement. In contrast, OCT (Optical Coherence Tomography)
and CLE (Confocal Laser Endomicroscopy) provide a microscopic image of tissue micro-
structure. NBI was reported to have sensitivities (true positive rate) in the range of 93% —
100% and specificities of 65% — 82% [115H118]]. OCT is an optical technology analogous
to ultrasound, however light is utilized in lieu of sound waves. It can produce online bladder
cancer staging by providing cross-sectional images below the mucosal surface. OCT was
found to have sensitivities of 75% — 100% and specificities of 65% — 90% in bladder cancer

detection [[1194121]).

Ultrasound offers several advantages over other modalities including lack of harmful
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radiations, real-time imaging, low cost, facility of integration with robotic systems and
small footprint. Several ultrasonic techniques have been used to assess bladder cancers, in-
cluding transabdominal, transrectal and transurethral (also called endoluminal) ultrasonog-
raphy [122-125]]. The former two techniques can detect extra-vesical tumor involvement,
but are not generally helpful in determining the degree of bladder wall invasion. The lat-
ter is more valuable in evaluating the stage of tumors confined to the bladder wall [[124].
Figure from [125]] shows a high-frequency (20 MHz) endoluminal ultrasound (ELUS)
image. Three layers in the bladder wall can be distinguished: the hyperechogenic mu-
cosa/submucosa, hypoechogenic muscle, and hyperechogenic adventitia. Sakamato et al.
performed transurethral ultrasound examination on 24 patients with 40 tumors [126]]. Their
results showed that it was difficult to detect bladder tumors in the bladder neck or dome
and those of less than 5mm anywhere while those of larger than that were detected with
90% accuracy. It is worth mentioning that the majority of the studies for application of ul-
trasound in bladder cancer diagnosis were conducted in the 80’s and 90’s. Ever since, there
has been a considerable improvement in the ultrasound technology. For example, contrast-
enhanced ultrasound (CEUS) especially in 3D mode has been shown to be superior to 2D

US in differentiating non-invasive from invasive bladder tumors [[127-129].

Figure 2.7: 20-MHz endoluminal transducer depicts three layers in bladder wall: hypere-
chogenic mucosa/submucosa (1), hypoechogenic muscle (2), and hyperechogenic adventi-
tia (3) , picture from [[125]]
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CHAPTER 3

INVESTIGATION OF MANUAL RESECTION TOOLS FOR TRANSURETHRAL
BLADDER CANCER RESECTION

3.1 Background

Bladder cancer is the fourth most common cancer among men in the US, with an esti-
mated 74,000 new cancer diagnoses, and 16,000 related deaths predicted for 2015 [130].
Transurethral Resection of Bladder Tumor (TURBT) is the standard procedure for staging
and diagnosis of bladder cancers and treatment of non-muscle invasive tumors (NMIBC).
It is typically performed in an outpatient setting under general anesthesia.

During TURBT, a resectoscope is inserted transurethrally to provide access for an en-
doscope and a cautery loop to reach the surgical site, (Fig.[3.1). A continuous-flow resecto-
scope is used to partially distend the bladder by regulating the irrigation inflow and outflow.
Figure shows standard resectoscope components. It consists of a telescope lens (30° or
70°), a sheath, a working element and a blind obturator as shown in Fig. @ The inset in
the top right is a close-up view of an electrocautery wire loop. During tumor resection, the
cautery loop is inserted distally to the surgeon and beyond the tumor. The cautery loop is
then carefully pulled proximally towards the surgeon to scoop out the tumor tissue.

Recent technological developments such as enhanced endoscope designs, new laser
techniques, and imaging modules have improved safety and functionality of TURBT. For
example, recent imaging modalities include photodynamic diagnosis, narrow-band imag-
ing, optical coherence tomography and confocal laser endomicroscopy [61,/131]]. Nonethe-

less, it is still a challenging procedure for surgeons and associated with potential patient
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Figure 3.1: TURBT Procedure.

morbidity [[60},83]. Hindrances to improvement include tool limitations such as lack of in-
tracavitary distal dexterity and in-vivo sensory feedback as well as sparse instrumentation
repertoire. Numerous complications have been at least partly attributed to tool limitations
such as bladder wall perforations[/132]], irrigant absorption (due to perforation)[133]], bleed-
ing [132] and damage to the ureteric orifices[134].

The quality of the first TURBT procedure greatly influences patient prognosis, treat-
ment follow-ups and costs [57,/61]. TURBT guidelines recommend that all visible tumors
be removed along with a margin of deeper detrusor muscle for staging [135]. Correct
staging is critical as muscle invasive disease requires aggressive management with bladder
removal, whereas non-invasive disease can often be managed with endoscopic resection
and intravesical treatments. However, optimal performance has remained elusive. Insuf-
ficient resection (under-resection) has been reported in numerous studies in the literature
although it has not been investigated closely [61]. In a study by Adiyat and colleagues [57]],
70% of patients had visible tumor at the time of restaging TURBT (re-TUR). Among these,
30% were located at the original site. A host of other literature confirm inadequate resec-
tion as a challenge in TURBT resulting in understaging, inappropriate treatment regimens,
earlier recurrence and likely progression of disease [56,/58,/61,/136-138]]. Contributing to
under-resection is the fact that surgeons have to balance two risks during tumor resection.

A shallow resection is likely to leave behind residual tumor. Deep resection can lead to
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perforation of the bladder, which is a severe complication also potentially spilling tumor
into the abdominal cavity.

American Urological Association and European Association of Urology guidelines rec-
ommend re-TUR after initial TURBT in any cases where residual or invasive disease is
suspected. Repeat TURBT aims to detect residual tumors and to correctly stage tumors by
levels of invasiveness. For non-muscle invasive disease, many patients undergo multiple
TURBTS because of high recurrence rates. As a consequence, bladder cancer has the high-
est overall treatment costs per patient among all cancers ranging from 96000 to 187000 US
dollars in 2001 [58-60].

To overcome some of these challenges, multiple groups including our team have de-
veloped robotic systems for transurethral resection [[62,/108,|139,/140]. We demonstrated
a proof-of-concept telesurgical system [62,|141] and carried out ex-vivo experiments on
bovine bladder to prove its efficacy in targeting different regions of the bladder for both
surveillance and intervention [63]. This system is composed of a distal dexterous multi-
backbone snake-like robot that is deployed through the urethra and can pass multiple in-
struments and visualization modules (flexible fiberscope) through its working channels
[62,]141].

TURBT is in general considered successful if the early recurrence rate is low, the tumor
is not under-resected allowing accurate staging and no complications occur [142]. These
benchmarks are fairly subjective and qualitative. In our earlier study, we proposed a purely
kinematic measure to assess TURBT and also to compare resection accuracy/dexterity in
different regions of an assumed spherical bladder model [[143]]. To the authors’ knowledge,
this is the only available investigation in this issue despite the fact that TURBT is a com-
monly performed urologic surgery. In this chapter, we carry out a thorough analytical study
of various kinematic measures affecting resection quality. We employ a kinematic compu-
tational framework to assess the introduced measures locally (on a bladder point) based on

a non-dimensionalized distance as well as regionally (in 16 bladder regions). In order to
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Figure 3.2: A standard 26-Fr resectoscope: (a) assembled , (b) constituent parts.

characterize the measures that are potentially more faithfully descriptive of resection accu-
racy, we design and perform experiments and then evaluate resection accuracy in normal
(depth) and tangential directions. We show that resection accuracy cross-correlates with
several kinematic measures. By utilizing the opted kinematic measures based on correla-
tion coefficients, we draw inferences on comparing resection accuracy/dexterity in different
regions of the bladder. The results of this study highlight resection dexterity amenability
in different bladder regions from a kinematic point of view. More importantly, it provides
quantitative measures for resection performance. These measures can be used as bench-
marks for novel tools or robots for TURBT.

This chapter is structured as follows: in section [3.2.1] the kinematics of resection by a
standard resectoscope is modeled as a mechanism with three revolute joints and one pris-
matic joint (RRRP). The direct and instantaneous kinematics are then derived. Then, a
formulation of the Jacobian from hand motion to the resectoscope tip motion subspace is
obtained in[3.2.2] Kinematic measures are introduced and determined analytically. An al-

gorithm is subsequently provided to compute these measures throughout the bladder points
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as well as regions. In the experimental protocol to identify higher correlated kine-
matic measures is explained and resection variables (measures) are introduced to evaluate

accuracy. Sections [3.3.1] and [3.3.2] delineate simulation and experiment results in details.

The discussion of these results and their implications is addressed in[3.3.3] We finally con-
cluded this chapter in section [3.4]by summarizing the outcomes and future directions. This
study targets both clinicians and engineers. The involved clinical material does not hinder
the latter to gain an understanding of the methods and the contributions. The clinical reader

can safely skip the technical parts in sections [3.2.1]and [3.2.2]

3.2 Methods

3.2.1 Kinematic Modeling of Straight Resectoscope

Modeling Assumptions

The resectoscope is modeled as a four degree-of-freedom (DOF) mechanism. The
DOF’s include three rotations (yaw,pitch,roll) and a translational motion along the longitu-
dinal axis of the resectoscope. These configuration variables are expressed as q1, g2, q3, Q4
respectively and defined later in this section. Based on measurements from demonstrations
by the collaborating surgeons, we have estimated the limits of first angle to be |¢;| < 38°
formen and |¢;| < 54° for women. Similarly, the second angle is also constrained: —60° <
72 < 50°.

The bladder is assumed as a sphere of radius r, = 50[mm/| approximately correspond-
ing with a distended bladder with a volume of 600[m/!] [[144]. In reality, a distended bladder
is rather blob-like. Nonetheless, the purpose of the measures introduced in this study is to
provide a comparative benchmark . Therefore, in this sense, the assumption of a spherical
bladder is warranted and facilitates modeling.

In addition, we define the angle v as shown in Fig.[3.3] This angle depicts the angular

location of the point of contact between the cautery loop and the local tangent of the bladder
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surface (p). This angle is measured from the line connecting the center of the cautery loop
with the mid-point of the circular cautery segment to the line passing through the center of
the cautery loop and the current tissue contact point on the cautery loop (See Fig.[3.3}a).

During resection, surgeons are inclined to use the loop arc such that |y| < 20°. This
assumption is used in calculation of performance measures while considering the useful
resection workspace.

The loop in general has a right angle but some surgeons may prefer to change this angle
to facilitate resection in some regions (e.g. the bladder dome). For simplicity, we will
consider a right-angle loop throughout. In addition to these assumptions, a fulcrum point
located at A = 30 mm from the bladder neck (See Fig.[3.3}b)) is hypothesized based on the

mechanics of TURBT practice.

Frame Assignments and DH Parameters

Figure illustrates the schematics of a resectoscope. DH parameters are used to
identify the kinematics of a resectoscope and six frames are assigned as shown. Figure
[3.3}a also illustrates the tip of the electrocautery loop and the last two frames assigned at
the center of the loop arc (o) and the perimeter of the arc respectively (p).

In Table [3.1] the pertaining DH parameters are represented. Based on the frame as-
signment shown in Fig. , q1(ge, g3) is the rotation of R (R, R3) about moving frame
71(22, z3) measured from X,(X;,X3) and ¢, is the linear displacement of the resectoscope
along the sheath axis (z,) with an offset of n £ \ + 7, from the fulcrum. ) is the distance
from the fulcrum to the bladder neck (tool entry point), 7, is the bladder radius and v is the

loop center offset with respect to the loop axis (shown in Fig. [3.3}a)

Table 3.1: DH Parameters

Qi1 QG d; 0;
1 0 0 0 q1
2 0 7/2 0 /24 g
3 0 7r/2 0 qs
4 v 0 N+ qq 0
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Figure 3.3: Schematics of a resectoscope: (a) electrocautery (wire/cutting) loop and the
assigned frames (b) resectoscope model as an RRRP mechanism

Link Transformations

The direct kinematics of the resectoscope can be calculated by determining successive

homogeneous transformations denoted by *~'T; from the base frame to the last frame:

o, =071, ', 2T 3T, * T (3.1)

This leads to the following transformation:

5183 €351 (14 qa)cics
C1C2
—C189C3 +C15983 +v(8183 — €182¢3)
. —C183 515253 (14 qa)s1c2 32)
T, = €281 .
—C35189 —CiC3 —v(c183 + s152¢3)
CaC3 —ca83 8o (N +qu)sa +veacs
0 0 0 1
¢y —sy 0 —rpey
S c 0 rps
Y Y Y
Ty = (3.3)

where 1, is the radius of the resection cautery loop and s;, ¢; denote sin(g;) and cos(g;)

respectively.
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Instantaneous Kinematics

Based on observations of transurethral resection procedure, the hand and the imparted
loop motions that are involved are mainly translational. As such, in the following sections,
transurethral resection is treated as a task of point contact with the tissue and the focus
is on the ability of the surgeon to impart a linear velocity to the resection point p. Thus,
in the remainder of the analysis, only the translational components of the Jacobians from
configuration space to the tool tip motion space and hand motion space are sought.

The instantaneous kinematics Jacobians for the center of the loop are given by:

V(283 + €38152) —VC1CaC3
v(c18283 + s103) €162
—leco51 —lcci 52
Jou = |v(s183 — c15203) —VUS1CaCs (34)
l/(818253 701(,‘3) S1Co
+lec109 —1.5159
0 —v8yc3 + ey —VC283 52

0 S1 C1Co 0
Jo,w = 0 —c; s1c0 O (3.5)
1 0 S9 0

where J, , is the translational Jacobian, J, , is the rotational Jacobian. Therefore, the total

Jacobian
J
J,=1| (3.6)
Jo,w
For the point p on the loop arc perimeter.
Vp = Vo + Wioop X Pop (37)
where wj,,, is the angular velocity of the loop, p,, = —71X5 is the vector from o to p. X5

is the unit direction vector of the x-axis of frame {5} described in frame {0}. On the other
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hand:

Vo = Jo,vq (3.8)
Wioop = Jo,wq (39)

q € R™!. Therefore
v, =Jp.9 (3.10)

where J, , € IR3** is the linear velocity Jacobian of the point p that can be reformulated
as

30 =S,0J, (3.11)

where

Spo = { I; —(pop)" } (3.12)

3x6
is the linear velocity transformation from {4} to {5}. (.)" is the cross-product matrix and
I; € R**? is an identity matrix. By the same token, the linear velocity Jacobian of the
point h can be determined. Thus,

v, = Jnq (3.13)

where Jj,, € R*** is the linear velocity Jacobian of the point h:

Jh,v = Sh,o']o (3.14)
and
Sh,o = |: Ig _(poh)/\ :| (315)
3x6
where p,, = —Iz, and [ is the resectoscope length is designated at the distance between

point h and point o.
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3.2.2 Resection Performance Analysis

In order to quantify manipulation capability of a resectoscope and to compare resec-
tion quality in different bladder regions, performance measures should be introduced and
computed. An ideal measure (or measures) captures all the factors affecting resection out-
come. It is our hypothesis that the major contributing factors are resection dexterity and
visual perception. The subject of this study is on the former and fortunately the existing
Jacobian-based measures in robotics and mechanisms literature are well-suited for this in-
tent. Herein, we define the subspaces S; = {v; C R"| |lv;]] = 1} and S, = {v, C
R™|Jv; = v,} as unit-norm input space and output space respectively. Let us iterate the
most prominent of such measures in conjunction with these two subspaces. The most com-
mon measure is Manipulability criterion [145,/146[]. It is a measure of the volume of the
hyperellipsoid v, in output space. Kinematic Conditioning Index (KCI) [[147] is another
measure that indicates motion isotropy in output space. Both of these measures are directly
associated with the singular values of the Jacobian matrix 7. Indeed, manipulability is the
product of the singular values. KCI is the ratio of the minimum to the maximum singu-
lar value and is always between 0 and 1 with larger values showing more isotropy in the
output space. Though less common, the minimal singular value is another Jacobian-based
measure [148]]. It represents the minimal scaling from unit-norm input space to output
space.

Our hypothesis is that resection limitations are partly due to dexterity deficiencies of
a rigid tool and dexterity is reflected in such measures. Therefore, by exploring these
kinematic performance measures, we can identify dexterity limitations and its correlation
with resection accuracy. However, the former cannot be directly employed in association
with Jj,,, or J,,,.. This is due to the fact that we have no interest in configuration space to
task space (q — v,,) or configuration space to hand motion space (q — vp,), rather what is
of interest is relating instantaneous linear motions in hand motion space (analogous to unit-

norm input space) to the linear motions in the task space(analogous to output space)(vy, —

31



v,). In this regard, the velocity transformation from the former to the latter should be

determined. Based on Eqs. [3.13] [3.10]
vy = I, 00 v (3.16)
where J L,V is Moore-Penrose pseudo-inverse of Jj, , and equals [[149]:
=T (TuIi)™ (3.17)

For brevity, let us define

N ECN N 1 (3.18)

Having determined J, multiple kinematic measures are assessed in tangential and nor-
mal directions. Which of such measures are more relevant are established by properly
designed experiments explained in section In the following subsections, the kine-
matic measures are derived analytically and discussed. Also an algorithm is proposed that

is used to compute these measures.

Kinematic Dexterity Measures

In tangential dexterity/accuracy evaluation, we are interested in hand motions causing
task-space motions tangential to the bladder surface. Therefore a transformation is sought
that maps a particular subspace of hand motions -the one causing tangential motions in task
space, to the subspace of task-space tangential motions. In normal dexterity evaluation, a
hand-space-to-task-space mapping is sought that causes task space motions normal to the
sphere. In this case, hand and task subspaces of interest are both lines. To determine
the normal task space motion mapping, the normal vector to the sphere surface should be

calculated at each point. Using spherical coordinates (p, 6, ¢) on frame {b} to locate each
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sphere point, the normal vector is
é, = [cos(0)sin(¢), sin(0)sin(¢), cos(¢)|” (3.19)

as shown in Fig. Frame {b} is a translation of {0} to the sphere center. The projection

matrix that maps v, on the normal direction is

P, =é,6, (3.20)

where P,, € R**3. Substituting for ¢, from Eq. (3.19) in Eq. (3.20)

cgsgs 390933) CoS$Co
Pn(97¢): 8009835 sgsi S89S¢»Ce (3.2

Co54Co 5056Co

Therefore, pre-multiplying both sides of (3.16) by P,
Vpn = JpVy (3.22)

where v,,,, = P,,v,, J, = P,J. Note that rank(J,) = 1. The normal singular value is

defined herein as

on = 0(J,) (3.23)

For tangential direction, pre-multiplying both sides of (3.16) by P, would yield
Vos = Jeva (3.24)

where v,, = P,v,, J, = P.J and P, is the complementary projector to P,, and thus
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Figure 3.4: Spherical coordinates on bladder spherical model

P, =1—- P, [150]. Determining J,, the following tangential measures are defined:

O

A A min,t A

Omint = 0min<Jt)7 KCIt - y Mt = Omint Omaz,t (325)
Umax,t

where 0,02 £ Tmaz(Jt)

Such measures are pointwise in that the evaluation is performed on one single point
in task space (though for a range of practical points on the cautery loop). To determine
performance in an area, these measures would be integrated on that area and divided by the

area to yield an average value. Accordingly,

fA Umin,tds

_ fA KCIlds fA s
Omint = O = 7 5
fA ds

fAdS e fAdS

JKCI = (3.26)

where A represents the area of interest.

Algorithm for Kinematic Dexterity Measures Evaluation

Algorithm [I] presents the calculation of the kinematic measures in the bladder spheri-
{5}

cal model. This procedure starts with finding ¢”’, the j"inverse kinematic solution (See
Appendix [A). Unit tangential/normal velocity is assumed at the resection point p. The
instantaneous kinematic equation (3.16) is then used to obtain v;. After this step, the Eu-

clidean norm of vy, is calculated and the original v,, is scaled by the reciprocal of the norm.
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These scaled vectors would form the manipulability ellipse on the given plane. The ratio of
the minimum to the maximum norms would yield the local K'C'I; and their product yields
local yi;. To determine o,,, the unit velocity in the direction normal to the sphere surface is
calculated in world coordinate frame {0} for each point. Then hand velocity is computed
from equation (3.16). The inverse of the Euclidean norm of this velocity is computed and
denoted by o,,. Finally, the average of the measure under consideration among all resection
points on the loop (—20 < ~ < 20) and inverse kinematic solutions (qz{j }) is determined as
the kinematic measure at point p.

This algorithm determines pointwise measures. To quantify performance within the
bladder half-octant, eq. (3.20)) is applied. The discretization of these equations over an area
results in an average over discrete points in that area. Thus, to compare these measures in
different regions of a bladder, the sphere model is divided into 16 equal zones, each 45°
apart in both azimuth and altitude as demonstrated in Fig. [3.5] These zones are numbered
1-16 for identification and called half-octants (H/O) throughout the rest of this chapter. In

this figure, the bladder dome is situated at the superior area and the anterior/posterior area

is to the positive/negative z, direction.
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Figure 3.5: Bladder half-octants: (a) posterior hemisphere, (b) anatomical directions (c)
anterior hemisphere

Next, all measures are computed at uniformly distributed points at all 16 half-octants.

Subsequently, the average values are determined and reported per half-octant using Algo-
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rithm[1Il These values are shown in Table[3.3]

Algorithm 1 Computation of Kinematic Measures

Input: Given point p on sphere
for —20° S ~v < 20° do
for q{] }

;77 inverse kinematic solution do

Specify [V ¢]3xn = [Vé}zvgt)...vglt)] where Vl(ﬁ = [cos(a;),sin(a;),0]T and 0 < o < 2

Specify v, = [1,0,0]"

Calculate [Vp,t]gxn = [\71()12 \71(52 ...ffﬁ)} located on the desired plane and vy, ,, unit velocity
at point p normal to the sphere surface where i";ﬁ = QRVI(Q, Vpn = RV, and § R is the rotation
transformation from {0} to {4}

Calculate Viy = J4,03h 0 Vs, Vi = Thod bV where [V glswn = [V Vi).v5"]

Calculate m®) ~ Hv,(f) Hgl

Determine Omin,t = max(m®)’ Omaz,t = min(m®)

. fo ]
Determine KCI; = #ﬁ, [t = Omin,t Omaz.t
Determine ,, = ——
HV}L,n HQ

end for
end for
Compute average omin ¢, KCIy, iy, o

Output: average oin ¢, KCIy, ig, o

3.2.3 Experimental Investigation

There are multiple reasons that motivate an experimental investigation into manual re-
section by the current standard resectoscopes used in TURBT. First, it is desired to ex-
plore correlations between the proposed kinematic measures and resection quality to find
which kinematic measures correlate with resection performance. Second, we wish to verify
chronic under-resection in TURBT as it has not been well studied though the incidence is
well documented (e.g. [61[,[S7]). In addition, a comparison of real resection accuracy in
different bladder areas gives insight into comparative resectability of different bladder re-
gions. In addition, we attempt to provide a standard experimental protocol that can be used
by designers to compare the efficacy of any new device (robots for transurethral resection
e.g.[62,141,151]]) against a standard resectoscope or any other tool. Hence, An experimen-

tal protocol for TURBT in multiple points of a hypothetical sphere in space was designed
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and implemented. The following subsections present the experimental protocol.

Experimental Procedure

TURBT phantoms were created using a standard @60[mm/| x 15[mm)| petri dish filled
with a mixture of 23[gr/L] agar (Sigma-Aldrich #A7002-250G) and 110[gr/L] milk in
distilled water. Milk was used to eliminate any potential visual cue of the sample depth by
providing opacity. Then, a disk of 13.65[mm] in diameter and 6[mm| in height was placed
in the center of the agar mixture on top of its surface. The disk was subsequently removed
after the mixture was cured to leave a cavity for the mock-up lesion. The lesion was made
out of the same agar mixed with red glitter which was poured into the cavity and allowed
to cure at room temperature. The final product was a matte agar gel with a colored lesion

in the center top as shown in Fig[3.6}a.

(a) (b)

Figure 3.6: Sample (a) before resection, (b) after resection, (c) resected volume

Considering the geometric symmetry of the bladder sphere relative to the tool kinemat-
ics, it can be inferred that all kinematic measures are solely functions of the distance from
the bladder neck. A non-dimensionalized distance T = % is adopted here where x is the
x-component of p in frame {0} (See Fig. . Several points on a hypothetical sphere
at various distances are selected including © = 0.4,0.6,0.8,1.0,1.3,1.7,2.0. It was not
possible to perform resection on regions with © < 0.4 due to experimental set-up space
constraints. To place the petri dishes at these locations, a PUMA 560® robot was used.

Automatic C-code generation was done by MATLAB Real-Time Simulink® and real-time
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implementation was carried out by MATLAB xPC Target™. A suitable location in the
workspace of the robot was identified as the bladder center based on typical patient bladder
location with respect to the surgeon in an operating room. The desired locations repre-
sented as end-effector poses (end-effector center position and orientation) were obtained
in world coordinate frame through successive rotation matrices. The corresponding robot
joint variables were computed by applying the inverse kinematics solution of the PUMA
560 according to [152]]. Then the robot was commanded to servo to the desired pose by
means of a gravity-compensated PD (proportional-derivative) control in joint space.

Fig. represents the experimental setup. It was designed to mimic the clinical
TURBT procedure as closely as feasible. Therefore, the overall layout of the setup and
the associated geometric dimensions were selected with the clinical settings in mind. As
such, the constraint point for the resectoscope was assumed 30[mm] off from the bladder
neck (A = 30). A flexible ring on an adaptor was mounted on a tripod with adjustable
height and tilting head. The ring provided a soft pivot point for the resectoscope similar
to the real anatomy. A cardboard panel was mounted on the adaptor and a drape was laid
over the robot end-effector during resections to prevent any visual cue of the sample depth.
Therefore, the surgeon could only observe the surface of the phantoms by a standard en-

doscopic lens which displayed the resection site on a standard endoscopy monitor display.

Three surgeons were asked to resect the entire lesion along with 3mm margin in all
directions (tangential and normal) using a 26Fr Storz resectoscope. In other words, the
surgeons were required to remove a cylinder of slightly larger dimensions than the red
lesion. This was to help simulate the clinical circumstances where the tumor boundaries
were not generally visible and the surgeons were recommended to remove tumors with
marginal tissue in order to help tumor staging. The order of presentation of samples was
randomized to avoid biasing the results by multiple successive trials. The surgeons were

not provided with any information as to the quality of their resections to eliminate learning
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Figure 3.7: Experimental setup (a) surgeon resecting an agar sample, inset is a close-up
view of resection site, (b) robot used to position agar samples

and thus potentially biasing the results.

After completion of resections(Fig. [3.6}b), the cavity was first filled and allowed to
cure. The cured cast was then removed from the surrounding agar . There was no diffusion
of the two agar into one another as observed by the different colors of the original agar
(pale white due to use of milk when preparing the agar) and the later translucent agar.
Powder talc was then applied to the surface of the removed agar with a brush (Fig. [3.6}c)
and then it was scanned using a 3D laser scanner (FaroArm Fusion). Talc helps block the
body reflection of the translucent agar that can cause undulated inaccurate surface scans.
The repeatability of the scanning device is a maximum 0.104[mm].

Geomagic® was used for the 3D render and record of the scan. Geomagic can display
the point cloud scanned by FaroArm and can also produce surfaces and volumes. In turn,

the scanned points can be exported to various standard CAD formats.

Resection Accuracy Measures

Table enumerates and defines the resection measures that are henceforth used to
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investigate the accuracy of each resection trial. In this table, p, ¢ denote the number of

Table 3.2: Resection Measures

Symbol Definition Formulation
M, Tangential Mean: average of the radial distances over all (1/p) > F 7
resection points of the resected volume
E, Tangential Error: average radial errors over all resection Tref — My
points of the resected volume, r,.; = 9.82[mm)|
M,  Normal Mean: average of resection points depths (1/q) >, =
E, Normal Error: average of resection points depth errors, Zref — M,

Zref = 9[mm)|

points selected for tangential and normal mean computations, respectively. z,..y and 7.y
is the resection desired depth and radius based on the lesion depth and radius along with

3mm margin.

Resection Measures Computation

The scan data was exported as st/ files to be processed by a code written in MATLAB®
that computed the resection measures in Table

The method used to calculate resection measures is as follows. First, The bottom bound-
ary of the removed agar (sample top surface boundary) was sought at a height level of
0.1 —0.2[mm] max from the bottom. This is necessary since the bottom edge of the sample
is not distinguishable as the sharp edges do not reflect the laser beam back at the same
direction and are therefore ’lost’ in the scan. The selected bottom surface was then meshed
by a rectangular grid. The mesh resolution size was chosen such that it produced approx-
imately 2000 grid cells. For resection normal measures, the average depth of the points
inside each grid cell was determined and used as a representative of the respective cell 7.
These values were stored and used to compute the normal resection measures. For tan-
gential measures, after selection of the bottom surface, the model was sectioned to twenty
horizontal slices. Each slice was divided into 10-degree sectors. Next, the average of the
points were calculated per sector. These average points were stored and used to determine

the tangential resection measures.
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Table 3.3: Mean translational KCI, manipulability, min. singular value and normal singular
value in bladder half-octants

H/Onum. KCI;/p: omint/on | HHOnum. KCLi/puy 0mint/on
1 0.83/0.11 0.30/0.54 9 0.83/0.11 0.30/0.54
2 0.68/0.10 0.26/0.35 10 0.68/0.10 0.26/0.35
3 0.41/0.10 0.20/0.22 11 0.41/0.10 0.20/0.22
4 0.38/0.08 0.14/0.17 12 0.38/0.08 0.14/0.17
5 0.38/0.08 0.14/0.17 13 0.38/0.08 0.14/0.17
6 0.41/0.10 0.20/0.22 14 0.41/0.10 0.20/0.22
7 0.68/0.10 0.26/0.35 15 0.68/0.10 0.26/0.35
8 0.83/0.11 0.30/0.54 16 0.83/0.11 0.30/0.54
3.3 Results

3.3.1 Simulation Results

Algorithm [1| was implemented by a code in MATLAB®. The simulation parameters
were selected similar to a real cautery loop deployed in a straight resectoscope as follows:
[ = 500[mm], v = 3.75[mm)] , r;, = 5.2[mm]. Other simulation parameters were presented
in section

Fig. [3.8}b presents the tangential manipulability ellipses on the right lateral bladder
hemisphere. These ellipses were calculated based on Algorithm It is noted that the
surgeon inserts the resectoscope through the bladder neck (base inferior) toward the pos-
itive x,, direction. Fig. [3.8}a and [3.8}c are the side-view projections of the left and right
quadrants of the same hemisphere. Note the higher eccentricity of ellipses in the inferior
right quadrant (Fig. [3.8}a) in comparison to superior right quadrant (Fig. [3.8}c). Higher
eccentricity corresponds to reduced isotropy of kinematic dexterity and diminished KCI,.

The average kinematic measures in each H/O are reported in Table[3.3] This table helps
compare the dexterity of manual resection in various regions.

Fig. presents plots of the four introduced kinematic measures with respect to the
non-dimensionalized distance . Note that the tool workspace is also drawn using assump-

tions in section [3.2.1) however it is not presented here for brevity. It is verified that the
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Figure 3.8: Projections of the tangential manipulability ellipses on the right lateral bladder
hemisphere. Bottom right inset provides anatomical context

assumed distended bladder model always lies within the tool workspace. Hence, configu-
ration limits do not affect simulation results.

The last simulation includes a contour plot of KCI, in superior and anterior hemispheres
of the bladder. These two plots are brought next. Spherical coordinates are used here to
better locate each point on the bladder. ¢ and ¢ are the angles with respect to X, and z,

directions respectively.

3.3.2 Experimental Results

Figure[3.1T}-a shows box plots of normal and tangential mean versus non-dimensionalized
distance in 40 resection trials by the surgeons. The red line, the 4+ symbol and the small cir-
cle represent the median, the mean and outlier data. The red and the blue dashed line marks
the desired resection depth and radius respectively (2,.r = 9[mm|, r..; = 9.82[mm]). Fig.

[B.11}b shows the errors in the same trials.
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Figure 3.10: Contour plots of KCI: (a) superior hemisphere, (b) inferior hemisphere

Table [3.4] shows correlation coefficients and %95 confidence intervals for resection
measures against tangential and normal measures in the experimental trials. The confi-
dence intervals brought in parentheses are obtained by 5000 bias-corrected and accelerated

(BCa) bootstrap sample sets [[153]]. Stronger results are boldfaced.

43



11

Norm‘a_l Mea‘n ‘1:- 5 r‘
108 . Tangential Mean S |
T o9 d 4 Lo
= o T T E et i‘i i-
Seoe i L3
s = o
27 2 et ki
=9 : =, g " D
5 H - N ﬂ
’ O ‘ Normal Mean ~ ------- ‘ H
47 H 1 Tangential Me: _— i
04 06 08 1 13 17 2 04 06 08 1 13 17 2
Non-dimensionalized Distance T Non-dimensionalized Distance T
(a) (b)

Figure 3.11: Plots of (a) M,,(normal mean) and M;(tangential mean), (b) £,,(normal error)
and F;(tangential error) vs non-dimensionalized distance ©

Table 3.4: Correlation coefficients and %95 confidence intervals for resection measures
against kinematic measures

O min,t KCIt Mt On
E; -0.56(-0.72,-0.31) -0.52(-0.69,-0.25) -0.09(-0.41,0.22) -0.64(-0.79,-0.44)
E, -0.32(-0.59,0.09) -0.34(-0.60,0.05) -0.17(-0.08,0.40) -0.23(-0.52,0.26)

3.3.3 Discussions

Examining the box plots in Figs. [3.11] confirms that the surgeons almost always under-
resect in both tangential and normal directions. More specifically, normal and tangen-
tial error medians for the selected distances are {3.85,4.28,3.65,2.96,2.42,3.20,2.58} and
{1.82,1.09,1.62,1.39,1.88,0.68,0.48} respectively. This agrees with the chronic under-
resection as hypothesized in previous literature (e.g. [[61[,[S7]).

In regards to tangential accuracy, the results in Table [3.4] suggest that it has a relatively
strong correlation with o, ((-0.79,-0.44)) and 0,5, + ((-0.72,-0.31)) and medium correlation
with KC1; ((-0.69,-0.25). Hence, all these measure could be suited kinematic measures.
The correlation between tangential error and normal singular value may seem counter-
intuitive. However, it is important to note that tangential error computation is performed

throughout the depth. From a different perspective, all singular values of manipulability
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ellipsoid 1.€. Opmint, Omaz,t, 0n May be candidates for manipulability - tangential or overall
and therefore affect resection accuracy - in normal or tangential directions. Amongst these,
o, has the largest variation with respect to distance in simulations (0-1, See Fig. [3.9
b). This can explain why it may represent higher correlation against resection accuracy
measures.

The correlation coefficient between normal error and kinematic measures are also re-
ported in Table [3.4] although the confidence intervals indicate medium, little or no linear
correlation. This is justified by insufficient depth perception. In other words, the surgeon
cannot determine properly how deep he/she is resecting. This alludes to the importance of
visualization enhancement in TURBT. On the other hand, Table [3.4] shows there is a weak
correlation between tangential manipulability and resection accuracy. This implies tangen-
tial manipulability cannot capture resection accuracy and therefore is not a proper measure.
In fact, simulation results in Fig. [3.9}a shows that tangential manipulability varies between
0 — 0.14 and for the most part of the distance span (0.3 < 7 < 2),it’s 0.08 — 0.14. This
small variation is responsible for low correlations. This can also be verified by inspecting
H/O values in Table [3.3] where the four H/O’s 1-4 (also 8-5,9-12,16-13) have only slightly
different tangential manipulability values of 0.11,0.10, 0.10, 0.08.

Based on Table [3.3] the mean KC'I; in H/O’s 1-4 is 0.83,0.68,0.41 and 0.38 respec-
tively. This is in a decreasing order from the bladder dome to the bladder neck with a
highest to lowest ratio of about two. The same values hold for half-octants 8-5,9-12,16-13.
The values for this series of H/O’s are equal due to the sphere symmetry. Overall, it is
inferred that average KC'I; over the lateral walls almost doubles as H/O’s go further away
from the bladder neck (tool entry point) and closer to the bladder dome zone. The normal
and minimum tangential singular values exhibit a decreasing trend as well (0.54 —0.17 and
0.30 — 0.14 respectively). Indeed, ,, and 0y, ; are approximately 335% and 214% higher
in the dome zone than in the neck zone. Though the rate of change is lower for o, ;. It is

noteworthy that tumors are generally said to be difficult to resect at bladder dome, anterior
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and neck. Nevertheless, this is not necessarily attributed to kinematic limitations. In fact
these areas may be too far to reach when the bladder is distended (anterior/dome) or out of
the field of view (anterior/dome/neck) [61]]. Hence, improved visualization technologies or
depth perception enhancement should be beneficial in these zones.

A close examination of Fig. [3.9ra suggest that KC'I; decreases at a steep slope until
it reaches a minimum of 0.16 at ¥ = 0.36. Moving further away, it increases at a lesser
slope until it matches unit KC'I; at bladder dome (Z = 2). This trend is also identifiable by
analyzing the eccentricity of the ellipses plotted in Fig. [3.8] In detail, let us take a series
of ellipses in red. From left where * = 0, the ellipse is a small circle implying unit KCI;
with fairly small singular values. Toward positive X;, the eccentricity begins to increase
corresponding to lower KCI; until a specific point (z = 0.36). After that, the ellipses
gradually become more isotropic until * = 2 where full isotropy is achieved.

The minimum/maximum/average KC'I; is 0.56/1/0.80 at the Superior and 0.16/1 /0.37
at the inferior hemisphere. Therefore, the superior hemisphere has higher kinematic feasi-
bility for resection (almost 218% higher KC'I; on average). This can be also concluded by
comparing eccentricity of the ellipses in Fig. [3.8}a and Fig. [3.8}c. The average KC'I; over
the entire bladder is 0.59.

Normal singular value falls sharply from 1.00 to 0.11 at z = 0.09, but increases steadily
until it reaches unity at ¥ = 2. The reason for the sharp fall is the location of the fulcrum
point f to the left of the bladder neck and the obtuse angle between the resectoscope axis
and the bladder surface normal directions at areas close the bladder neck. On the other
hand, o, represents a steady increase from 0.07 to 0.35 versus the non-dimensionalized

distance .

3.4 Conclusion

TURBT i1s a minimally-invasive surgical procedure used to diagnose bladder cancer

and treat non-muscle invasive bladder cancer where a surgeon removes visible tumor with
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an electrosurgical loop that cuts the tumor out. This study mainly addresses the kine-
matic measures in this procedure. After modeling the kinematics, several Jacobian-based
measures are proposed including tangential kinematic conditioning index, tangential ma-
nipulability, tangential minimum singular value and normal singular value. Experimental
trials simulating clinical TURBT is performed by three surgeons and the resection accuracy
in tangential and normal (depth) directions are measured. It is verified that the surgeons
generally under-resect. On further investigation, it is shown that tangential accuracy cor-
relates relatively strongly with normal singular value and moderately with tangential kine-
matic conditioning index and tangential minimum singular value. A weak linear correlation
with tangential manipulability is substantiated hence disqualifying it as a measure. On the
other hand, normal resection accuracy is demonstrated to be weakly correlated with any
of the kinematic measures suggesting that other factors may influence this variable. It it
our judgment that visualization enhancement should considerably improve depth resection
outcomes.

The certified measures are utilized to compare kinematic accuracy/dexterity locally in
all bladder points based on the distance from the bladder neck and regionally in 16 bladder
zones.

This study has few limitations. The cylindrical lesion assumption with 3[mm] margins
for resection procedure is a simplification of clinical TURBT procedure. In reality, bladder
tumors can have many different appearances. Often times, they appear as tissue lumps that
protrude from bladder wall. However, the adopted model in this study is the most viable
model that could be actualized in a repeatable way. Also, this model does not alter the
kinematics of resection procedure. In addition, the resection study was limited in scope and
size by focusing on a small number of experienced urologists. This limitation stems from
a realization that the number of resections and effort involved in analyzing each resection
sample limit the ability to expand this study to span a large number of study subjects. We

therefore focused on only experienced surgeons in order to eliminate potential confounding

47



factors. Nevertheless, we believe this study reports a first attempt at correlating theoretical
measures for resection dexterity with experimental data. As such, it contributes a first effort

that we hope will seed and power future studies in this area.
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CHAPTER 4

TURBOT: A TELEROBOTIC PLATFORM FOR TRANSURETHRAL BLADDER
CANCER RESECTION AND SURVEILLANCE

The chapter presents the design and evaluation of a telerobotic transurethral robotic
system for TURBT application. The clinical motivation was elaborately explained in sec-
tion and in chapter [l In this chapter, the prior related work is surveyed. The system
components are then delineated. In chapter [5] the control and the telemanipulation algo-
rithms are described. In chapter [6] experimental evaluation of the system on phantoms and

swine studies are explained.

4.1 Related Work

Towards improvement of the resectoscope, Pantuck et al. [154] described an itera-
tion to the cautery element of a resectoscope such that the standard linear hand grip imparts
side-to-side lateral rotation of the electrocautery loop. They evaluated the device in a multi-
center clinical trial for safety and efficacy without complications. Nagele et al. [155] and
Fritsche et al. [156] report water-jet-induced enucleation of bladder tumors proving feasi-
bility of en-bloc resection of tumor sizes up to 7.5 cm. This technology that uses a probe
called HybridKnife® allows the tumor to be elevated from the bladder wall by injecting a
saline-based fluid at 25-30 atm submucosally that also acts as a cushion to decrease perfo-
ration incidents. The tumor is then dissected by the probe. Apart from such few advances
toward improving instrumentation for TUR procedures, the fundamental method has not

changed significantly since the early 1930’s. Progress in the instrumentation including
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improved visualization, increased manipulation precision and intra-vesicular dexterity will
yield significant improvements in TUR techniques and patient outcomes.

Computer controlled technology enabled substantial progress in urology through im-
provements to positioning accuracy, repeatability and dexterity of surgical instrumentation.
The earliest application of robotics in urology involved retrofitting a resectoscope with mo-
torized joints and applying it endoluminally for TURP procedure (e.g. see PROBOT in
Fig. @])) [36L/66]. Babbar and Hemal [25]] review the state of the art in percutaneous uro-
logic surgical procedures, noting that robot assistance has gained wide acceptance in prosta-
tectomy, cystectomy and nephrectomy. Research platforms for image guided brachyther-
apy have also shown initial success. Goldenberg et al. [157], Tokuda et al. [158]] and Mozer
et al. [159] present and review various robotic systems for guidance of needle placement
with parallel real-time fluoroscopy, magnetic resonance imaging or computed tomography
imaging.

Several transurethral robotic system have been developed as shown in Fig. (4.1)), how-
ever the vast majority of them target treatment of Benign Prostatic Hyperplasia (BPH)
either through TURP or HOLEP (Holmium Laser Enucleation of the Prostate) procedure
(Another new technology is robotic waterjet-assisted enucleation [[160]]). Davies and Har-
ris developed PROBOT, a 4-DoF robot that actuates a standard resectoscope (Fig. (2.2) and
Fig. (@.1)-a) for TURP [36,/66]. Sanchez de Badajoz et al. developed a master-slave sys-
tem for TURP (Fig. @.1)-b) [161}[162]. The master is a motorized standard resectoscope
to maintain the familiar TURP technique for the surgeon. The slave is a 4-DoF robot that
replicates the master motions. Hashimoto er al. [163] presented a tubular organ resec-
tion manipulator for TURP (Fig. (#.1)-c). This 4-DoF robot displaces the prostate to the
side by a bending arm at the tip to prevent damage to the urethra and then resects by a
cutter. Chopra et al. used an MR-imaging controlled transurethral ultrasound applicator
for prostate cancer treatment (Fig. (4.1)-d) [164]]. The applicator can rotate and insert/re-

tract the ultrasound transducer. Holmium Laser Enucleation of the Prostate (HoLEP) is a
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modern alternative to TURP that has been shown to have better outcomes [165]]. In this pro-
cedure, Holmium laser is applied in contact with the tissue for resection. Since HoLEP is
difficult to perform, several researchers developed transurethral robotic systems to stream-
line the procedure. Ho et al. developed the 4-DoF CALRP laser manipulator and tested
it in cadaveric experiments (Fig. (4.1))-e) [166]]. Russo ef al. report a catheter-like flexible
wire-driven robot that houses a laser fiber and can be passed through a working channel
of a resectoscope (Fig. @.I)-f) [167]. This robot called ASTRO can detect contact forces
through FBG sensors routed through its structure. Hendrick et al. report a system com-

posed of a statically balanced endoscope and two concentric-tube 3-DoF flexible robots for

HoLEP (Fig. @.1)-g) [168].

Figure 4.1: Transurethral robots for prostate surgery: (a) PROBOT, a 4-DoF motorized
resectoscope for TURP (Image source: http://www.imperial.ac.uk) [36165,/66], (b) Master
arm of telerobotic system for TURP [162]]: 4-DoF motorized working element of a resecto-
scope, (c) 4-DoF tubular organ resection manipulator for TURP [[140], (d) 2-DoF Magnetic
Resonance imaging - controlled transurethral ultrasound applicator for thermal treatment of
prostate cancer [164], (e) 4-DoF CALRP laser manipulator for TURP [166]], (f) ASTRO: a
2-DoF multi-lumen catheter-like robot with integrated FBG sensor for contact force sensing
toward HoLEP application [167], (g) A bi-manual 2x3-DoF concentric-tube based robot
integrated in an offset endoscope for HoLEP [[168].

In the upper urinary tracts surgical domain , Aron and Desai proposed adaptation of
Sensei® X robotic catheter system (See Fig. (2.4)) for direct visualization and treatment of

kidney stones and tested on an eighteen patient clinical feasibility trial [71-73].
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In regards to transurethral robots developed for urinary bladder, a 1.5 mm laser scan-
ning fiber endoscope (SFE) was developed by Seibel et al. that can provide full RGB color
and high-resolution imaging with 70-degree filed-of-view (Fig. (.2)-a) [169]. By incor-
porating the developed custom SFE in a robotic steering mechanism actuated by shape
memory alloys (SMA) (Fig. (#.2))-b), cystoscopic examinations were performed automat-
ically thus ensuring a thorough inspection of the entire bladder surface [108]. Soper et
al. used this mechanism to scan the bladder surface automatically while obtaining images
[170]. The purpose of their device is to use robotics to fully automate bladder surveillance
to relieve this duty off of a surgeon and perhaps relegate it to a physician assistant (PA).
Using this apparatus, they scanned a spherical bladder phantom automatically by stitching
video images and generating surface mosaics [[170,[171]]. Xianming Ye er al. developed
a wire-actuated hinged multi-segment mechanism to manipulate a similar g 1.2 mm SFE
for autonomous bladder scanning [[172]. This multi-segment mechanism allowed the tip to
be normal to the bladder wall and to remain at a certain distance away from it to capture
better images. Image stitching was again used to generate 3D panoramas. This system was
tested on a human bladder phantom and it was shown that 60% of the inner walls could be

scanned.

Figure 4.2: (a) Scanning fiber endoscope (SFE) probe developed by Seibel et al. .
Rigid distal tip is @ 1.5 mm and 9 mm long, (b) Shape-memory-alloy-based steering mech-
anism to manipulate the SFE probe [108], (c) A different wire-actuated multi-segment
steering mechanism that manipulates a & 1.5 mm SFE probe [172].
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Goldman, Bajo and Simaan developed an early-stage proof-of-concept robot for TURBT
shown in Fig. (#.3)[62]. This robot fits though a standard resectoscope with an inner bore
larger than 5 mm. The robot has seven actuators and a two-segment snake-like device that
allows each segment to bend in two Degrees of Freedom (DoF). The snake robot has three
working channels that allow the deployment of a standard biopsy tool, a custom fabricated
fiberscope with 10000 fibers and integrated light source and a third working channel that
was used for delivering an ablation laser fiber. The device is axially actuated along the
resectoscope axis. This robot was integrated in a telemanipulation system. It was demon-
strated that the telemanipulation tracking accuracy outside the bladder was 0.48mm (root
mean square error). The viability of biopsy and laser ablation inside an explanted bovine

bladder was also demonstrated [62}/63]].

Figure 4.3: (a) Surgical slave of earlier bladder robot deployed into a mockup bladder,
(b) Tooling includes fiberscope with light, biopsy cup, ablation laser fiber, (c) The robot
operating inside an explanted bovine bladder

More recently, Coemert et al. [173] presented a bi-manual instrument with manual
actuation for TURBT application as shown in Fig. (#.4)-a. They conducted preliminary

studies demonstrating pick and place and gross targeting tasks. Large instrument diameter
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(12.7mm), manual transmission and performance limitations are the primary shortcomings
of their prototype. Xu et al. [174] reported a preliminary design concept of a dual-arm

robotic system for transurethral procedures pending full assembly, integration and testing

(See Fig. @.4)-b).

The exchangeable
continuum arm
with actuation

The cystoscope

The system
stand

Figure 4.4: (a) dual-arm manual manipulator for TURBT (each arm is 3-DoF, note this is a
manually-controlled mechanism) [[173]] (b) preliminary construction of a dual-arm surgical
system for transurethral procedures [[174].

4.2  Technical Gaps

In order to enhance TURBT procedure, several technical challenges should be ad-

dressed as follows.

1. Anatomy shape and access constraints: Compared to all other natural orifice surgery

procedures, transurethral access limits the motion of the tools to only insertion and
limited tilting about a vaguely defined fulcrum point near the bladder neck. More im-
portantly, TURBT is unique in that it requires tools that can bend within the confined
space of bladder while offering the ability to manipulate when bending completely
backwards when inspecting or resecting near bladder neck (called retroflexion). Per-
haps, the only other natural orifice procedure demanding comparably elaborate mo-
tion articulation is transanal procedures. Nevertheless, the tools can wiggle within

the confines of an expanding access channel in a transanal scenario.
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Despite high articulation requirements of TURBT, a resectoscope offers at most
four degrees of freedom with limited dexterity as the rotational mobility (except for
roll motion) requires pivoting action about an imaginary point close to the blad-
der neck. Novel surgical tools (such as a novel working element reported in [[154]])
do not address this issue. The transurethral robots designed for TURP or HoLEP
(See Fig. (4.1))) do not possess enough degrees of freedom and were not designed
for TURBT. The da Vinci surgical system® is inordinately bulky for the desired
workspace and generally limited to use of 4-DoF dexterous wrists with limited workspace
thus it cannot be used for TURBT either. Therefore, there is a need for tools that offer

more intra-vesical dexterity with extreme flexing capabilities.

2. Anatomy/lesion indefiniteness: Apart from shape and access constraints, the thick-

ness of the bladder wall is unknown. One study reports it is on average 3.3 + 1.1mm
and 3 = 1mm for normal adult men and women respectively [175]]. However, the
thickness can vary 1 — 5mm depending on the filling stage and 0.5 — 10mm for
different populations [[176]. In addition, the tumor margin is often not distinguish-
able and its depth penetration is unknown. Though, it should be mentioned that
recent imaging modalities such as photodynamic diagnosis [111.{112] (PDD or blue-
light cystoscopy) and Narrow-band imaging (NBI) [113] as opposed to conventional

white-light cystoscopy have improved tumor margin detection.

3. Visualization limitations: Lack of depth perception limits the surgeon’s ability in

spatial navigation and manipulation of the tool. It gets particularly more confounding

in retroflexed postures to resect areas close to the bladder neck.

Goldman’s system reported in [62] was the only robot designed for TURBT procedure.
But it lacked several features that are necessary for a preclinically/clinically deployable
system:

1. The dexterity is not sufficient. Providing higher dexterity with at least 7 DoF of
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movement within the bladder is a necessity.

2. The imaging capabilities are not sufficient as it only uses a 10k-resolution fiberscope
deployed in a working channel. Providing more imaging modules and better imaging

quality should be considered.

3. The ablation/resection instrument should be controlled independently from the main

MBCR. This provides more dexterity and helps triangulation.

4. A suitable collaborative telemanipulation paradigm is required to allow telemanip-
ulation in the image frame. This is especially more important to enable retroflexed

resections.

Addressing these limitations guided the development of TURBot. The eventual goal of
this system is to offer surgeons for the first time a system that can ensure full surveillance

coverage, provide accurate dissection and enable en-block resection.

4.3 Design Goals and Specifications

The key design goal for TURBot is to allow dexterous resection/ablation in all regions
of the bladder in a pre-clinical setting. The goal for testing in a pre-clinical setting (e.g.
animal experiments) requires that the system design allows easy sterilizability and clinical
deployment. To achieve this goal, we identified several design attributes and specifications

that guided our design and subsequent evaluation.

(a) Remotized actuation: A remote actuation unit helps separate the electromechanical and

electronics components and circuitry while reducing the weight of the MBCR.

(b) Modularity and Assembly/Disassembly facility: The slave robot is a composition of

several subassemblies such as robot-integrable resectoscope, actuation unit and MBCR

that can be assembled/disassembled with minimal effort. In addition, these indepen-
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dent units should be modular to facilitate assembly/disassembly and potential modifi-
cation of constituent parts.

(c) Seperability: the resectoscope and the actuation unit need to be easily mounted/dis-
mounted in order to facilitate deployment.

(d) Deployability: The robot should be deployed into the urethra with minimal weight to
be manipulated by the surgeon while offering endoscopic view to allow the surgeon to
safely navigate the resectoscope tip into the bladder space.

(e) Safe constrained access telemanipulation: The surgeon should be able to operate the

system from any perspective (either using a fixed endoscope or using a view from a
tip camera). Also the surgeon should be able to operate the robot even when it folds
back on itself to reach regions close to the bladder neck. In addition, the robot should
be able to seamlessly handle access constraints (e.g. operating the MBCR when it is

partially within a constrained resectoscope access channel).

Though there is no pre-determined resection accuracy specification in the literature we
chose 0.1mm as a design goal since it significantly exceeds manual resection as evaluated
in chapter [3] Therefore, we specified a desired tool tip motion resolution of 0.1mm. This
specification was used to guide the design and choice of components for the actuation. In
addition, we wanted each segment of the MBCR to be able to move £90° in 1 second
for motion responsiveness requirement set by our clinician team members. Additional

details of how these specifications guided the design of the actuation unit for this system

are provided in section

4.4 Robotic System Components

To address the design attributes outlined above, TURBot was designed as shown in
Fig. (4.5). This system includes a modular robotic arm with several quick disconnect in-
terfaces. The actuation unit @ easily separates from the supporting arm @ and from the

MBCR stem (). The resectoscope ® also easily separates from the supporting arm @ and
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the MBCR stem (3 and also allows fast deployment and removal of a straight endoscope.
These quick disconnect interfaces use shear pins as previously reported and tested in [[177].

The above-mentioned quick-disconnect points allow the surgeon to deploy the resec-
toscope into the bladder without maneuvering the entire surgical slave. The supporting
arm @ was designed to be a statically balanced arm to allow easy adjustment of the robot
once deployed into the bladder. The seperability of the actuation unit supports ease of
service, interchangeability of MBCR stems and an interface for sterile draping all the non
chemically cleaned or sterile electromechanical components. According to this design, the
MBCR stem, resectoscope and endoscope should be pre-sterilized.

The key components of the TURBot system shown in Fig. (4.5)-a are: a surgical slave
unit (O in Fig. a or Fig. b, a statically balanced arm (Ergotron® LX HD LCD Arm,
items @) mounted on a mobile base (item () and a 7-DoF haptic master device (Force Di-
mension Omega.7, item @). The surgical slave unit is composed of a 6-DoF three-segment
multi-backbone continuum robot (MBCR) with three working channels (item (®), a custom-
designed robot-compatible resectoscope (item ®) that guides the MBCR and a @3mm en-
doscope into the surgical site and a 10-DoF actuation unit (item ). The resectoscope and
the actuation unit are mounted on a locking linear guide (igus® Drylin).

The three @'1.8mm working channels of the three-segment MBCR (&5mm, segments
lengths: 18, 20, 15mm) are used for deploying a 1.65mm DLA, a &1.6mm custom fiber-
scope (10K pixels) and a @'1.0mm grasper. The DLA is essentially a 2-DoF single-segment
MBCR that controls the motions of a Holmium laser fiber (Boston Scientific Flexiva
TracTip 200). Each 2-DoF segment of the MBCR is actuated by three active joints that
control the linear motions of the superelastic NiTi backbones by pushing/pulling to cause
bending in a desired direction (pitch and yaw motion). The consecutive segments back-
bones are deployed concentrically to minimize actuation coupling between segments. End
disks, made out of Aluminum, terminate each segment of the MBCR and are affixed to the

backbones ends. The body of the MBCR was made from a custom PTFE extrusion.
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Figure 4.5: (a) TURBot system: surgical slave (D, statically-balanced arm @, mobile base
®, master haptic interface @. (b) surgical slave of TURBot: three-segment MBCR (),
robot-compatible resectoscope ®, resectoscope sheath @), actuation unit ®.

The primary goal of the surgical slave shown in Fig. (4.3)-b is to deliver the dexterous
multi-backbone continuum robot (MBCR) and provide visualization into the surgical site
in a convenient way. It is composed of a dexterous 3-segment MBCR, a custom-designed
robot-integrable resectoscope that guides the MBCR and the visualization module into the
surgical site and also has inlet/outlet irrigation ports and the 10-DoF actuation unit. Nine
DoFs are dedicated to actuating the MBCR and a linear stage with 120mm stroke (Hey-
don Kerk Motion Solutions) actuated by a 401/ brushed DC motor (Hansen Corporation)
provides a for-and-aft motion for the MBCR.

In section (#.4.T)) and (@.4.T)), the main constituent parts of the surgical slave i.e. robot-

integrable resectoscope and actuation unit are explained in detail.
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4.4.1 Robot-Integrable Resectoscope

In this section, the mechanical design of a custom resectoscope prototype that was
fabricated in-house is presented. This resectoscope has a stem at its distal section that
provides working channels for the MBCR, visualization module and irrigation. The MBCR
and an endoscope can be inserted through two working channels. The resectoscope can be
readily integrated into a the robotic system by sliding it onto a guide rail.

Figure (4.6) illustrates a prototype of the robot-integrable resectoscope. It is approxi-
mately 18.2 inches long, 5.1 inches wide and weighs about 980 grams (without visualiza-
tion equipment). The design includes a stem (1) that mainly constitutes a custom central
stem housed and sealed within an external sheath (see Fig. (4.7)), a sealed adaptor (2) which
enables insertion of a visualization module and the MBCR, a 26Fr endoscope (MEDIT Inc.)
along with its portable light source for visualization (3), a CCD camera (KARL STORZ)
(4) that couples with the endoscope through a C-clamp connection for displaying endo-
scopic view on a monitor, a fully-rotatable endoscope guidance unit (5) to allow quick
attachment and 360-degree rotation of the endoscope, an array of valves (6) for enabling
controlled irrigation and selective sealing of the visualization and the robot access ports,
a quick-release L-shaped bracket (7) for attaching and fixing the resectoscope assembly
to a rail or a linear bearing and a camera fixture (8) that is connected to the quick-release
bracket and helps carry the weight of the camera and the endoscope. The camera is gripped
by twisting a knob that in turn rotates a twin lead screw. The entire camera fixture is made
by additive manufacturing (3D-printed).

Figure (4.7)-a shows the stem that serves as a replacement for a traditional resectoscope
access channel for manual tools. This stem is designed to provide the necessary clinical
functions including delivery of inlet/outlet irrigation, light/imaging and a working channel
for the MBCR delivery as shown in the Fig. (#.7)-b. It is composed of the central stem
(1), external sheath (2), stem adaptor (3) and standard inlet/outlet luer-lock valves (4). The

central stem went through several design revisions to address economical manufacturability
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Figure 4.6: Exploded CAD view of (a) Robot-integrable resectoscope, (b) Assembled pro-
totype. Number designation:(1) stem including a custom central stem housed and sealed
within an external sheath, (2) sealed adaptor which enables insertion of a visualization
module and MBCR, (3) 26Fr endoscope and portable light source, (4) CCD camera, (5)
fully-rotatable endoscope guidance unit, (6) an array of valves (6) for enabling controlled
irrigation and selective sealing of the visualization and the robot access ports, (7) quick-
release L-shaped bracket, (8) a camera fixture.

and sufficient irrigation flow rate. Calculations were done to determine proper irrigation
channel shape and size based on fluid head loss in the channel and a minimum required
flow rate of 0.6 Liter/min. The visualization and the MBCR working channels are &3 mm
and 5.1 mm respectively. The external sheath is 197 mm in length and is a standard brass
alloy 260 tube having internal and external diameters of 0.351 and 3/8 inches respectively.
A 3D-printed stem adaptor attaches the stem to an aluminum block. This block is aligned
with and attached to the resectoscope adaptor distal end by dowel pins and screws.

The resectoscope sealed adaptor is central to the resectoscope design. Its purpose is

to ensure convenient access into the working channels of the resectoscope. These access
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Figure 4.7: (a) Robot-integrable resectoscope stem, (b) a Smm MBCR with tools and a
3mm endoscope lens deployed in the stem. Number designation: (1) central stem, (2)
external sheath, (3) stem adaptor, (4) standard inlet/outlet luer-lock valves.

entries include robot entry at proximal end through a valve (bottom far right in Fig. {.6)-
b) and the visualization entry through the stopcock valve in the endoscope guidance unit.
The sealed adaptor is comprised of two joining halves fabricated out of Delrin Acetal resin
by a CNC milling machine. Front and back aluminum attachments match and connect
the adaptor with the stem and the endoscope guidance unit respectively. A unique feature
of the adaptor is that it can be rapidly opened hence facilitating access to the deployed
instruments. This is a safety measure facilitating rapid robot extraction in case of system
failure. In order to fulfill this requirement, several hinged stand-offs and wing-nut duos are
used to joint bottom and top adaptor halves. In addition, all the screws connecting other
parts to the adaptor are placed only in the bottom half. Calculations were performed in
regards to the location of screws to prevent thread tooth stripping of plastic inserts used to
secure the screws in the adaptor. The design of the adaptor guarantees complete sealing by
O-rings and an O-ring chord placed at carefully selected locations.

The resectoscope can be mounted/dismounted quickly on/from a linear guide rail through
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a 3D-printed attachment at the bottom of the quick-release bracket at the proximal end. A
1/32 inch-thick slick strip with low coefficient of friction and high abrasion-resistance
(ultra-high molecular weight polystyrene adhesive tape) is attached to the bottom to facili-

tate sliding action.

4.42 Actuation Unit

The secondary backbones of each of the three MBCR segments pass through the cor-
responding secondary backbones of its preceding segment. Three sets of three concentric
NiTi backbones need to be actuated to control all nine backbones. The redundant actuation
due to the use of three secondary backbones to actuate each two-DoF segment enhances
payload distribution and miniaturization [[178]. It also adds a safety feature to the system in
case any of the backbones fails. The concentric placement of secondary backbones decou-
ples the kinematics of segments; however it renders the design of the actuation unit chal-
lenging as it demands the actuation of three concentric backbones. The conceptual attribute
requirements guiding the design architecture of the actuation unit are portability, compact-
ness, sterilizability and Modularity. The detailed design and component selection for each

joint was driven by the task specification requirements as described in section

4.4.2.1 Derivation of Joint-Level Design Requirements

A target motion accuracy of 0.1mm was chosen. There is no known quantification
of resection accuracy in the literature. Thus, a conservative value of 0.1mm was chosen
since it is significantly better than the expected tip precision when manually manipulating
a resectoscope having a length of in excess of 250mm. In addition, motion responsiveness
is needed to provide the surgeon the ability to move the snake robot with the necessary
bending rate. Based on consultation with clinical collaborators, a bending rate of £90°
within 1 seconds was determined as the desired maximal bending rate for each segment.

In regards to force applications, a desired value of 1 N at the tip of the robot was defined
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even though the forces are minimal during normal cautery and laser resection. Given these
required specifications, it is desired to determine the joint-level accuracy requirement. The
remainder of this section explains this process and the results.

The kinematics of MBCR was addressed previously by [179-181]]. The configuration of
each segment of MBCR is represented by v; = [0;1,;]7, where i = 1,2, 3 is the segment
number, 0;;, is the bending angle and ¢; is the bending plane angle as shown in Fig. (5.1).

The kinematic relation between configuration space and joint space is

q1j = rcos(615) (01 — 6o),

q2j = TCOS(éQj)(HQL — 00), (41)

@35 — q2; = rcos(03;) (031, — 6p),

where j = 1,2, 3 is the secondary backbone number, g;; is the j joint variable of the seg-
ment i (q; = (i1, Qio, qig]T) and r = 1.725mm is the radius of the pitch circle determining

the positions of the secondary backbones in the snake disks (see Fig. (5.1))).

{Gy} AGi} Yo 2,

Zy,

{Gh} G

%), 4{6'1}
I\{Go}
Figure 4.8: schematics of a three-segment Multibackbone continuum robot with nomen-
clature
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To meet the motion responsiveness design requirement, i.e. bending rate of £90° within
1 second, each segment actuators are required to provide maximal speeds of 4.7mm/sec,
4. 7mm/sec and 9.4mm/sec respectively. These values are obtained by substitution in
Eq. @.1).

In order to satisfy the prescribed motion accuracy of 0.1mm, the instantaneous Jacobian
relating the configuration space and the joint space should be determined. Three vector
spaces are involved in this process, namely task space, configuration space and joint space.

These spaces are related by the Jacobians J,_, and J,,;, such that
JowAY = Ax, JpwAY = Aq 4.2)

where g € R”! = [q1, qo, g3]7, % € R = [apy, 9y, 3], x. € R**! are joint-space,
configuration-space and Cartesian-space vectors respectively. Derivation of the Jacobians
is not mentioned here for brevity and the reader is referred to [182,183]] for a thorough
discussion. Note that the formulations did not involve the base translation of the robot.
From equation (4.2)) we obtain:

Ay =1J! Aq (4.3)

where J jm is Moore-Penrose pseudo-inverse of J,,, as determined by the following equa-
tion [149,/150]:

ij = (I, T + €lg) T, (4.4)

¢ term is added to regularize singular configurations and Iy € R®*% is the identity matrix.

Substitution of equation (4.3)) in (4.2) yields:
JogAq = Ax, 4.5)

where J, , £ ch¢J;¢ € R¥,

Equation (4.5) can be used to determine the maximal tolerable joint space error vector
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to guarantee a task-space motion error having norm of of less than 0.1 mm in a speci-
fied configuration ). Fig. shows the contour plots of the reciprocal of the individual
joint motion accuracy to impart a 0.1 mm motion in three world coordinate unit directions
e;,e;,e;. The values of the reciprocals are represented for 63, = 0°,45°,90°. The hori-
zontal and vertical axes are ¢, and 65, respectively. Note that §;’s do not affect the joint
motion norm significantly, therefore they are assumed as zero. The minimum joint mo-

tion is 0.0037,0.0014 and 0.0015 mm for Ax. = 0.1e;, Ax, = 0.1e; and Ax. = 0.1le;

respectively.
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Figure 4.9: Contour plots of m versus 6, (horizontal axis) and #,;, (vertical axis) for

51 = (52 = (53 = 0, 03L = 007450, 900, AXC = 0.162', 0.1ej, Olek

In order to determine the minimum required joint motion for all possible Ax,. direc-

tions, we consider equation (4.5)) again. Using singular value decomposition and matrix
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algebraic manipulations, it can be proved that

|Ax||
|Aq]| > ——— (4.6)
O-(chq)
where ||.|| and 7(.) represent Euclidean norm and maximum singular value respectively.
Therefore,
Ax
A = —12X 4.7)
max 7(Jzpq)

where Q denotes the the entire robot configuration space.

Equation determines the required joint-level motion accuracy to meet a demanded
positional accuracy. The robot configuration space was discretized and the maximum sin-
gular value was computed numerically at each configuration. The maximum value among
the maximum singular values was determined. Using a 0.1mm task-space accuracy and
€ = 1077, the required joint-level motion accuracy was calculated as 0.0013mm.

The first three columns of Table {.1] summarize the simulation results using the task
specifications of motion responsiveness. The last column summarizes the simulation re-
sults for actuator torques using the interaction force task specification while considering
particulars of the actuation unit architecture. At the outset, static simulations using the stat-
ics model in [[178]] were used to determine the required actuator forces for a three segment
continuum robot, but with additional consideration for flexural rigidity of deployable tools
such as a fiberscope and a flexible gripper. The simulations resulted in joint force require-
ments that ranged from 30 N to 55 N when considering all segments. Taking into account
the design architecture of the actuation unit where the actuator of the first segment carries
the actuators of the other segments, we have conservatively set the required joint force of

the first segment actuator to 150 N.
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Table 4.1: Required joint-level specifications and the corresponding requisite gearmotor
torques

Joint stroke | Min. joint -level | Max joint Max
Segment # : . : .
required position resolution speed joint force
1 4.7 mm 0.0013 mm 4.7 mm/s 150N
4.7 mm 0.0013 mm 4.7 mm/s 30N
3 9.4 mm 0.0013 mm 9.4 mm/s 30N

4.42.2 Actuation Unit Architecture

The 9-DoF actuation unit is illustrated in detail in Fig. (#.10). Referring to Fig. #.10}
(a), the actuation unit (1) connects to the MBCR backbones using a detachable actuation
interface (2). The backbones are routed from the detachable actuation interface to the
MBCR through an actuation cone (3). The detachable actuation interface provides the
conceptual attribute of separability of actuation and supports sterilizability since all the
actuation unit components can be contained in a sterile drape while keeping the MBCR,
cone and actuation interface as a contained assembly to undergo sterilization.

To enhance modularity and compactness, the core of the actuation unit was designed
based on three identical backbone actuation modules (100), (200), (300). Each sub-assembly
has three cylinders (101), (102), (103) designated for actuating the first, second and third
segments of the MBCR. The three sub-assemblies are secured in place between the front
plate (4) and rear plate (6). The structural stiffness of the actuation unit is provided by three
structural elements, two Aluminum beams (9) on the sides and the attachment base plate
(5) on the bottom. When these three components are connected to the front and the rear
plate, they form the chassis of the actuation unit. Additionally, the attachment base plate
connects the slave robot to the insertion stage mounted on an adjustable passive arm shown
in Fig. (4.5). Figure d.10}(d) shows the potentiometers (8) (Panasonic EWA-P10C15A14).
These potentiometers provide absolute position feedback to allow homing the backbones at

TURBot start-up. The incremental magnetic encoders are used for high real-time position
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Figure 4.10: Actuation Unit Exploded view: (a) Assembly showing the actuation unit (D,
the detachable actuation interface @, and the actuation cone ®; (b) Exploded view showing
the three backbone actuation modules , (c) bottom view showing axial symmetry,
(d) backbone actuation module assembly

control feedback during robot operation .The choice of motors, gearheads and lead-screws
and their selection justification are brought in Appendix [B|l For more details on the actua-

tion unit, the detachable actuation interface and cone, the reader is referred to [[177]

4.5 Conclusion

In this chapter, prior art was reviewed in regards to tools and systems that aimed for
increasing the performance of bladder surveillance and transurethral resection. Then, a
new telerobotic surgical platform called TURBot was presented for bladder cancer surveil-
lance and resection. The design of TURBot was explained in details. Then, two of its
primary constituents; namely the robotic slave and the robot-integrable resectoscope were
delineated in details. TURBot is the only system that offers precision and intra-vesicular
dexterity while providing a platform for deploying new imaging techniques and supporting

traditional wire loop cautery and/or laser tumor resection/ablation instruments.
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CHAPTER 5

MODELING AND CONTROL ALGORITHMS OF TURBOT

The previous chapter presented the design of TURBot; a telerobotic transurethral robotic
system for TURBT application. the focus of this chapter is on the modeling, calibration

and control algorithms for the teleoperated motion control of TURBot.

5.1 Kinematics of Multi-Segment MBCR

A summary of the kinematics of the TURBot’s multi-segment MBCR is presented here.
For detailed derivations, the reader is referred to earlier work in [[182,[184,[185]. Fig.[5.]]
shows a schematic of a three-segment MBCR. The configuration of the i segment (i =
1,2, 3) is represented by 1p; = [0;1., &;]T where 01, is the bending angle of the segment and
0; is the angle of the plane of bending. The configuration of a multi-segment MBCR is
represented by 1,5 = [1/)1T, 1/)2T , 1/)3T , qms]T e R™! where ¢, is the motion of the three-
segment MBCR base disk relative to the resectoscope sheath.

We will henceforth use ™x to designate vector x expressed in frame {M} and "R, to
denote the rotation matrix relating frame { N} to frame { M }. Also, we will use x to denote
the position of the origin of frame { X }. For brevity, the gripper frames {G;} will simply be
denoted by {i}. Also, we assume that the frame of the base disk of the i*" segment aligns
with the gripper of the preceding segment (segment i — 1). Finally, we use {Gy} to denote
a frame attached to the distal end of the resectoscope sheath and {IV'} to denote the world

frame.
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Figure 5.1: schematics of a three-segment Multibackbone continuum robot with nomen-
clature

The pose of a single-segment MBCR end disk was derived in [184]. Referring to
Fig. it was shown that “~'g; ;. (the position of the end disk g; of the it" segment with
respect to its base and expressed in the frame of the end disk of the preceding segment) is
given by:

051‘(591'[, - 1)
. I,
i—1 o 7
8i/b, = [ —$s,(50,, — 1) (5.1
—Co,1,
where s, £ sin(z), ¢, = cos(z) and I; is the length of the i** segment. The orientation of

the i** gripper frame relative to the preceding segment gripper frame is given by:

i-IR, = 03" (=0:) pe2(m/2—0iL) e3"d; (5.2)

where e, k = 1,2, 3 denote the standard basis vectors for IR?, and x" denotes the cross-

product matrix of vector x.
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For a multi-segment MBCR as in Fig. the rotation matrix from the base of the
i segment to the world frame {WW} can be obtained readily by a moving frame rotation
sequence:

"R, ="Ro [[""'R;, i=1,23 (5.3)
j=1

where °R,; = I (identity matrix).

The position of g; is given by a vector sum of ~'g; , which were expressed in (Eq (5.1)):
vg =Y "Ry g, =123 (54)
j=1

The kinematics of the MBCR can be determined following on assumptions of negligible

weight, small external wrenches, equidistant backbones and constant-curvature bending:

J.o¥=§ (5.5)

where £ = [vT, w™]" is the end-effector twist (linear and angular velocity of end-effector).
The instantaneous kinematics Jacobian J ;€ IR®*7 can be expressed as a function of the

instantaneous Jacobians of the three segments
dey = [SIJMZJU SZJm,Z)Qu S3JI¢37 $zns] (56)

where $;,; = [0,0,1,0,0,0]T and J,,, is the i*" segment configuration-to-task space Jaco-
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bian [184,/186].

lics, x1. —liss; xs3
—liss,x1 —ljcéz-X:a
mei = ’
—Ss; Cs;Co;1,
—Cs; —386;Co;1,
0 —1+ sp,,
iy (QZL - 7T/2)CHiL — Sg,, T 1
Y A (elL - 7r/2)89iL + Cour
’ (O —7/2)2
A SeiL - 1
X3 = 57— &\
(0ir — 7/2)

In addition, S; is a twist transformation matrix (adjoint transformation) given by

wRii wgi_wg A
S, — 1 ) . i=1,2,3

03 YRy

The joint value of the j** backbone of the i*" segment is:

Gij = myCs,; (O —7/2), i=1,2,3

(5.7)

(5.8)

(5.9)

where 7, 1s the pitch circle radius locating the secondary backbones around the central

backbone and d;; = §; + (j — 1)(27/3). Eq. (5.9) can be modified to account for back-

lash, motion and force transmission losses in the elastic backbones and coupling among

segments [ 187].
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5.2 Motion Control and Telemanipulation of TURBot

Fig.[5.2|shows a schematic diagram of TURBot control architecture. The user interacts
with the system by using a 7-DoF haptic interface. This provides reference trajectories to
the high-level control algorithms of TURBot through a UDP communication at 125 Hz.
These algorithms are encapsulated as Telemanipulation Tracking and Redundancy Resolu-
tion blocks in Fig. [5.2] The Telemanipulation Tracking block receives the haptic device
pose ("'my, ™R, ) from the master and the camera orientation (“*R.) from an optical
tracker and outputs the desired twist of MBCR end-effector (&4.s). This desired twist is
designed to guarantee the MBCR end-effector tracks the desired position and orientation.
The Redundancy Resolution block accounts for the tubular access constraints of the MBCR
segments by requiring each segment partially included within the resectoscope sheath to
straighten - as demonstrated in Fig. This prevents a potential damage to TURBot

MBCR and the internal sheath of the resectoscope.

wdes ¢des yerse (ides

G Y
m
% 9 Telemanipulation gdes Redundancy Kinematics with
&' "mbR Tracking Resolution Actuation
' Mg Compensation

A

CAl I

" €; u = g
.\. (%)=q> PID Controller -=>\w4=q

Figure 5.2: Schematic illustration of TURBot system.

The output of the Redundancy Resolution block is configuration speeds (’lszes). A nu-
merical integration scheme (Euler forward difference) gives the desired configuration of
TURBot (@Edes). The inverse kinematic of the MBCR (Eq with an actuation compen-
sation model to account for backlash, friction and backbones elastic deformations yields
the command joint-level variables that are fed into a PID controller on each joint at each

iteration to close the joint-level error.
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The control code was developed under MATLAB® R2010a/Simulink® 7.5. xPC Target
operating system (MathWorks®) running at 1 KHz was used for real-time implementation.
The haptic interface and the optical tracker communicated with the target machine hosting

xPC Target at 125 Hz.

5.2.1 Actuation Compensation of MBCR

The kinematic equation of the MBCR described by Eq. (4.1) is not accurate because it

does not take into account several factors as follows:

The axial deflection of the backbones due to the actuation forces.

The frictional forces acting on the long actuation lines especially in the cone (see

Fig. (4.10)) and in the custom-integrable resectoscope.

The spacer tube on MBCR constraining the backbones bending.

The backlash in the actuation unit

Several modeling and control methods have been proposed to compensate for such
uncertainties and/or unmodelled effects. Xu and Simaan used recursive least-square esti-
mation using joint position and configuration variables measurement to estimate backlash
and compensation gains of elastic rod model [188]. Simaan et al. proposed an actuation
compensation method that extended the model in [188]] by the characterization of motion
transmission losses and coupling using Fourier series approximation and applying the stat-
ics model of the MBCR [182]. Bajo et al. proposed using both joint and configuration
control feedback to enhance motion control accuracy of MBCRs [189].

Due to a limited joint stroke in the actuation unit and a fairly large backlash in the sec-

ond stage of the actuation unit, a different method of actuation compensation was adopted.
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Accordingly, the kinematic model in Eq. (4.1)) is adapted as follows:

~ 7]- 1
G1; = K1 COS 51j(91L — 5) + Alsgn(qu)v

™

2) + Xasgn(gs;), (5.10)

(ij = K9 COS 52j<62L —

B B T .
43 = q2; + K3 COS 53j(93L — E) + )\38971(613]')

where ¢;5,1,7 = 1,2,3 is the compensated joint displacement, A; is the backlash com-
pensation term that is measured in the actuator space (joint space). x; is a compensation
gain. By observation, this gain was found to vary as a function of the MBCR configuration.

Therefore, it is necessary to calibrate it to achieve a more accurate motion control.

5.2.1.1 Calibrating Compensation Gains

To find ; in Eq. (5.10), we rely on the measurement of the bending angles Nj”f“s“"e
using magnetic trackers versus the command banding angle éjc-f”d. Figure shows the
attached magnetic sensors for the measurement of the bending angle of the second segment
and computation of k,. An iterative procedure outlined in Algorithm (2) converges to

the calibrated compensation gain for a given segment and configuration. The obtained

o
L
Figure 5.3: Measurement of a segment’s configuration to find calibration coefficient. Ar-
rows point to 6-DoF magnetic trackers

values of r; from Algorithm (2)) are valid for a segment and a specific configuration. This
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Algorithm 2 Calibration of compensation gains of MBCR inverse kinematic model

Eq. (5.10)
0

Input: « ; > Initial guess for compensation gain
Output: «; > Calibrated compensation gain of segment j at a given configuration
I:n=20 > Initialization
2: do
3 n<n+1 }
(), (n-1) 05
4: Ky 4= K =
] ] 6}7}/60.8’[1.7“6
5: while \/ig-n) — ﬁ§”_1)| <e
6: K = /{5-”)

algorithm was repeated for discrete points in the configuration space of each segment. The
actuation compensation based on Eq. (5.10) uses these values for those select points. For
the rest of the points in the configuration space of the robot, a cubic spline fit was utilized

to interpolate smoothly between the values of x;.

5.2.1.2 Calibration Results

To determine the robot configuration set-point tracking error before calibration, each
segment was commanded in increments of 5 degrees in ¢;;, and the bending angle was
measured. Figure (5.4) represents the plot of measured versus command bending angles
for each segment of TURBT robot. The red line indicates the ideal case where the true
and the command bending angles match. The absolute bending angle average error for
segments 1,2,3 is 24.65,16.81 and 17.22 degrees respectively.

Figure (5.5) shows the plots of bending angle errors for each segment of TURBT robot
after implementation of the proposed actuation compensation. The average of absolute
errors in bending angle are reduced to 4.23, 4.12 and 5.26 degrees for each segment (for

the workspace of 7/6 < 0;;, < 7/2, —m < 9; < ).
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Figure 5.4: Measured versus command bending angles for each segment of TURBT robot
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5.2.2 TURBot Telemanipulation Tracking

In this section, we focus on Telemanipulation Tracking block in Fig. (5.2)). For an intu-
itive human-machine interaction, the surgeon’s wrist motions should be interpreted through
a proper framework that translates them to reference motion commands of the slave robot.
In the TURBot system, the surgeon’s only visual feedback is delivered by an external cam-
era. Therefore, a reasonable frame of reference for interacting with the robot is the image
frame. This method, called eye-to-hand telemanipulation herein, was adopted for tele-
manipulation of TURBot. In the following section, the desired position and orientation
of TURBot end effector are formulated in a resolved rate control framework. Logics for
reinitializing initial master pose and computation of end effector twist are explained in
section (5.2.3). Note that the world frame coincides with {G(}. Also, when vectors are
described in {WW}, the frame notation is dropped for brevity.

Fig.[5.6]shows a schematic representation of eye-to-hand telemanipulation of TURBot.
Naturally, the user expects that the master gripper motion specified in the master’s base
frame{ M, } corresponds to the robot end effector motion in the camera frame {C'}. There-

fore the physical transformation between the frames of the master and the robot base is

78



30- . 10+
— ﬁ e ® .
= S
— L
< 20 | o
| o
£ o4
i) 0
£ 10 3 .,
3 @ .
% . s s ©
3 . . ®
Sy ol o . .". ° ..’~. o Eﬁ ° 9
3 e, N0 A > e e
> s . i ¢ -10+ °® Y}
-10
N 100 s :
2030 45 0 20 30 40 50 g5
50 60 70 gg % P 70 80 90700200
011, 10 81 21
(C) 10
_ i .
= 10~
ng e L} °
| " e® o ©
* .
0 0
S o
w * ° o
3 ]
mq ® ° L] o 5
) ks o .
= e o "o o
= 10— . o
o ) 100
30 »
4050 60" 70755 100
0371, 90 100" -200 83

Figure 5.5: Bending errors throughout the configuration space of MBCR segment after
compensation of actuation, (a) Segment 1, (b) Segment 2, (c) Segment 3

irrelevant. This alignment is illustrated in Fig. as the plane y,,,, — Z,,, is aligned with

the plane x. — y. of the camera frame such that z, and x,,,, positive directions line up.

[ Master-side | 4 [ Slave-side |
n

Figure 5.6: Eye-to-hand telemanipulation of TURBot

An underlying assumption is that the rotation %R, is known. This rotation is deter-
mined from online tracking of the camera relative to {Gy}. To achieve this, two optical

markers with frames {C'} and {G'} are affixed to the camera and the resectoscope, respec-
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tively. Therefore, 9°R.. is given by:
gORc — goRgtbR;tbRééRc (5_11)

where ?R; and ?R; denote the orientations of the camera marker frame and resectoscope
marker frame relative to the optical tracker base {7}, respectively. ‘R, is a constant ro-
tation from the camera (that is assumed to be aligned with the image frame) to the camera
marker frame. %R is a constant rotation from the resectoscope marker frame to {Gy}.
Motion is initiated by closing the normally open master’s gripper. At that instant, the
master’s initial position and orientation relative to its base (P« £ mbm;, R}, £ mbeng)
and the slave’s initial position and orientation (Psx £ 9 g:, R £ QOR; 4) are stored. Then,

the relative translation of the master’s gripper in {C'} is determined as:

‘Apm = Ry, (P — Pims) (5.12)
where °R,,, is the rotation of the master base relative to the camera frame:

010
‘R, =10 0 1 (5.13)

1 00

Using a translation scaling «, the desired slave position is:
Ps,des = Psx + o gORc CApm (514)

The rotation motion reference for the slave is similarly transformed from {,} to {Go}.
The master’s gripper orientation relative to Ry, is denoted as AR, such that™R,,,, = AR,,, R,.
Therefore:

AR,, = ™R,, R:" (5.15)
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The relative rotation AR,, is described in {M,}. It can be described in {Go} using simi-
larity mapping:

ms,des = gORmb mm 90 Rab (5. 16)

where

R, = “R, Ry, (5.17)

Finally, the desired robot gripper rotation is
Rs,des = ms,des R: (518)

This rotation can be converted into an axis-angle representation and these two parameters
can be used for a standard resolved rates algorithm. Algorithm (3)) summarizes the steps in

computation of desired pose in eye-in-hand telemanipulation.

Algorithm 3 Computation of robot desired pose: Eye-to-hand telemanipulation

Input: p,.., R}, > Initial master gripper pose
Input: pg,, R > Initial slave gripper pose
Input: ™p,,, R, > Current master gripper pose
Input: *R, > Current resectoscope marker frame in tracker base
Input: R, > Current camera marker frame in tracker base
Input: Ry > Current resectoscope marker to slave base frame rotation
Input: ‘R, > Camera to camera marker frame rotation
Input: « > Position scale
Output: p; ges, R des > Slave desired pose
I: PR, = PR, Rthb R:R. > Rotation from camera to world (slave base frame
Desired Position
2: “App, = R, ("™ Pm — Prx) > Master gripper position change in camera frame
3: 9Apy, = PR Apm, > Master gripper position change in world frame
4: Psdes = Psx + @ Apy, > Slave reference desired position
Desired Rotation
5: AR,, = ™R, g anT > Master gripper rotation change in master base frame
6: ﬁs,des =9R,,, AR, 9 R;Lb > Slave desired rotation change in world frame

7: Rsdes = AR ges Ry > Slave desired rotation

S
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5.2.3 Kinematic Control of TURBot

The desired slave pose (Ps des, Rs des) 18 next used in a resolved rates algorithm for
solving the instantaneous inverse kinematics of the slave robot. Using the notation p, =
90g, for the current end effector pose, the desired instantaneous twist of the slave robot is

designed to close the position and orientation error:

A - N
€ = [orT,wlT)T (5.19)
~ — . . . .- A Zg, X2
where t = P2de=Pe desjonates the unit vector closing the position error and § = %" %44
”ps,des_psll ||Zg4 ng4,des”

is a rotation axis orthogonal to both z,, and Zy, 4. (these two vectors are the third columns

of ®Rg, and R; 4.5). Defining the position and orientation error as:

Op 2 |Psdes — Psll, 0o 2 cos™ (2, 2, des) (5.20)

We prescribe the scalar linear and angular speeds v and w as:

;

Umaz » i ||Ps,des — Psll > Apép

- Umaz —Umin 5p_5p .
v ( ep()\p_)l() ) + Umin » if €p < 517 S )\pep (521)

0,if 6, < e,

\

(
Wmazx » if 50 > )\oeo

W= (wmm;u(;;ii)l()éo_%) + Wiin » if €0 < 50 S )\oeo (522)

0,if 6, <e

\

where €, and ¢, are the convergence radii for the position and orientation errors and vy,

Umin aNd Wynae, Wmin are the maximal and minimal allowable speedﬂ Ap > 1land A\, > 1

'The minimal speeds should be prescribed to ensure convergence for a chosen fixed control cycle time dt
(e.g. kvmindt < €y, k > 1).
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define the maximal position/orientation errors for which the maximal speeds will be applied
to close the telemanipulation tracking error.

Since the end-effector of TURBot lacks a revolute joint (e.g. a distal roll wrist), it
cannot provide roll about the end-effector longitudinal axis (z,, in Fig. when any
of its segments are retracted into the resectoscope sheath. Even when all segments are
unconstrained, the kinematic dexterity for distal roll motion is poor (therefore, in other
designs we used a dedicated roll wrist or transmission of roll along the backbone [[190]).
Therefore, as a first step in kinematic control of TURBot, the commanded end-effector
twist will be prescribed in end-effector frame with a reduced dimension excluding any
twist specification about Z,,. This task reduction is acceptable because the tasks of laser
ablation and cautery resection is insensitive to roll about z,, .

To achieve the task reduction, we transform the twist &€ to end effector frame and elim-

inate the 6" element associated with roll about z,, to obtain the reduced-dimension twist

GoRT 0,
€ce = [I5,0551) o

¢ (5.23)
0, "R

where I designates the identity matrix in IR>*®. A corresponding reduced-dimension geo-

metric Jacobian J.. is defined in end effector frame:

_ WRT 0,
Jee = [I5, 051] ! I (5.24)
0;  ®R7
Such that:
J.p=¢, (5.25)

When the MBCR is unconstrained by the resectoscope sheath, equation (5.25) is solved
for configuration speeds P using an appropriate redundancy resolution as described below.

Finally, the desired configuration is obtained by integration of 4 and converted to a cor-
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responding joint values vector q using the segment-level MBCR inverse kinematics (5.9),
which is passed on as a reference value for a joint-level PID position controller. The next

section provides details of the redundancy resolution.

5.2.3.1 Constrained Redundancy Resolution

When the MBCR is fully outside the resectoscope sheath, it can utilize all its 7 DoFs
to perform resection (Fig. [5.7}(a)). However, when a segment is constrained inside the
resectoscope sheath, the MBCR loses two DoFs per a constrained segment. Bajo ef al. used
a task priority redundancy resolution [191]] combined with a configuration space virtual
fixture for a two-segment MBCR with translation [[192]]. The role of the virtual fixture was
to command the proximal segment to a safe banding angle (close to straight orientation)
when it began to retract into the sheath. While this guarantees the MBCR safety, it does not
use the remaining mobility to fulfill the task efficiently. The reason is the tubular constraint
is enforced at the expense of filtering the configuration commands. In this section, we
present a different resolution of redundancy that provides a more systematic and judicious
use of the MBCR DoFs accounting for the constraint status.

Depending on the number of constrained MBCR segments, the instantaneous kine-
matics changes. Accordingly, the task description should be updated to ensure efficient
utilization of MBCR mobility. In the following, each case of constraint status shown in
Fig.[5.7|is treated individually.

Case (I): No segment is constrained.: All 7 DoFs of TURBot are used to accomplish the

5-DoF task. The redundant DoFs are used for configuration limit avoidance. A weighted

redundancy resolution is used following [[193]]:

Paes = T E., (5.26)

where J,, = [j(l) 3(2) 3(3) Jy € R, J

ee ) ee ) ee )

1 = 1,2,3 is obtained from (5.24) by

84



(a) (b)
=l =12 =l 0 —l1 =12 =1

—f
Pz P

Prrrrrrrrrrrrrrrrrrrrrrzz T

(c) (d)

R i uguguuguuupuuuuiug Rtttz suzesiezzsseszzzeuzzan

. — ® .

LI AL AL AL ALV P72

Figure 5.7: Tubular constraint imposed by the internal sheath of resectoscope. Red grated
line shows ¢;,,s. (a) Case (I) - no segment is constrained (g;,s > 0). (b) Case (II) - proximal
segment is constrained (—{; < g;ns < 0). (c) Case (III) - proximal and middle segments
are constrained (—l; — lo < @ins < —l1). (d) Case (IV) - all segments are constrained

(Gins < =11 = 1).

replacing J_; with J;y of the i" segment, J, is the description of z,, in frame {G,}
appended with zeros in its last 2 elements, and (.)" is the regularized weighted Moore-
Penrose pseudo-inverse [150]:

T =W LW 4 L) (5.27)

ee

W, € R™7 is a positive-definite weight matrix that is defined to help keep 1; away from

its limits [193]] and € is a kinematic regularization factor.

Case (11): Proximal segment is constrained.: In this case, the proximal segment bending an-

gle (6,1) converges exponentially to a safe bending angle (6, s = 7/2) while J; remains

constant. Having lost two DoFs, the remaining five DoFs are utilized to accomplish the

5-DoF task. Therefore,

6‘)1L,des - kd(glL,s - 01L,des)a Sl,des = 07 kd >0

2 —+ - _(
¢23,des = Jee,234(€ee - Je

(5.28)
1

e)¢1,des)
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ee

where '7523 = [",sz ) ¢3T ) C]ms]T € ]R5X1, and jee,234 = [ji?j

Case (11l): Proximal and middle segments are constrained: The bending angles of both the

proximal and the middle segments converge exponentially to their safe values (7/2) while
01, 0o remain constant. The robot has three DoFs left and it is no longer possible to achieve

the 5-DoF tracking task. Therefore the 5-DoF task is demoted to a 3-DoF position tracking

task. Thus,
éiL,des = kd(eiL,S - 9iL,des)> Si,des — O,Z € {1, 2}
) (5.29)
~ —tran + —tran
1/)3:d65 = Jee,34 (Vee - Jee,12¢12,des)
where v, = [I3,03,2]€,, is the end-effector linear velocity described in {Gy}, ¥ =
7 —tran _(1\tran __/o\tran
Wl pl]" € R gy = [, g” € R™L TN, = (35 300) € R and
—tran —(3\lran ) '
Jie,34 =[J Se)) JJiren] e R3*3. The superscript “tran’ denotes the translational compo-

nent of Jacobian.

Case (IV): All segments are constrained: The task is demoted to the velocity component

along the resectoscope sheath i.e. the z-component of linear velocity v, = $} ¢&. Hence,

ins

Oir.des = Kka(Oir.s — YL des), 0ides = 0,7 € {1...3}
(5.30)

Cjins,des = Uy
5.2.3.2 Re-initialization of Initial Pose

When the user first engages telemanipulation by closing the gripper of the master in-
terface the initial pose of the slave and master (ps,, R}) and (p,.«, R;,) are updated, re-
spectively. Due to motion scaling, the user may reach the workspace boundary of the
master, which would require him/her to disengage the master in order to reposition its grip-
per within its workspace and then to subsequently re-engage telemanipulation of the slave.
The initial poses of the master and slave are updated every time the gripper of the master

is used to re-engage telemanipulation. However, when the slave robot encounters resec-

86



toscope sheath constraints, its desired twist & 4 s cast into the form corresponding with
the constraint cases defined in the preceding section. Under some circumstances, the mas-
ter/slave initial pose have to be updated to prevent discontinuity in &; 4es. The particular

circumstances where it’s necessary to re-initialize the master/slave pose is as follows:

» Switching from Case (IV) to Case (III): The desired twist prior to switching is a lin-

ear velocity along the resectoscope sheath. Upon switching, the desired twist is pro-
moted to a linear velocity vector in the direction of position error. This sudden change
is avoided by resetting the slave robot initial pose to the pose at the onset of telema-

nipulation re-engagement.

» Switching from Case (III) to Case (II): The promotion from a 3-DoF twist to a 5-

DoF twist can lead to similar unwanted MBCR motion. In this case, re-initialization

of initial orientations solves this issue.

Algorithm (4) summarizes the ad-hoc re-initializations for the above cases.

5.3 Conclusion

This chapter covered kinematic modeling, actuation compensation and calibration of
TURBot system. The compensation of actuation includes backlash compensation and cali-
brated gains in the joint-to-configuration direct kinematic model of the MBCR. These gains
were determined experimentally for discrete points in the workspace and they were inter-
polated with cubic splines for all other points. The backlash stems from the application
of flexible material in the motion transmission chain. The compensation of this backlash
involves the measurement of this flexibility and adding to or subtracting from the command
joint displacements at the instances of motion direction change.

Next, an eye-to-hand telemanipulation paradigm was discussed that provides a user that

only has a 2D visual feedback of the workspace an intuitive telemanipulation framework.
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Algorithm 4 Resetting Initial Master/slave Poses

Input: [,1s,13 > MBCR segment lengths
Input: ¢;,s(k) > Current MBCR insertion
Input: gns(k —n) > MBCR insertion at n*" previous iteration
Input: "*my," R, ,%° g4, Ry, > Current master/slave gripper poses
Input: po’', Ry, pd", R > Engage master/slave gripper poses
Output: p,,., R}, pss, Rs > Initial master/slave gripper poses
1: if (—ll < qins(k) < O) & (—ll -l < qms(k — TL) < —ll> then
2 Pmx < PoY > Hold master engage position
3 Ry, <" Ry, > Reset master initial rotation to current rotation
4 Psx — P > Hold slave engage position
5: R} <% Ry, > Reset slave initial rotation to current rotation
6: else if (—ll -l < Qins < —l1) & (—ll — 1l —1I3 < qms(k — n) < =l — lz) then
7 Pmx < my > Reset master initial position to current position
8 R, + RO > Hold master engage rotation
9 Psx <90 g4 > Reset slave initial position to current position
10: R; + R > Hold slave engage rotation
11: else
12: Pmx — P > Hold master engage position
13: R, < R > Hold master engage rotation
14: Psx < PS" > Hold slave engage position
15: R; + R > Hold slave engage rotation
16: end if

This image-based telemanipulation framework only requires an extrinsic camera and robot
pose information and does not need camera intrinsic parameters calibration.

Finally, a hierarchical resolved-rate algorithm was described for telemanipulation that
takes into account the tubular constraint on the MBCR enforced by the resectoscope sheath.
The algorithm utilizes the insertion state to evaluate which segments are constrained and
assigns the task to the available free segments. This involves demoting a 5-DoF task of
position-pitch-yaw tracking to a 3-DoF position tracking when there is only one free seg-
ments and promoting it back when at least two segments are free. It also ensures smooth
switching between these different scenarios by re-initialization of command velocities and

an appropriate modeling of instantaneous kinematic during switching instances.
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CHAPTER 6

EVALUATION OF TURBOT

The clinical motivation for TURBot was explained in section[2.2]and in chapter|[I} The
main components and the design of TURBot were presented in chapter @ In chapter [5
the modeling and the pertaining control algorithms were explained in details. TURBot
functionality was validated through extensive simulations and experimental procedures. In
this chapter, the experimental evaluation of TURBot on a bladder phantom is presented in
section [6.1] The goal of this study is to assess the performance of TURBot as well as a
statistical comparison of robotic versus manual transurethral resection of bladder. Then,
in-vivo test results where the system was tested in swines is explained in section [6.2] A

final conclusion closes this chapter by summarizing the outcomes of the studies.

6.1 User Study

A 3D-printed phantom model of a human bladder was used to assess the performance
of TURBot. More importantly, manual and robotic resection was compared to address the
important question of whether robotic resection can provide better outcomes. Towards this
goal, a female bladder model was fabricated by additive manufacturing with two holes to
place mock-up tumors made of agar.

In manual TURBT, the surgeon pivots the resectoscope about an imaginary fulcrum
point near the bladder neck and moves it by using four motions i.e. three rotations (roll,
pitch, yaw) and an insertion. A robotic suite for TURBT should ideally replicate these

macro motions as well as providing finer motions at the tip for a more dexterous motion
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than manual TURBT (as the MBCR does in our system). The current prototype of TURBot
is mounted on statically-balanced passive arm that does not actively control the angles of
approach of the resectoscope sheath with respect to the bladder entrance. To compensate
for this lack of degrees of freedom and to facilitate our investigation, another robot (a
PUMAS560) was used to orient the angles of the TURBot resectoscope sheath with respect
to the bladder body. The PUMAS560 robot was commanded via a joystick interface and
it was programmed to satisfy a remote-center-motion (RCM) movement around a fulcrum
point representing the bladder entrance point.

Manual resections by a standard 26 Fr resectoscope (STORZ) were conducted at the
same tumor locations and then a statistical analysis was conducted to verify a difference
between the robotically and the manually resected sample groups. The next subsections

present the experiments and their outcomes in details.

6.1.1 Experimental Setup

The experimental setup for robotic resection is shown in Fig. It consists of the
TURBot system @, PUMAS560 robot @, a human bladder phantom 3 , mock-up tumor
@, master device (Omega.7® ® (Force Dimension)), a 3-DoF joystick @ for RCM control
of PUMASG60, an optical tracker @ (NDI Polaris Vicra), endoscope and camera with an
attached marker ®, electrosurgical generator @ used for tumor resection and a monitor
screen (10) to display camera feed.

The female patient bladder phantom shown in Fig. has an approximate volume of
336 mL and was obtained under an IRB approved protocol to gather computed tomography
3D scans of patient bladders. DICOM images of the bladder were imported in 3DSlicer to
create a 3D model in stl format. This model was then imported in Autodesk Meshmixer and
post-processed in several steps to add the required holes and the screw fixtures. The model
was split in half to expose the interior for video recording during experiments and for easier

placement of tumors dishes. The final model was fabricated by an FDM 3D-printer. Prior

90



to printing, the model was modified to provide a @15 mm urethral opening or entrance
hole. Two cylindrical holes of ~ @32 mm were created for placing mock-up tumor dishes
that were secured in place by screws. One was located close to the left lateral wall of the
bladder (denoted by LW) and represented an easy to reach pose with a rigid resectoscope.
The other was situated at the bladder neck toward the left side (denoted by N). The latter
was impossible to reach by a rigid resectoscope without resorting to compression of the
bladder through pubic pressure (which was not feasible in a rigid phantom).

During preliminary setup for robotic resections, the PUMAS560 end effector was first
brought to a proper pose such that the bladder phantom was oriented in an anatomically
appropriate manner similar to a patient’s pose during clinical TURBT. Then, the TURBot
slave was deployed through the urethral opening in the phantom (see insets in Fig. [6.1).
Since the objective is to evaluate the dexterity of TURBot’s MBCR arm, we did not use
the PUMAS60 robot for simultaneous adjustment of approach into the bladder. Therefore,
the tests presented below, represent a more stringent case than would be available if in the
future the statically balanced arm of TURBot were to be replaced by an active arm.

The setup for manual resections involved a subset of the components in robotic resec-
tion. A standard resectoscope (STORZ) with a 26-Fr electrocautery loop was used. To
ensure similar circumstances to the robotic resections by TURBot, the resectoscope endo-

scope was not utilized during resections.

6.1.2 Mock-up Lesions

To create a mock-up lesion, a @11.2mm disk was placed in the center of a g31.75mm
round dish and filled with a mixture of 17.5 gr /L agar (Sigma-Aldrich #A7002-250G) and
50 gr/L milk in distilled water. The disk was subsequently removed after the mixture
was cured to leave a cavity for the mock-up lesion. The lesion was made of the same
agar mixed with colored glitter which was poured into the cavity and allowed to cure at

room temperature. The final product was a matte agar gel with a cylindrical colored lesion
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UNIMATE

PUNMA 500 /

Figure 6.1: Experimental setup to perform robotic TURBT on a bladder phantom. Inset
shows MBCR deployed in the phantom. @ TURBot slave, @ PUMAS560 robot, ® blad-
der phantom, @ mock-up tumor, 3 Omega.7 haptic device, ® 3-DoF joystick, @ Optical
tracker, ® Endoscope and camera with an attached marker, @ Electrosurgical generator,
Monitor screen. Corner inset shows the 3D-printed female bladder phantom (=~ 336 mL).

(#11.2mm) in the center as shown in Fig. [6.2}a. Four pins were placed in the agar as

landmarks to register pre-resection and post-resection images.

6.1.3 RCM Control of PUMAS560

The RCM teleoperation of the phantom mounted on PUMAS60 end effector restores
the ability to orient the robot-compatible resectoscope relative to the phantom. In order
to achieve this, it is assumed that the user is controlling the orientation of the resectoscope
through the joystick. Thus, the imparted angular velocity of the resectoscope is determined.
To incur the same motion by moving the bladder phantom instead, while the resectoscope

remains stationary, the angular velocity of the bladder phantom imparted by the PUMAS60
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Figure 6.2: Sample agar tumor dish: (a) a pre-resection sample; tumor size is controlled
during fabrication (&11.2mm), (b) sample was put at the bladder neck (N) and resected;
boundaries of resected region were marked to facilitate segmentation, (c) segmented region
and center of tumor after registration of pre-resection image to post-resection image.

end-effector should be equal in magnitude and negative in direction. Hence

Db _ _ D f Db _D Db
wy, = "Ry wisep, Vp, = wp, X1y, (6.1)

where Pv,, P> w,, is the desired linear and angular velocity of the end effector frame { P, }
described in PUMAS60 base {P,} as shown in Fig. a), PRy 1s the rotation from a
fulcrum point frame {F'} to {B} and Pry, is the vector joining the origins of {/'} and
{P,}. W, is the desired angular velocity of the resectoscope described in {F'} which
was determined based on the following mapping shown in Fig.[6.3[b) between the joystick
and the resectoscope orientation angles: Joystick left/right, up/down and twist motion was
mapped to the resectoscope azimuth (), inclination (¢) and roll () angles respectively.

Hence, resectoscope angular velocity is:

Forgep = 0769 + 076, ++7¢, (6.2)

where gz'ﬁ, 6 and 4 represents the rate of change of inclination, azimuth and roll angle re-
spectively. Referring to Fig. b), e, and ey, are the unit vectors along the resectoscope

sheath and along the Z direction respectively. €y is the unit vector normal to the projection
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of the sheath on the X; — y plane. These unit vectors expressed in the frame {F'} are:

T&g = [—sin(f), cos(0),0]T,

Te, = [cos(f) sin(¢), sin(f) sin(¢), cos(¢)]* (6.3)

Te, =10,0,1]"

Figure 6.3: teleoperated remote-center-of-motion control of bladder phantom about ful-
crum point f: (a) {£'} is at the tip of resectoscope, { P, } is PUMAS560 end-effector frame,
{P,} is PUMAS5G60 base frame. Relative scales are distorted for clarity. (b) Joystick-to-
resectoscope mappings. 6, ¢ and ~y are azimuth, inclination and roll angles of the resecto-
scope respectively.

In Eq. (@, PRy was provided by an optical tracker. To determine **ry, , an optical
marker denoted as { P,,} was attached to the PUMAS560 end-effector and the fulcrum was

then digitized. *r, was then computed as:

Py, = =Ry, 7Ty, 1y, ¢ (6.4)

where 1), is the measurement readout of the optical tracker, 7T, is a known constant
homogeneous transformation from PUMAS560 marker frame to its gripper frame and R,
is the rotation from PUMAS560 base to its gripper frame obtained from the direct kinematic

formulation.
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Equation constitutes the command twist of PUMAS60 end-effector. Given the
command twist, the instantaneous kinematics of PUMAS560 was applied to calculate the

desired joint rates as follows [[194]]. The instantaneous kinematics of PUMAS560 is:
Jaqd = X4 (6.5)
where x, € R = [v,,w,|". Application of inverse of Jacobian gives the joint rates:
q=1J quxg (6.6)

To calculate the inverse of Jacobian, an inverse of singularity-value decomposition (SVD)
is used:

J, =vsut (6.7)

where J,,, = UX V™ is the SVD of J,,,. A simple singularity filtering approach is applied

to determine X! to handle singularities as follows:

L ifo;, > ¢
ag

»l=J” (6.8)
0, otherwise.

where parameter € was selected as 0.03. An Euler integration was applied on Eq (6.7)to

determine the motors command motions.

6.1.4 Experimental procedure

After an initial training, three users were asked to resect lesions while avoiding to stride
outside the lesions margins. The resection performance was gauged based on the tangen-
tial accuracy and duration of resections. 66 and 30 robotic resections were conducted at

the bladder left lateral wall (LW) and neck (N) locations respectively. 66 manual resections
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were performed by the same users at the lateral wall. Repetition of the experiments using
standard manual tools verified that one cannot carry out resection at the bladder neck with-
out resorting to aggressive deformation of the bladder. Therefore, no manual resection was

conducted at the neck.

6.1.5 Accuracy Calculation

A pre-resection and post-resection image was taken from each sample (see Fig. [6.2}
(a,b)). Then, the two images were registered by MATLAB to find the center of the lesion
in the post-resection image. Three of the pin centers in the agar model were used as reg-
istration landmarks and the fourth one was used to determine registration accuracy. Then,
the resected area was segmented manually in MATLAB. Fig. [6.2(c) shows the segmented
boundary of a resected samples at the bladder neck. The registered lesion center is dis-
played by ared '+'. The resection accuracy for each sample was determined by the duration

and the tangential root-mean-square (RMS) error of a resected sample defined as follows:

12 3
€trms — (]_9 Z(Tref - 7’1')2> (69)

i=1

where r; is the radial distance between the registered lesion center and the point ¢ = 1..p

on the segmented region boundary. 7.y = 5.6mm is the desired radius of resection.

6.1.6 Results

Fig. [6.4] shows box plots of resection RMS error and duration in each experimental
group: manual at lateral wall (LW), robotic at lateral wall, robotic at neck (N). The median
and the mean are represented by a notch and a round dot respectively. The bounds of the
box represent upper and lower quartiles of the data and the tails represent maximum and

minimum values of the data.
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Figure 6.4: Resection tangential RMS error and duration in three resection groups. mean
value is displayed by e. (M=Manual, R=Robotic, LW=Lateral Wall, N=Neck)

Table [6.1] lists the means values of the two accuracy measures and their standard devi-
ations for the same groups. A paired t-test was used to compare resection groups perfor-
mances. The resection accuracy at LW was 1.18 £ 0.38mm and 2.23 + 0.68mm for the
manual and the robotic group respectively. The resection duration at the same location was
50 £ 21sec (manual) vs 139 + 83 (robotic). Therefore, the robotic resection performance
was worse than manual with 1.05mm larger RMS error (p-value < 0.001, 95% confidence
interval of [0.86, 1.25]) and 89sec higher durations (p-value < 0.001, 95% confidence in-
terval of [68, 110]). Robotic resection at N was conducted with an average accuracy of
2.69 £ 0.80mm and an average duration of 202 £ 112sec. In comparison, TURBot perfor-
mance was worse in the N than the LW region: 0.46mm larger RMS error (p-value 0.005,
95% confidence interval of [0.14,0.78]) and 63sec longer durations (p-value 0.003, 95%
confidence interval of [23, 105]). Note the registration error to find the lesion center was

determined as 0.12 &= 0.09mm.

Table 6.1: Resection tangential accuracy and duration

Method [Location] RMS Error Duration
(mm) (sec)
Robotic [Lateral Wall] 2.23 £ 0.68 139 £+ 83
Manual [Lateral Wall] 1.18 0.38 50 £ 21
Robotic [Neck] 2.69 £ 0.80 202 £ 112
Manual [Neck] Not Possible  Not Possible
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6.1.7 Discussion

There are several reasons for the comparatively lower performance of the robotic re-
sections. A backlash compensation mechanism closed a portion of the backlash in the
actuation unit due to the flexibility of the 3D-printed transmission bridge connector in the
actuation unit. However, this caused some degree of jerky motion that affected the robot
motion control. At the LW region, small banding angles (high 6,;) were often required
to resect lesions. The calibration for small bending angles of MBCR was less accurate
since unmodelled friction and dead zone phenomena are more prevailing in this regime.
We believe, this played a significant role in performance degradation. At the N region,
the actuation unit joint stroke limits played a more important role in impacting the per-
formance. TURBot was often working with two maximally bent segments in retroflexed
postures. This left little room for the redundancy resolution algorithm to accomplish the
resection task. In practice, the MBCR could comfortably move only in certain directions
and had less success in complying to motion commands in other directions.

Another reason for the lower accuracy and longer task duration using the robot was the
learning curve associated with using TURBot. Although the users were given a preliminary
training to operate the system, it was still fairly taxing in comparison with the standard
resectoscope. Telemanipulating a 6-DoF robot is inherently more challenging than the
direct handling and operation of a 4-DoF rigid tool. This requires more training to surmount
the learning curve.

Other sources affecting the performance of robotic resections were lack of loop roll
control as well as visual blockage caused by the MBCR body and/or the loop. While
TURBot lacks the ability to control the end-effector roll, the manual resectoscope loop
could be easily rotated by twisting the entire resectoscope. This helped achieve better
performance in covering the lesion margins with the resectoscope. Regarding the latter,
there were some end-point angles of the robot where it was difficult to see the electrocautery

loop and/or the lesion. The manual tool operation did not suffer from this issue since the
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loop could be pushed out further to mitigate blockage. This is addressed in chapter [/| by
employing the MBCR redundancy to drive its body outside the field of view while fulfilling
the primary tracking task. Future improvement includes independent roll of the resection
loop using a flexible shaft through one of the working channels of the MBCR.

The experiments also highlighted the importance of depth perception. It was difficult
for the users to distinguish the loop-environment contact status. In particular, this was
more confounding when the tumor surface plane was not normal to the camera axis. A
potential solution is a stereo-vision module with a mechanism for actively controlling the
camera posture. In addition, telemanipulation motion scaling and speed could be better
tuned to adapt to user preferences. Addressing these issues will be the subject of future

improvements.

6.2 Animal Study

The goals of the porcine in vivo study were: (1) to evaluate the TURBot in accessing all
regions of the bladder, (2) to evaluate robot-assisted resection/ablation of simulated blad-
der lesions and, (3) to explore feasibility of robot-assisted en-bloc resection. The results of
three pilot in-vivo porcine studies using TURBot system are presented here and potential
improvements are proposed based on experimental observations. In the following sections,
the animal preparation procedure, TURBot setup, the outcomes and the challenges encoun-
tered during the animal studies are explained. we also propose solutions and remedies to

overcome these challenges in section (6.2.5).

6.2.1 Animal Preparation

After fasting for 12 hours, a female swine was placed under general anesthesia. It was
then transferred to the bed and situated in a supine position with her lower body tilting
slightly up as shown in Fig. (6.5)-a. we chose the live swine model, as opposed to a human

cadaver because it better reflects the perfusion and elasticity of intraoperative tissues, which
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may affect success of the ablation technique. In addition, it allows for a more realistic
testing platform with respect to evaluating OR setup and challenges in live surgery settings

for future clinical applications.

Figure 6.5: (a) Female swine posture for TURBot deployment. A surgeon is dilating the
urethra for TURBot sheath insertion prior to TURBot placement, (b) Blunt tip trocar placed
in the bladder anterior-inferior region

A blunt tip trocar (balloon port) was placed through the anterior (near neck) of the
bladder (See Fig. (6.5)-b). A 26-Fr endoscope with a mounted camera was inserted through
this port to visualize the resection/ablation process. This was followed by the dilation of
the urethra to facilitate the placement of TURBot.

Next, the simulated bladder lesions for resection were created. HistoGel specimen
processing gel (Ref HG-4000-012 Thermo Scientific), an aqueous gel composition, was
liquefied in a 60 °C water bath and then mixed with blue dye (toluidine or Methylene blue).
1-2 ml of the blue HistoGel was then injected into the bladder submucosa in multiple
locations to simulate tumors. The injections were performed under direct vision from the
laparoscope with 18-gauge needles generally inserted through the abdominal and outer
bladder walls, thereby reducing the likelihood of puncturing the inner surface of the bladder
where the liquefied gel could leak into the bladder. Lesions created on the posterior wall
of the bladder necessarily had to be done by inserting the needle all the way through the
anterior wall and then into the submucosa of the posterior wall. The room temperature
saline irrigation in the bladder quickly cooled the HistoGel, thus solidifying it into a lesion.

The lesion creation process had been previously tested and verified in bench top studies.
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Figure (6.6) shows a simulated lesion with an approximate size of 8.5 mm.

Figure 6.6: Mock-up lesion created by HistoGel.

6.2.2 TURBot Set-up & Deployment

Figure shows the overall layout of the operating room during the robotic abla-
tion/resection procedure. TURBot is telemanipulated by a 7-DoF haptic device (Force
Dimension Omega.7 haptic device). A foot pedal is used to allow the surgeon to switch
control of the master device between the 7-DoF MBCR and the 2-DoF DLA. Visualization
of the robot and the workspace was provided to the surgeon using a transvesical endoscope
(item (5)) and an endoscope monitor. An optical tracker (NDI Polaris Vicra, item (4)) was
used to track markers attached to the robot and the transvesical camera to allow the surgeon
to telemanipulate the MBCR in the endoscopic camera frame. This feature was crucial for
retroflexed configurations of the MBCR.

Permission was obtained from Vanderbilt University Institutional Animal Care and Use
Committee (IACUC) for a series of non-survival pilot studies. After fasting for 12 hours,
the female swine (80-100 Ib.) was placed under general anesthesia. It was then situated
in a supine position with its hips abducted and pelvis lifted slightly to mimic a standard
lithotomy position. A 10mm blunt tip trocar balloon port (Medtronic, Minneapolis, MN,

USA) was placed through the anterior bladder wall, similar to a suprapubic tube. A 10mm
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Figure 6.7: TURBot system: (1) TURBot, (2) Omega.7 master haptic interface, (3) Surgeon
monitor, (4) Optical tracker base, (5) Optical marker on transvesical endoscope camera, (6)
Swine

laparoscope with a mounted camera was inserted through this port to visualize the resec-
tion/ablation process. Under endoscope guidance, a guide-wire was inserted through the
urethra and advanced into the bladder. Amplatz renal dilators were advanced sequentially
over the guidewire to dilate the urethra and facilitate insertion of the robot resectoscope
sheath. Once the sheath was in place, the guide-wire was removed. Figure (6.8) illustrates

the robotic system in the deployment process.

Figure 6.8: TURBot: (a) during deployment, (b) after deployment
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6.2.3 Outcomes & Challenges

In terms of deployment, TURBot could be deployed without any prohibitive issues.
However, there is room for streamlining the process that is mentioned in section (6.2.5]).
Initially, the bladder workspace coverage was tested by accessing various locations in the
bladder. Then, robot-assisted resections of multiple lesions at different locations (except
for the neck) were performed. En-bloc resection was attempted as the last task.

Figure (6.9) shows the MBCR successfully reaching various regions of the bladder.
The bladder dome was accessible by using the insertion stage. The bladder neck could be
reached with all three segments inserted into the bladder while relying on retroflexion (e.g.
Fig. (6.9)-c) or with partial insertion of the MBCR segments (e.g. Fig. (6.9),e-f). The con-
trol algorithm was designed to take into account when MBCR segments were constrained
inside the resectoscope sheath. It was found that the full extension of the MBCR past the
distal tip of the resectoscope sheath is preferable since it better preserves distal dexterity.

The snapshots in Fig. (6.10) show the MBCR reaching the bladder neck using this method.

Figure illustrates a successful attempt to ablate an approximately 10.5 mm sim-
ulated tumor at the left lateral wall (1 Joule at 10 Hz). This was performed by only the
MBCR (the DLA was not utilized). This task took approximately 4 minutes and 12 sec-
onds. The change in tumor size that can be seen between images is due to motion of the
transvesical camera.

The snapshots in Fig. illustrate an en-bloc resection attempt. First, a 1mm grasper
was extended manually to grasp the mucosal tissue (Fig. (6.12)-a,b). Then, the DLA was

telemanipulated independently to traverse around the grasped tissue while firing the laser

simultaneously (Fig. (6.12)),c-h).
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Figure 6.9: TURBot multi-backbone continuum robot reaching bladder: (a) right posterior,
(b) anterior dome, (c) anterior neck, (d) left posterior, (e) left lateral (using only distal
segment), (f) posterior neck (using only distal segment)

6.2.4 Discussion

TURBot could successfully reach all aspects of the bladder. In particular, either by
retroflexing the MBCR or by retracting the proximal and middle segment inside the re-
sectoscope sheath, the bladder neck could be accessed. This not only obviated the need
for suprapubic compression or adjustment of bladder distension but the former approach
(retroflexion) allowed finer manipulation (especially by using the DLA) than could be po-
tentially offered by a standard rigid resectoscope. Resection at several bladder sites (ex-
cluding the neck) was conducted successfully with sub-millimetric accuracy (The accuracy
was determined based on follow-up phantom studies). Compared to the observed time for
manual resections in the OR, the resection time using TURBot was higher. However, this
was primarily due to limited training of the surgeon on the TURBot and the small size of
the laser fiber compared to that of the electrocautery loop. Furthermore, the robot speed
was maintained lower than necessary as a safety precaution due to the materials incorpo-

rated into the robot construction and to enable the accomplishment of the goals of the in
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Figure 6.10: Reaching the bladder neck by simultaneously extending and retroflexing the
multi-backbone continuum robot. This leaves all segments unconstrained hence more avail-
able dexterity.

vivo studies with the available resources.

Although the overall experience with TURBot was positive and instructive, several
challenges were encountered during the studies that merit attention. First, the porcine blad-
der size was small in comparison with the human bladder. Since the MBCR segments
lengths were originally designed for potential deployment in human bladder, this rendered

robot manipulation and visualization challenging. In addition, the resectoscope-based en-

Figure 6.11: Ablating a mock-up tumor of approximately 10.5 mm size on the left lateral
wall by 7-degree-of-freedom multi-backbone continuum robot (Distal Laser Arm is not uti-
lized). Note the change of tumor size between snapshots is due to the camera displacement.
Figure (n) shows post-ablation lesion.
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Figure 6.12: En-bloc resection attempt: (a) reaching to grasp the mucosa tissue, (b) grasp-
ing, (c)-(h) Distal Laser Arm independent control to fire on and around the grasped tissue.

doscope employed in this prototype could not provide sufficient field of view and the robot
body often caused visual occlusion. As a result, the surgeon had to rely primarily on the
transvesical anterior trocar-based endoscope for visualization. The balloon port in turn
occupied a substantial portion of the small bladder at times disrupting access and manipu-
lation as well as posing visual occlusion in some areas. In light of these observations, the
MBCR segments lengths were shortened to alleviate such challenges. However, there was
substantial size variability across various porcine bladders.

Yet another challenge was that the swine bladder had a semi-conical shape with a fairly
acute angle at the bladder neck (Fig. (6.13)-c). This means that the retroflexing postures
could not be utilized to target the neck zone because of the tight space. Instead, the surgeon
pulled back the proximal and the middle segments in the sheath in order to use the distal
segment (Fig. (6.13)-d).

One major challenge encountered during the ablation procedure was the lack of depth
perception in the video feed. Therefore, it was difficult to maneuver the laser tip in the plane
of the tumor and sometimes it would perforate the tumor or move just over the surface.

Once the laser perforated the surface of the tumor, the MBCR tip was dragged inside the
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Figure 6.13: Main challenges: (a) laser fiber tip sticking to the tissue, (b) laser fiber pen-
etrating in the mucosa and getting caught in due to sticking and tissue deformation, (c) a
swine bladder with a semi-conical neck. Arrows show the neck contour, (d) reaching a
lesion with distal segment.

tissue until the laser was pulled off rendering the motion control challenging as shown
in Fig. (6.13)-b. A similar effect was caused by the fiber tip occasionally sticking to the
mucosal layer surface as seen in Fig. (6.13)-a.

En-bloc resection was challenging since the DLA had only 2 DoFs and the grasper did
not have independent articulation. Future system designs will require independent control
of the grasper and a collision avoidance algorithm to alleviate the burden of the dual-arm
control of the DLA and the grasper.

Another issue was the switching of the high-level control algorithm for telemanipula-
tion between different modes during operation. Switching between modes moved the laser
fiber tip to a different part of the workspace thus hindering the surgeon performance. Note
that as soon as a portion of a segment was detected to be within the resectoscope sheath, the
robot control algorithm straightened the segment fully to warrant the safety of the MBCR.
As a result, the robot operated in multiple discrete modes where each one provided a dis-

parate number of DoFs (1,3,5,7). It is a characteristic of the current MBCR design that
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a segment may bend only in its full length (and not from the end of the constraint point
on to the segment end). This issue was not encountered when the MBCR was used for

macro-positioning and the DLA was used for the fine-maneuvering of the laser fiber.

6.2.5 Future Work & Recommendations

A key improvement over the current system is to use stereo vision and an actively
controlled camera. Several other surgical robotic systems currently utilize stereo vision
(though not in bladder surgery) such as da Vinci® Sp™ surgical system for single port
surgery that has an articulated 2-DoF camera that is deployed through a 25mm cannula
along with three other articulated instruments [[195]. Bajo and Simaan evaluated Insertable
Robotic Effectors Platform (IREP) for single port access surgery (SPAS) [[196]]. This system
has a 3-DoF (pan-tilt-insertion) stereo camera that is deployed through a 15mm cannula.
Nevertheless, designing a similar stereo-vision module that can be deployed through the
3mm camera channel in the robot-integrable resectoscope of TURBot may pose challenges.

A less challenging alternative to improve visual coverage (and not depth perception)
is to use an angled endoscope (e.g. 30°) or a variable angled lens (such as STORZ Endo-
CAMeleon® that has variable direction of view from 15° to 90°) whose rotation and inser-
tion can be actively controlled by the surgeon. This could eliminate the need for the balloon
port. An exploration of this concept is presented in chapter [/| with the aim of minimizing
visual occlusion caused by the MBCR being close to the endoscope.

Even though the TURBot slave was mounted on a statically balanced arm (see Fig.1-
a), it was still inconvenient to tilt it accurately to change the angle of resectoscope sheath
with respect to the urethra. Motorizing this arm would facilitate steering the TURBot. To
streamline en-bloc resection/ablation and to provide sufficient maneuverability to circum-
scribe the targeted tissue, a DLA with more degrees of freedom is recommended. Further-
more, motorizing the DLA insertion could be also helpful. A robotic grasper instrument

would provide even more dexterity to the surgeon further facilitating en-bloc resection.
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6.3 Conclusion

In this chapter, a comparison of robot-assisted and manual TURBT performance on a
bladder phantom through an experimental user study and in vivo validation in swine was
conducted. TURBot performance compared to humans was limited primarily due to hard-
ware issues such as flexibility of the 3D-printed components in the actuation transmission.
Future iterations would replace these components with stronger materials. Future improve-
ment in visualization would be necessary to overcome visual field occlusion by the robot.
A more accurate calibration for actuation compensation such as in [[187] can also improve
accuracy. Assistive features such as vision-based virtual fixtures to control resection depth
will be incorporated to guide safer robot-tissue interactions.

The in vivo experiments demonstrated successful deployment of the TURBot, ability
to retroflex within the bladder confines and reach all regions of the bladder, and ability to
perform en-bloc resection using a combination of laser ablation and a grasper. The animal
studies provided insights towards enabling robotic assistance for TURBT for clinical ap-
plication. Lessons learned through this experience will inform designers of future systems
for robot-assisted TURBT.

Despite its current limitations, TURBot is the first pre-clinically in vivo tested system
offering intra-vesicular dexterity while supporting traditional wire loop cautery and/or laser
tumor resection/ablation instruments as well as providing a platform for deploying new
imaging modalities. With continued development and clinical translation, this system could

significantly enhance the standard of care for TURBT.
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CHAPTER 7

MINIMAL VISUAL OCCLUSION REDUNDANCY RESOLUTION OF CONTINUUM
ROBOTS IN CONFINED SPACES

7.1 Introduction

The advent of less invasive robotic systems for MIS in deep surgical fields presents
new challenges for robot designers and users. For example, robotic systems for operating
in deep and narrow spaces (e.g. trans-oral minimally invasive surgery of the upper airways,
transurethral endoscopic, transnasal-endoscopic, middle-ear endoscopic and trans-anal en-
docopic surgeries) present difficulties in visualization as well as in dexterous manipulation.
Such difficulties stem from the fact that, in such systems, often the endoscope axis and the
axis of the surgical access channel lie almost parallel to each other and with a small offset.
As a result, the visual field of an endoscope can be easily occluded when the tools move
in front of it. During manual MIS, surgeons can use angled lens endoscopes and can rotate
the lens to shift the field of view (FOV) to follow the tool tip. During robotic surgery - and
especially when using continuum robots for added dexterity - this problem is exacerbated
because the body of the continuum robot often emanates from the access channel in close
proximity to the tip of the endoscope. This creates severe problems of visual occlusion
when the continuum robot is controlled using native resolved rates control.

This work is motivated by recent experiences we had when deploying our trans-urethral
resection of bladder tumors (TURBT) system. Early ex-vivo concepts of this system were
reported in [62,/63]]. Our recent TURBT system including a custom surgical access channel

(called a resectoscope), a multi-backbone continuum robot (MBCR), and a holmium laser
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for resection was first presented in [197]]). This system addresses the clinical needs for
preliminary testing in pig experiments. However, initial evaluation has revealed the diffi-
culties of visualization as demonstrated in Fig. [7.1}(a,b). In addition to the limited depth
perception when using endoscopic surgery (e.g. as reported in [198]]), other critical diffi-
culties hindering successful use of this system in an animal trial were visual occlusion of
the robot tip by its own body and the narrow visualization workspace as observed from an
endoscope.

To solve these problems, we have drawn inspiration from manual endoscopic surgery
where surgeons rely on the rotation of an angled lens endoscope to help maintain visualiza-
tion of the end effector. Though we could have considered the use of a steerable endoscope
to help solve the visual occlusion problem, we have elected to treat the case of a straight
endoscope because 1) it is more restrictive, 2) the cost of a straight Hopkins rod endoscope
is a fraction of the cost of a steerable endoscope, 3) sterilizable steerable endoscopes with
diameters fitting our 3 mm endoscopic access channel have very narrow FOV and relatively
short focal range.

To address this need, this chapter investigates the use of redundancy resolution to mini-
mize visual occlusion while assuming that an angled-lens endoscope can be actively rotated
to shift the direction of the FOV. We also assume that a computer algorithm for visually
rotating re-centering of the camera view can be implemented in future applications of our
method so that the user does not get disoriented when tele-manipulating such robots.

Works relevant to this research are in the area of obstacle avoidance for continuum
robots and control of camera position for surgical applications in order to maintain the end
effector in the FOV. Li and Xiao proposed a method for sampling the configuration space
of continuum robots to produce motion plans allowing these robots to operate within con-
strained environments [[199]. Reiter and Allen [200] who presented automatic tracking of
the arms of the IREP single port access system. This work however did not consider the

problem of how to control the continuum arms of the robot to minimize visual occlusion.
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Figure 7.1: (a) TURBT robot distal section, inset shows camera view, (b) External sheath
tip, (¢c) Multibackbone continuum robot schematic

Baumann et al. applied a modified probabilistic roadmap method (PRM) to penal-
ize the motions of an articulated serial robot that block the line of sight of an eye-in-hand
camera while reaching the visual target [202,203]. Leonard et al. used PRM and a dy-
namic collision checking algorithm to plan occlusion-free motions for industrial robots.
They modeled the FOV of an eye-to-hand (stationary) camera as a quadtree of frustums
and applied adaptive dynamic collision checking algorithms to avoid colliding pre-selected
pixels in the view frustum of the camera [204]. In the area of visual servoing, preserva-
tion of visibility is of significant importance as the loss of visual information jeopardizes
the stability and/or performance of feedback control. Visual target loss occurs due to the
robot self-occlusion or the target departure from FOV. Therefore, designing algorithms and
controllers that guarantee visible robot configurations has been a critical problem that was
addressed in multiple studies [205H209]. Most - if not all - such work in the visual servo-

ing field rely on the image space information for their algorithms. More importantly, none
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of the prior literature utilizes the kinematic redundancy of the robot to address occlusion
minimization.

The main contribution of this study is in utilizing the robot kinematic redundancy to
minimize the FOV occlusion. To achieve this, a modified artificial potential field approach
in path planning is applied to drive the robot body outside the FOV while achieving the
main tracking task. The proposed algorithm can be directly applied to any redundant robot
performing a task under the surveillance of a camera. Moreover, it does not require the
camera intrinsic parameters calibration since it does not use image space information.

The chapter is structured as follows: In section the problem definition is presented.
In section the solution approach is delineated in details. This includes descriptions of
the potential function derivation, a suitable force field definition, the redundancy resolution
framework and a visual occlusion index. Simulation results and discussions are brought in

section [7.4] Finally the chapter is concluded with a summary in section

7.2 Problem Statement and Assumptions

Based on Fig. (7.1)-b, the world coordinate frame {w} is at the center of MBCR work-
ing channel with the z-axis along the axis of the resectoscope sheath (yellow tube). The
lens coordinate frame {lens} is attached to the endoscope tip lens such that its z-axis is
normal to the lens. For simplicity of presentation, we assume that there are no motion con-
straints on the MBCR (e.g. induced by the external sheath). Such constraints may be dealt
with as in [[141]].

The problem we wish to solve is to command the end-effector of the MBCR to track
a desired twist & while using redundancy to minimize visual occlusion. We assume that
occlusion can be minimized by applying a proper force on the MBCR so that its resultant
equilibrium configuration causes minimal occlusion. This static equilibrium is sought ac-
cording to the virtual work principle by minimizing the potential energy of the system (The

mechanical energy of the MBCR including elastic potential and an artificial potential due
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to visual occlusion) subject to the kinematics of MBCR. Though a task priority redundancy
resolution approach as presented in [210] is possible, we pursue a redundancy resolution
using gradient projection for the simplicity:

Minimize I

5 (7.1)
subjectto J ;9 =§

7.3 Solution Method

In motion planning by artificial potentials, the potential function U, refers to an arti-
ficial repulsive potential that prevents psp’s (point subject to potential) to collide with the
obstacles in the environment. This repulsive potential is added to attractive potential U, so
the robot can reach the goal by attraction toward it while avoiding the obstacles [211,212].
The repulsive potential is chosen such that the rendered force on the robot vanishes after
a certain distance of influence and approaches infinity as the psp approaches the obstacle.
If psp’s are selected appropriately, this ensures the robot never collides with the obstacles
while satisfying the main task of trackingﬂ In this study, a similar approach is adopted in
that a potential function is minimized locally, however there are key differences that are
outlined here.

The first difference is in the choice of the potential function. In our study, this function
has contributions from an artificial repulsive field as well as the gradient of the strain en-
ergy of the continuum robot. This potential function denoted hereafter 11 stems from the
application of principle of virtual work as will be shown. Also, the repulsive field generates
a force that is designed to push the psp’s outside the FOV. These forces do not grow infinite
as the psp’s collide with the FOV cone as that is a requisite to achieve the main task, rather

they grow larger at an adjustable rate as the psp’s move toward the inside of FOV and they

I'The problem of reaching local minima may happen that causes the motion planning to stop prematurely.
Supplementing the potential method with well-tuned randomized best-first algorithms to escape local minima
can solve this problem [213]].
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diminish as the psp’s move outside the FOV and the distance of influence.
A second difference is that no attractive potential is used to fulfil the main task. Instead,
we use pseudo-inverse with gradient projection to resolve the redundancy at velocity level

for the purpose of the real-time control while minimizing the occlusion.

7.3.1 Potential Function

The principle of virtual work states that the mechanical energy II is stationary at an
equilibrium point (i.e. §II = 6(E — W) = 0 where £ and W represent the potential
(elastic) energy and work of external force respectively. In our problem, the elastic energy
E includes the bending strain energy of all the backbones. The gravitational and the axial
strain energy of the backbones can be neglected for robots of small size as ours [214].
Therefore, the elastic energy is expressed as in [182]:

(mﬂ—emP<Eﬂb+§éEJ”> (7.2)

2, 2,

E =

3

=1

where E,I, and E,I ; is the flexural rigidity of the primary and the ;' secondary back-
bone, respectively. The infinitesimal work done by the repulsive force field is contributed

by the work of the respective forces f; on the i** psp:

5wu:§:ﬂ%pf:23§dgﬁ¢ (7.3)
where Jf;i = Z—‘g is the translational Jacobian of the i'* psp. Considering 611 = g—g&/;,
oU = Z—g&ﬁ and Eq ,
Vill= VB =Y 30, (74)
Thus,
H:E—/XEU%M (1.5)
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The derivation of J 1()2 is straightforward given the Jacobian of each MBCR segment

(see [215]] for details).

7.3.2 Repulsive Force Field

A repulsive force field that can minimize image occlusion is characterized such that

» For a psp inside the cone, it increases at a rapid rate as the psp’s distance to the cone

face increases.

» For a psp outside the cone, it decreases as the psp’s distance to the cone face in-

creases.

After a certain distance (distance of influence dy), outside the cone, it vanishes.

The closer the psp is to the vertex of the cone, the more the endoscopic occlusion,

hence the greater the force.

To formulate a force field with the above characteristics, we first define distance variables

with respect to the FOV cone.

7.3.2.1 Conical Distance Parameters

Fig. [7.2}a shows an arbitrary point (psp;) and the cone of FOV in its local frame
({lens}). We define canonical distance d and canonical slant height r as shown in Fig.
a. Canonical distance d is measured from the surface of the FOV cone to the psp. The slant
height r is measured from the origin of the FOV cone to a point on the cone surface that is

closest to the psp. The distance d is defined as:

P

> 0 if point is outside the cone
d = < 0 if point is inside the cone (7.6)

= 0 if point is on the cone

\
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To determine (d,r) given psp(x,y, z) and 3, first, the position of psp in ({lens}) is

calculated using a homogeneous transformation

x
lens

psp = |y | =" RupSP +'" Porg.w (7.7)

<l

where "R, = ¢®2" ¢77%3" s the rotation transformation from {w} to {lens} and “"*p,,, ., =
[0, —d,, 0]" is the position of the origin of {w} described in {lens} and d, is the center-
to-center distance of robot and endoscope channels (Fig. (7.I)-a). v and « is the angle of
rotation of endoscope and lens inclination angle respectively.

It is straightforward to show by geometry that the canonical distance of psp is:

d = cos(8)/ (z? + y?) —sin(B)z (7.8)

where [ is the half of the vertex angle of the cone (Fig. (7.2)-(a)) and the canonical slant
height is:

r=sin(B)\/ (z? 4+ y?) + cos(B)z (7.9)

7.3.2.2 Repulsive Force Field

Denoting f* as the nominal force magnitude on the cone face at nominal slant height
r = r*, we define the repulsive force as:
7 d 2p .,
—*<d_0_1> f d/d()Sl?T’ZO

(r/r*)a

f(d,r) = (7.10)
0 otherwise

r* and f* as well as power variables p and ¢ in the above equation help determine the

magnitude and the growth of the force field. f is the unit direction vector of the force that
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is f =¥ Ry, ™ f where

T
lensf‘ _ x| COS(ﬁ) Yi COS(@) - sin(ﬂ) (7.11)

V@i + 7)) V@ +y7)

Fig. [7.2}b shows the plot of the force magnitude for |d/do] < 1, p = 1,¢ = 2 and

multiple values of 7 /r*.

g 1] LN — — |—=r/r=0.5]

- |—r/r*=0."7

, - |=r/r*=1.0

10b -\ e . |—r/rr =1.5|

=
[ R D N
S =5 0o o5 1
d/do
(a) (b)

Figure 7.2: (a) Conical distance parameters (7, d), (b) Force field magnitude as a function

of canonical distance

7.3.3 Optimization Framework

The gradient descent method is adopted in order to minimize the potential function

I1. This approach provides local minimization if certain conditions (convex function and

Lipschitz gradient) are satisfied [216]. Therefore, the following {b minimizes [I:

% =-—nVyll, n>0 (7.12)
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The problem in Eq. (7.1) can be cast as a quadratic programming problem (QP) where

the main task of tracking the command velocity is treated as a constraint.

1 - :
Minimize 5(1/) + T]VI;H)TVVH (¥ + V)

b (7.13)
subject to Jm;{b =£

where W, € R™7 is a positive-definite weight matrix. The solution to this optimization

problem that is also known as Projected Gradient Method ([212,217]) is as follows

P =31 & —n(ly =3 ,3,5)V, 1 (7.14)
where I; € R”*7 is the identity matrix, V ;11 is substituted from Eq 1b and (.)' represents
the regularized weighted Moore-Penrose pseudo-inverse [149, 150]:

J 5= WitI (WD, + ele) ™ (7.15)

The regularizing term el serves to redefine matrix inversion to avoid singularities. If € is
sufficiently small, this solution minimizes II in the null-space of J; i.e. the null-space
projector I — J i 1[,‘] . projects the gradient vector V;II in the null-space of the Jacobian,

therefore it does not violate the constraint given by the pseudo-inverse solution [212].

To use the endoscope rotation angle v to minimize the end effector-FOV center-to-

center distance d., we choose:

ad.
V=-n5 n>0 (7.16)
Oy
d. can be shown by geometry to be
de = Hlenspeen sin(f8 + ) (7.17)
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where “"*p., is the coordinates of the end effector frame origin in {lens} and u = Atan(dee /7).

Tee, dee are the canonical distance parameters of the end effector frame origin.

7.3.4 Implementation

A resolved rate method is used to determine & in Eq (7.14])) in order to track the desired

end-effector pose. thus:

Udesép
§= )
Wdes€¢
~  Peedes = Pee (718)
€y = ,
Hpee,des - peeH

ég = Axis (Ree,des ReTe)

where vges and wg,, are the desired end effector linear and rotational velocities, Pee des,
Rec des, Pee and R, are the desired and current end effector position and orientation re-
spectively. Axis(.) represents the axis of a rotation matrix in axis-angle orientation repre-
sentation [212]].

The Euler method is applied to solve Eq and 1D to obtain 1,5* and v*. The

steps to implement the algorithm are summarized in Algorithm (5.

Algorithm 5 Occlusion Minimization

Input: At:tf,?/;oﬂo ~
Output: ¥ = [¢)1, o, ...],

v = [, 7v2s -] > Solutions at each step
1t =0,y =70,%=0,9=0,k=0 > Initialization
2. while kAt <t do
3 k<—k+1
4 Y = Y1 + Yr_1 AL > Numerical integration
5: Ve = Ye—1 + Yp_1At > Numerical integration
6 a3 g—n@ -3 3 )vn > Eq (5.6), c» 7.15) and (7.18
e > Eq (7.16).(7.17
8: end while
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7.3.5 Visual Occlusion Index (VOI)

In order to compare the visual occlusion in different scenarios, a measure called vi-
sual occlusion index (V OI) is introduced. This measure is the ratio of the volume of the
approximated occluded frustum to the volume of the cone of FOV whose base is at the
end-effector tip. Figure illustrates a planar schematic of the approximate frustum of
occlusion (hatched area) induced by an MBCR. v is the maximum subtended angle of the
MBCR structure from the point of entry into the cone. 7. and 7,,,, is the canonical slant
height of the entry point and the end effector respectively. As such, VOI can be shown to

be

VOI = (L col(p) Tty (1 ) ( » >3> (7.19)

4 (cot(B) + tan(v))? Tmaa

where v is saturated at 203, i.e. in situations where the MBCR passes across the cone,

—Min-Norm
0.8---Min-Potential |

T'max

_ s
-

[ -

0 2000 4000

Iteration Number

(a) (b)

Figure 7.3: (a) Illustration of occlusion frustum (hatched area), (b) Visual occlusion index
in tracking a circle

7.4 Results & Discussions

To validate the proposed method, several simulations were performed in MATLAB®

environment. Table 7.1 summarizes the parameters values used in the simulations.
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psp’s were situated as follows. == = [0.5,0.75,1], =+ = [0.25,0.5,0.75, 1] and
1 2

SZL = [0.25,0.50, 0.75] where s; 1, denotes the arc distances of psp’s on the ;" segment.

The locations were chosen by heuristics and also by inspection of simulation results.

Table 7.1: Simulation parameters

Param. Value | Param. Value | Param. Value
At Ims m 30 72 30
€ 1076 | d, 4.47mm a 30°
I53 27.5° | dy Smm r* 60mm
Iz SN | (26,20,19Ymm | rgier  2.5mm

The first task is to maintain the end effector pose with v = 0 to examine the perfor-
mance of the algorithm presented in algorithm (5). This simulation also helps select the
locations and the number of psp’s and to tune other parameters such as 1; so as to elicit
the desired behavior in converging to the equilibrium. Fig. (7.4) and the multimedia ex-
tension show the MBCR at the start and the end of simulation. The forces are shown by
blue vectors and the base translation motion is represented by a magenta trail. The plots
in Fig. (7.5a) and (7.5b) shows the potential energy and the VOI in the same simulation

respectively.

(a) (b)

Figure 7.4: Maintaining end effector pose and converging to a minimal-occlusion posture
(a) Initial posture, (b) Final Posture, Note there is no endoscope rotation.

At iteration ~ 800(0.8secs), the MBCR is pushed outside the cone into the static equi-

librium enforced by the imparting forces and the energy of the MBCR (Eq (7.2)) while the
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tip remains stationary. The VOI converges to 0.16 from initial value of 0.25.

2 :
0.24f )
0.
0.22}
= -
272 S 0.2}
=
—4r , , , - 0.18}
-6 : : : 0.16 : : -
0 1000 2000 3000 4000 0 1000 2000 3000 4000

Iteration Number ITteration Number

(a) (b)

Figure 7.5: Min-potential solution for the task of maintaining end effector pose: (a) Poten-
tial energy, (b) Visual occlusion index

A second task is to track a circle of radius 10mm while orienting the end effector central
axis (blue axis at the tip) along the normal to the circle plane (11 in Fig. (7.6)). The center
of the circle is fixed on the axis of the FOV cone at ¢ = 0. To minimize d. while the tip
is tracking the circle, the endoscope rotates from 0° to —23.7° and then goes to 25.1° and
ends up close to 0° for a full circle tracking. The top snapshots in Fig. demonstrate
how the robot accomplished this task using a minimum-norm solution (pseudo-inverse).
The bottom snapshots show the same task at the same instants accomplished by using
minimum-potential solution in Eq (7.14). As it can be seen in the top pictures, most of
the MBCR body is inside the FOV (or just outside of it). This is explained by the fact
that a pseudo-inverse solution minimizes the configuration space change from the initial
configuration (top left picture) to achieve the task. Examining the bottom pictures shows
that the robot achieves the task of tracking by using the configurations that are generally
leaning outside the FOV hence not obstructing the camera visual. Both these simulations
are shown in the multimedia extension.

The plots of Fig. show the VOI for the two solutions. The average VOI for the

minimum-potential and the minimum-norm solution are 0.11 and 0.29 respectively con-
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Figure 7.6: Application of Algorithm for the main task of tracking a @20mm circle
while keeping end effector’s z, axis along the normal to the circle plane n. Top and bottom
rows display min-norm and min-potential solutions respectively. Note endoscope rotation
as observed by change in the orientation of the cone of field of view.

firming the efficacy of the minimum-potential solution. At iteration 3840, the VOI of the
minimum-norm solution jumps from 0.08 to 1 and then starts falling back down at iteration
3864. During this period, the first segment enters the FOV and obstructs it very close to the
cone vertex (r = 2.3mm at iteration 3841) and then leaves it.

The choice of number and location of psp’s affects the solution of the redundancy

method and the computational cost. For instance, in our simulations, it was observed that

using S}—IL =1[0.5:0.05: 1], SZL =1[0.25:0.05 : 1] and SZL = [0.25 : 0.05 : 0.75] caused
the MBCR to be pushed further outward since more psp’s increase the resultant forces. In
our opinion, infinite number of points distributed evenly across the body of a planar MBCR
(or a continuously distributed force) generates the globally minimal occlusion. However,
apart from computational considerations, this may not be true for a general spatial con-
tinuum robot and requires more investigation. Although psp’s selection was performed

heuristically in our simulations, other approaches are worth investigating. For instance, it

is possible to use floating psp’s such that at each iteration of the algorithm, the closest point
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to the cone per segment is assigned as a psp.

Note that it is also possible to affect the equilibrium configuration and the rate of con-
vergence by adjusting the force magnitudes in Eq (7.10). Whether the same behavior can
be achieved by changing the number of psp’s remains to be investigated. Regardless, a
caveat is that too many psp’s or excessively large force magnitudes may cause excessive
null-space motion that can intervene with the main task depending on the value of . More-
over, the time step At, 7, and 7, are important parameters too. Note that the gradient
descent step size is ultimately determined by 7,.At (or 7,.At).

The parameter € in Eq requires careful tuning. if it’s too small (typically less than
10~% in our simulations), the MBCR assumes extremely large configuration rates and loses
tracking when it’s close to singular configuration (¢;;, = m/2). If it’s too large (typically
greater than 10~ in our simulations), the main tracking task is jeopardized as the null-space

solution loses its validity thus interfering with the tracking task.

7.5 Conclusions

In this chapter, a redundancy resolution method was developed to minimize the visual
field occlusion caused by the presence of the robot in the field of view (FOV). The method
is based on a modified artificial potential field that drives the robot outside the FOV in
attempting to reach static equilibrium while achieving the main task of tracking. Simu-
lations for the tasks of maintaining the end effector pose and tracking a circle confirmed
the efficacy of the proposed method for a rotating camera. Although the proposed method
was developed within the context of multi-backbone continuum robots, it can be generally
applied to any redundant robot that requires to stay as clear of the visual field as possible,
whether the redundancy is inherent to the robot (e.g. 7-DoF robot) or it is with respect to

the task (e.g. Cartesian position tracking by a 6-DoF robot).
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CHAPTER 8

ANALYSIS OF AN OPEN-ENDED WIRE-DRIVEN WRIST FOR ROBOTIC MIS

Most commercial surgical wrists use a pull/release closed-loop wire transmission where
a single motor is used to drive a closed-loop wire in both directions as shown in Fig. (8.2)-a.
In such designs, the number of actuators and the degrees of freedom are equal. The wire
loop initially requires a pretensioning to ensure it does not slacken during operation. This
actuation scheme is perhaps the most commonly known wire (or tendon) drive that is also
used in a variety of industrial machinery. The da Vinci robot also uses this method of wire
actuation. In an alternative wire transmission known as open-ended wire drive, one end
of a wire is connected to the moving link while the other end is pulled by an actuator as
illustrated in Fig. (8.2)-b. In this paradigm, the force transmission can only take place when
wires are pulling since a wire cannot tolerate compression [218]. Morecki et al. showed
that the minimum number of actuators required to fully control an n-DoF open-ended wire-

driven mechanism is n + 1 [219].

=

o

AT

W

Figure 8.1: Commercial surgical wire-driven wrists, R,P,Y stand for roll, pitch and yaw
respectively: (a) Intuitive Surgical’s EndoWrist®(RPY), (b) MICA tool as a needle holder
from DLR (German Aerospace Center) (PYY)[220], MICA was acquired by Medtronic,
reproduced form https://www.dlr.de, (¢) Smm instrument from CMR Surgical (PYY), re-
produced from https://cmrsurgical.com.
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Even though open-ended wire drives require more actuators than the number of DoFs,
they have an important advantage over closed-loop drives. In a closed-loop transmission,
the required pretension is relatively high. This pretension can generate high friction and
contribute to reduced fatigue life. Accurate compensation for this elastic deformation is
not feasible as there is only one actuator for a single DoF. However, in an open-ended
transmission, pretension of each wire is directly affected by its dedicated actuator which
implies at some configurations, a wire may completely slacken if the wrist is not designed
properly. However, as the number of actuators are more than the degrees of freedom, it is
possible to have a more accurate compensation of motion losses due the wire elongation
or creep effects. This allows a more accurate motion control and more robust design with
increased life-span compared to the fixed-tension closed-loop design alternative. This is es-
pecially important when the actuators should be situated remotely e.g. in MRI-compatible
robots. Such scenarios demand longer transmission lines that undergo larger elongation
due to higher flexibility. Additionally, it is possible to design open-ended wrists without

use of pulleys (such as [221]]) hence eliminating an important factor in reduced fatigue life.

El [P]

Actuator1
R Wire Wire 1

vo &éof Force

Actuator 2
Force Wire 2

Figure 8.2: Wire transmission: (a) closed-loop, number of actuators and degrees of freedom
is equal, (b) open-ended, number of actuators have to be at least one more than the number
of degrees of freedom to fully control the mechanism.
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In addition to more accurate motion control, such wrists can offer more accurate force
sensing and control. This is due to two reasons: First, the wire forces can be directly
measured with accurate load cells. Secondly, more measurements than the number of DoFs
are taken into account. For example, for a single-DoF link with an open-ended actuation,
two load cell measurements are required to determine an external force at the link. This
‘redundancy’ can provide more accurate force estimation and control. For the same reasons,
stiffness modulation can be also pursued for this paradigm.

To be able to leverage the full advantages of an architecture with an open-ended wire
transmission, it is important to consider the effect of wire forces in their design and analysis.
The wire forces can decrease the physical workspace as it may not be feasible to counter
an external force with a positive tension force at some configurations. Therefore, a wrench-
feasible workspace should be defined where wires are guaranteed to remain in tension to
balance pre-defined external loads. Furthermore, wires have a limited tensile strength. It
is important to determine the maximum load bearing capabilities of these wrists under the
assumption of limited wire strength. Moreover, the wire stiffness affects the positioning
accuracy of these architectures. Thus, it is desired to know the slop of the wrist owing to
the wire stiffness in the presence of external perturbations and also the propagation of wire
motion errors to the positioning accuracy of the jaws.

In this chapter, a new avenue is explored that regards a thorough analysis of an open-
ended wire-driven wrist for robotic MIS applications. The focus of this study is on the
analysis of the architecture and the particular mechanical embodiment simply provides an
example case study. Therefore, the developed tools and frameworks are general and can be
applied to any open-ended wire-driven wrist.

The wrist mechanism concept was adapted and modified from [64] to design and fab-
ricate a scaled-up wire-driven 3-DoF wrist as shown in Fig. (8.3)-a. The wrist has two
parallelogram mechanisms for each of the jaws to ensure parallel grasping action incor-

porated with the design in [64]. This wrist has a pitch and dual-yaw (PYY) degree of
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freedom and requires four linear actuation lines to drive the four wire cables. Referring
to Fig. @-b, antagonistic actuation of 731,752 and 71,72 in pairs generates pitch motion
while antagonistic actuation of 7;; and 75 (71 and 7,2) yields left (right) yaw or grasping
motion. Each actuator unit as shown in Fig. (8.3)-b is composed of a brushless DC motor
(Maxon EC-max 22) with an encoder and a gearhead, a ball screw for linear motion gen-
eration, a load cell (Omega™, 200 N) to measure actuation force and a hook-up fixture to

grip the cable wire.

Figure 8.3: 3-DoF PYY (pitch,yaw,yaw) wrist: (1) wrist prototype. (2) Actuation module
consisting of (3) brushless DC motor (Maxon EC-max 22) with an encoder and a gearhead,
(4) ball-screw for linear motion generation, (5) load cell (Omega™, 200 N) to measure
actuation force and (6) hook-up fixture with springs to grip the cable wire.

First, we present a review of the prior art. Then, we explain the modeling of the kine-
matics and the statics. We follow on analysis of positioning uncertainty due to actuator/wire
errors/flexibility and homing error. A basic model is then presented for compensation of
motion losses due to wires extension and backlash. We explore the workspace and char-
acterize the wrist slop due to external perturbation. Before concluding this chapter, the

maximum payload limited by wires strength is identified.

129



8.1 Background and Related Work

Surgery in confined spaces such as transoral, transanal and transurethral procedures
requires more dexterous tools than is currently available. In multi-incision (laparoscopy)
and single-incision or single-port access (SPA) surgery, the conventional instruments are no
longer utilizable as the workspace is significantly smaller. Therefore, distal dexterity should
be enhanced to assist the surgeons in accomplishing delicate tasks in confined spaces with
narrow access. One way to achieve this is to use wrist mechanisms. For instance, one of
the challenges encountered during the phantom studies was the difficulty in orienting the
cautery loop at the tip of the MBCR. Adding a wrist with roll and pitch degrees of freedom
at the end of the MBCR can remedy this issue by improving the distal dexterity of TURBot.
Multi-DoF wrists are a critical component of most- if not all - of the present commercial
surgical robots for MIS procedures (e.g. see Fig. (8.1))).

Developing small dexterous wrists for surgical applications has been an area of active
research within the past three decades. A substantial number of the developed surgical
wrists employ wire actuation or pulley-wire transmission. This paradigm offers numerous
advantages that include improved miniaturization, simplified sterilization and low inertia
due to remotization of actuation, backlash-free motion (if designed properly) and back-
drivability. Such values have made wire actuation an integral part of the design of many
surgical wrists. Liu et al. provided a classification of surgical wrists based on their DoFs
and classified them based on roll (R), pitch (P) and yaw (Y) [222]. They also presented a
partial review of the commercial and research surgical wrists up to 2016. Orekhov et al.
conducted a thorough review of snake-like robots for MIS, SPA and intraluminal surgeries
[223]]. They differentiated snake-like robots against rigid robots or tools in surgery e.g.
Intuitive Surgical’s EndoWrist®. These robots can provide dexterous access and manipu-
lation in confined spaces. Although they did not focus on the distal wrists, most of these

snake-like robots utilize such wrists.
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Open-ended wire-driven robots have been well studied in the past several decades. The
different kinematic architectures of these robots can be loosely categorized as serial, par-
allel and hybrid. For the serial types with sufficient actuation (number of actuator is at
least one more than the number of DoFs), Morecki at al discussed several issues in their
bi-manual 15-DoF anthropomorphic manipulator [219]. The two most prominent robotic
hands that use this architecture are Stanford/JPL hand [224,225]] and Utah/MIT hand [226~
228]]. The first parallel wire-driven architecture was reported by Landsberger ef al. where
a 6-DoF manipulator with 6 parallel wires controlled the motion. A central ’spine’ con-
necting the base to the moving platform provided rigidity [229]. Such architectures also
knows as cable-driven parallel manipulators (CPM) have been explored comprehensively
ever since. CPMs have the advantages of large workspace in contrast with classical parallel
robots, high speeds and accelerations, lower inertias and relatively low costs.

In the area of open-ended wire-actuated robotic instruments in surgical applications,
there are many devices and designs too numerous to mention. Le et al. reviewed some
of the research and the commercial instruments that use this actuation scheme (and other
schemes) [230]. Here, we review only a subset of the prior research which is more relevant.
Wendlandt et al. presented a robotic platform for endoscopy applications as shown in
Fig. (8.4)-a [231]]. Their design was similar to a wire-driven version of a Stewart platform-
Gough parallel robot. It had a spherical joint and three wires for actuation. Abdul Hamid e?
al. presented a PY universal-joint wire-driven wrist with a parallel architecture (Fig. (8.4)-
b) [221]. They investigated the physical and the wrench-feasible workspace of the wrist.
They also proposed and explored performance indices based on the singular values of the
Jacobian. A safe wrench-closure workspace was also presented that accounted for wire
extension. Liu at al performed a more detailed safe wrench-closure workspace analysis on
the same wrist architecture and another one with a base roll [222]. Kilroy et al. presented a
3-DoF wrist shown in Fig. (8.4)-d [64]. The wrist had a pitch and dual-yaw (PYY) degrees

of freedom and required four linear actuation wires. The example case in this chapter is
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based on their design.
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Figure 8.4: Open-ended wire-driven surgical wrists, R,PY stand for roll, pitch and yaw
respectively: (a) Endo-platform, wire-actuated with three wires and a spherical joint [231]],
(b) PY wrist with a universal joint. It’s possible to use 3 or more wires for actuation
[221,222], (c) PYY wrist with antagonistic actuation for pitch and pull/release pulley-wire
transmission for independent yaws [[64].

8.2 Kinematic Modeling
8.2.1 Direct Kinematics from Configuration Space to Task Space

Figure[8.5}a illustrates the wrist and its degrees of freedom. The wrist is a 3-DoF Pitch-
Yaw-Yaw (PYY) mechanism. It is essentially composed of two PY serial kinematic chains
that are coupled at the distal clevis (blue middle cross link in Fig. [8.3}a).

DH parameters are used to identify the kinematics. Accordingly, 7 frames are assigned
and the pertaining DH parameters are identified as shown in Fig. [8.6|and table 8.1} Frame
{0} represents the world frame such that z, axis is aligned with the middle shaft centerline.
Frame {1,}({1,}) is attached to the distal clevis such that z,;(z;,) axis is aligned with the
top left(right) pin hole centerline. It expresses the pitch of the wrist. Frame {2;}({2,})) is
attached to the left(right) input link (grey component in Fig. [8.6) capturing the independent
yaw motion generator. To move the jaws such that they always remain parallel, two paral-
lelogram mechanisms are incorporated where the input links are actuated by two wires that
are routed and terminated on the wire sheaves on the input links. These wires are shown as

711,72 and 7,1, T2 for left and right input links respectively in fig. @-b. The couplers of
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Figure 8.5: (a) Pitch and yaw definition for the wrist, (b) Wire routing: Antagonistic actu-
ation of 71,72 and T,1,7T,2 in pairs generates pitch motion while antagonistic actuation of

711 and T35 (71 and T,2) yields left (right) yaw or grasping motion.

the parallelograms constitute the wrist jaws. The motion of the jaws are captured by frames

{91} and {g,}.

1 92 dz a; a;

11 6, dy=33.5mm 3 a;=24mm
Ir 01 di,=-335mm § a=24mm
21 Oy 0 0 ay=28mm
2r 0Oy, 0 0 ay=28mm

Table 8.1: 3-DoF wrist frame assignments and DH parameters table

Kinematically, the wrist is composed of two serial chains, the one that ends in the left
jaw and the one ending in the left jaw denoted by /j and rj respectively. These two open
chains have the same kinematic model. Therefore, it suffices to derive the kinematics of the
left jaw. Throughout the rest of this chapter, we will only consider /j chain unless otherwise
mentioned. Therefore, the successive frame transformations are as follows: {0} — {1/} —

{2;} — {g/}. All the arguments hereafter can be equally applied to the right jaw due the

geometric symmetry of the mechanism.

Based on the assigned frames, 6, is the rotation of x;; or X;, about z, measured from

Xo. 05, 1s the rotation of X9, about z;, measured from X;,. 0 is the rotation of X,; about
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Figure 8.6: 3-DoF wrist frame assignments

z1; measured from Xy;. dy; = dy = 33.5mm (d;, = —d; = —33.5mm) is the distance from
X to Xy; (or Xy,) along Z, direction. d, = 41.82mm and a, = 80mm are the dimensions
of the jaws as shown in Fig.[8.6]

When the wrist is straight and upright (home configuration), 8 = [7/2,0,0]*. Herein,

we define configuration vector 1 € R3**! such that:

zb?l £ 02l7 1/}21" £ 927’ (81)

Therefore, at home configuration, ¢» = 0. We will show that 1) has a linear relationship
with wire displacements s € R**! in section[8.2.3]
Referring to the left jaw chain and applying successive homogeneous transformations

denoted by “~'T; from the base frame to the last frame:

o, = Ty Ty 2T, (8.2)
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where

and

1

C2

52

0

OCl

0 s;1 a

1 0 dy
0 0 1 |
—s9 0 a202_
ca 0 agsy
0 1 O
0 0 1 |

—a151

(8.3)

(8.4)

where s; = sin();) and ¢; = cos(¢;). ?T,, can be obtained by considering that {g; } always

remains aligned to {1/} due to the parallelogram mechanism. Thus:

21

1lpT 1T
Ry "Ry 9pag

ng =

01x3

1

where 9py; , = [ag, —d,, 0]T. After substitution:

2lT

a =

Co S
—Sy €y
0 O
0 O

0 agca — dgss

0 —ags2 —dgeo

This leads to the following transformation for the left jaw:

0Ty =

—C281 5152

C1C2 —C152
So Co
0 0

c1 —si(ar + ascy)
s1 ci(a + azes)
0 dy + asss

0 1
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and :

—3S1 0 C1 —51(a1 + Qg + @202)

o a0 s1 c(ar +ag+ azes) (8.8)

a =

O 1 0 dl - dg + a2S89

0 0 O 1

The direct kinematics of the right jaw is presented in Appendix

8.2.2 Instantaneous Kinematics from Configuration Space to Task Space

In this section, we wish to determine the jaws twists given the configuration rates. To

start, let us focus on the left jaw and define 'l,bl £ [¢1, 1,/}21]T € R*! as the left jaw

T

configuration vector rates and x,, = [v, ,

wi]T € R®*" as its associated twist. The problem
is then to determine the mapping between these two vector spaces.
Using standard Jacobian derivation for a serial robot, the instantaneous kinematics of

the left jaw serial chain from {0} to {2} is:

Tty = %oy (8.9)

where Xy, = [v} ,w] |7 € R%*" is the associated twist of {2;}. The Jacobian J,,,, € R®*?
is given by:

V21

JW2l

Jagp, = (8.10)

where J,,,, and J,,, are the translational and rotational Jacobians, respectively. These Jaco-

V21

bians are expressed as the following:

—ci(ay + axcy)  ass18y
Joy = —81(611 —|—CL202) —Qa2C152 (8.11)

0 (1518))
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and,

0 C1
Joy = |0 s (8.12)

1 0

Next step is to determine the left jaw twist given x5 and 4f;. The linear velocity is as
follows:

Vg, = V2 + Wy, X P2,.4q (813)

where ps, 5, = "Ry, % pa, 4, such that 9 py, , = [a,, —d,, 0] is the vector joining the origin
of {2;} to the origin of {g;}. Substituting from Eq. for vy and collecting terms and

abstracting in a matrix form results in:

Jo, ¥ = (I3, (P2,.0) " %q, (8.14)

where x” denotes the cross-product matrix of vector x. The angular velocity of the left jaw
is:

Wq, = Wy, /2, T Wy (8.15)

In the above equations, wy, /2, = —4)5"Ryk and k £ [0,0,1] from the relative angu-
lar motion of the left jaw with respect to {2;}. Substituting from Eq. for wy; and

abstracting in a matrix form results in:
(T — "Rarks)epy = [05, T3] X, (8.16)

where s = [0, 1]. Finally, putting Eq. (8.14) and (8.16) together results in the Jacobian
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of the left jaw:

M4y = Nix,,

']V2l I <p2z7gl)/\ (8.17)

| ERPEN, =
me — ORQZkS 03 13

Ml — c IR6><6

The above equation can be simplified by left-multiplying the inverse of the upper block-

diagonal matrix N; into the following equation:

Jl¢l = Xglv
g= [ e re
Juwi (8.18)

Jv,l = JV2l - (p21791>/\ (szz - OR?Z]ES)?

Joi = Ju, — “Roks

Direct substitution into Eq. (8.18) and algebraic simplifications leads to the following

formulations for the Jacobians of the left jaw of the 3-DoF wrist:

—ci(ay + ag + azcy)  azsyse

Jo1 = —si(a1 + ag + asca) —agcrsy (8.19)
0 a9Co
and,
00
Jug= 10 0 (8.20)
1 0

The Jacobian of the right jaw serial chain is obtained by adopting the same approach.
We will not repeat the formulation for brevity. The reader is referred to Appendix [C| for

more details.
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8.2.3 Kinematic Relationship Between Wire Displacement

and Configuration Space

Up to this point, the derivations have related task space twist (jaw linear and angular
velocities) with the rates of configuration variables describing the serially articulated struc-
ture of the wrist. For control of the wrist, the mapping between the configuration variables
and the actuation wire lengths is needed. This section presents the derivation of this map-
ping. This mapping depends on the wire routing topology and pulley diameters. In the

subsequent derivations, fleet angles are assumed zero at all configurations of the wrist.

8.2.3.1 Calculation of Wire Wrap Angles

In order to determine the wire wrap angle on a pulley, the tangency constraint of the
wire and pulley is used. Fig. illustrates two pulleys 1 and 2. We assume that pulley 1
represents the middle pulley and pulley 2 represents the proximal pulleyﬂ We also define
wire forces 7, (actuation force) and 7; (jaw force) and the geometric parameters shown in
the figure.

Referring to Fig. the wrap angles of pulleys 1 and 2 are:

’lvbw,l é g + ¢7 ww,2 é Qo + ¢ (821)

where

+1;  for wires [y, s
] = (822)

—1p;  for wires 71,19

A A
¢ is determined using the similarity of the two triangles 01t1,t,, and 0st9t,, in Fig.

¢ = arcsin <” + TQ) (8.23)

C

I'The term proximal refers to proximity to the actuation unit and distal refers to proximity to the jaw tip
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Figure 8.7: Geometry of pulley-wire system. Two arbitrary pulleys 1 and 2 are shown.

where ¢ = 0703 is the center-to-center distance of the two pulleys.

8.2.3.2 Kinematics of Wire Displacement

Figure [8.8}a and b show the wrist wire and pulley numbers assignment. The wires are
numbered as [y, I, r1 and ro where [ and r denotes left and right jaw respectively. Let
us consider a general wire routing. The underlying assumption is that the wire stiffness is
infinitely large, hence its length remains constant. The fleet angle is assumed negligible.

Figure [8.9}a and b illustrate a schematic diagram of the wire [, at home configuration
and at an arbitrary configuration respectively. The wire is shown by the red color. The
dashed red lines mean that the wire is at the back of the pulley. The wire length at home

configuration is

* T * *
= Td,l2§ + C1 + lew,mm + (Tm,l2 + Tp,lQ) COt(¢) + Tp,l2¢w7p12 + le:ptra (824)
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T2 ™ T'm,12 T2

Figure 8.8: Number assignments for: (a) wire routes (/ and r denotes left and right jaw
respectively), (b) pulleys, (d, m and p denotes distal, middle and proximal respectively)

oy = Ui, = ¢ and ¢ is brought in Eq. @ leatra is the length from pulley pjo
tangent point to the end of the wire at the actuation capstan. Based on Fig. 8.9}, the length

of the wire at an arbitrary configuration is

7T *
l= Td,z2(§ + o) + 1+ T 2w mp + (Tmaz +1pa2) cOt(@) + o1y, o +leatra + s12 (8.25)

But, based on Fig. [8.9}b,
Vwniy = Uiy + U1 (8.26)

Substituting (8.26)) in (8.25) and assuming that the wire extension remains constant (i.e. no
significant change in external load) then the wire length remains constant i.e. [ = [*, thus

the corresponding amount of joint trave]ﬂ is given by:

Sig = —Tm,l2¢1 - Td,12¢21 (8.27)

2We assume the actuation unit pulls on the wires and we disregard the particular embodiment of the
actuation unit.
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a

(b) Arbitrary Configuration

(a) Home Configuration

Figure 8.9: Displacement of a wire routing of the wrist

This procedure can be applied to the four transmission wires in Fig. (8.8-a). Therefore, the

following four equations are ensued,

s11 = —Tmn1 + ranta,
Sig = —7’m,12¢1 - rd,l2w2l7
Sr1 = +Tm,r11/}1 - rd,rleM

Sr2 = +Tm,r2¢1 + Td,r2w2r
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Equation (8.28)) can be abstracted in the matrix format:

s = A (8.29)

where s = [si1, 512, 571, 5,2 T € R, 4p = [1hy, Yoy, o, ] € R*! and

—Tmil  TTran 0
~Tmi2  —Tdj2 0
A= (8.30)
+Tm,7‘1 0 —Tdr1
+Tm,r2 0 +Td,'r2

Equation (8.29) is well-known in tendon-driven mechanisms literature (e.g. [218]]) and the
structural characteristics of the matrix A and methods to guarantee positive wire tensions
have been well studied ([232-235]]). This equation provides a linear mapping between

configuration and joint speeds and is used for the wrist control.

8.3 Static Modeling

In this section, the static equation is derived in details for the 3-DoF wrist. Let us
assume that the wrist resists the forces fe . ,; fey,> fezg @A fezys feygrs Je 2, ON the left
and the right jaws respectively as shown in Fig. (8.10). All the external forces on the wrist
that are predominantly generated by actuating forces by the wires are included in the above
mentioned forces. These forces include the grasping, the lateral and axial forces. All the
external forces/moments are purely counteracted by constraint forces and hence are not

considered. These generalized forces can be abstracted in a vector form as:

T
fee é [fe,acgla fe,yglv fe,zgla fe,xm-v fe,yg»,-7 fe7zg,,-] (831)
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Figure 8.10: Forces at jaws tips. {fe .z, fe.p Jo{Serg fewgr } @0 { fez)s fe.z,, } are axial,
grasping and lateral forces of left and right jaws respectively.

It is desired to obtain the Jacobian that maps actuation forces 7 = [71, Ti2, 771, TTQ]T €

IR**! to the external wrench f... To find this Jacobian, the principle of virtual work is

applied first:

TTAY +9 £, 96py, +7 £, 7 0p,, =0 (8.32)

ee,r

9f..; and I £, , are the vector of forces applied on the right and left jaws described in their

local frames {¢;} and {g, } respectively. Thus:

gt fee,l = [fe,a:gp fe,ygz7 fe,zgl]T

grfee,r = [fe,:rgm fe,ygw fe,zg,«]T

(8.33)

Therefore,

glfee,l = Sllfee (8 34)
ngee,r - Slrfee
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where,

Su = [I3,03], S1, = [03,13] (8.35)
On the other hand,
"R? J, 00 = 0p,
(8.36)
OR; Jv,r5¢r =9 5pgr
where J,; = [I3,05] J; and J,, = [I3, 03] J, are the translational Jacobian components of
J; and J, formulated in Eqgs (8.18)) and (C.4). 61, and 1), can be expressed as
oty = S0
(8.37)
61/)7“ = S’r(h/)
where,
1 00 1 00
S, = .S, = (8.38)
010 0 01

Substitution of Eq. in Eq. (8.36) and Eq (8.34) and (8.36)) in virtual work Eq (8.32)

and transposing gives:

ATr=-_C"'t, (8.39)
where C € R%*3 is:
C£8S] "R, J.;S +S{."R, J,.,S, (8.40)

Eq (8.39) can be also reformatted into the canonical form:

Jr = —f, (8.41)

where J € R**% £ ACT.
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8.4 Stiffness Modeling

Referring back to equation (8.39), the configuration moment denoted by my, is as fol-
lows:

m, = ATT (8 42)

we use the definition of the configuration space stiffness as:

om
K,2 % 8.43
v oy (8.43)
Using these definitions we obtain:

OAT or
K, = AT — 8.44
b a 1# T + a ’¢ ( )

N—— N——

active stiffness  passive stiffness

The active stiffness term is negligible and hence ignored. Using the wire stiffness matrix

K, = diag(kp, ki2, k1, kr2) and considering g—l = Kdg—z and Eq. 1D we obtain:
K, =A"TK,A (8.45)

The passive stiffness is a characteristic of the wires and the wrist architecture. This
formulation is used in section (8.8) to determine the slop of the wrist due to external per-

turbations.

8.5 Analysis of Positioning Uncertainty

In this section, we investigate the effect of two sources of error on the positioning
accuracy of the wrist. The first source of error is on the wires displacements. The effect
of this error is investigated through the attributed Jacobians that relate the infinitesimal

motions in the joint space (space of wires displacements) to the infinitesimal motions in the
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jaws position space. The second source of error originates from the error in homing. We
show that this error is propagated throughout the configuration space of the wrist by the
choice of the control algorithm (resolved rates) and a bias term due to the initial homing
error. Note that only the left jaw of the the 3-DoF wrist is considered in the subsequent

analyses. However, the same analyses can be applied for the right jaw.

8.5.1 Left Jaw Positioning Error Associated with Wire Displacement Uncertainty

It is desired to determine the error in the left jaw pose error due to the error at the actu-
ation level i.e. wire displacement error. To achieve this, the Jacobian relationships between
the configuration space and task space (Eq. (8.18))) and the joint space and configuration
space (Eq. (8.29)) are used.

Orientation Error

Eq. (8.29) and (8.30) can be used to obtain the orientation error caused by wire dis-
placement error:

51p = At6s (8.46)

where ds = [s;1, 082, 081, 05,9] " is the joint-level error. Table lb represents the pitch
and the left/right jaw yaw errors due to several wire displacement error vectors. These
values only serve as an estimates since 1) from Eq. (8.46) is a least-norm solution.

Position Error

Referring to Eq. (8.29) and (8.30)), and using the two left columns of A (since only the

pitch and the left jaw yaw are considered), the following equation can be derived:

S = A} bs (8.47)
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where A, is the structure matrix associated with the left jaw and thus:

—T'm,i1
—Tm,2

+7nm,r1

+Tm,7"2

+rdn
—Td,i2
0
0

(8.48)

Then, using Eq. in combination with Eq. (8.18)), the following equation is obtained

that is used to determine the sought error:

0Py,

=J,, 508

where &p,, is the position error of the left jaw tip and J,, , € IR*** is given by:

S +
JUlaS - J’Ul Al

(8.49)

(8.50)

Table (8.2)) represents the left jaw position error due to several wire displacement er-

ror vectors. Let us reiterate that these values only serve as an estimates since d); from

Eq. is a least-norm solution.

Table 8.2: Pose error due to wire displacements error

ds (mm) Pitch Error Left Yaw Right Yaw Max Left Jaw
(degree) Error(degree) Error(degree) Position Error(mm)
[0.5,0.5,0.3,0.3]T | 0.8 0.4 0.4 1.8
[0.3,0.5,0.3,0.5]T | 0.0 0.4 0.4 0.2
[1.0,1.0,0.5,0.5]T | 2.0 0.1 0.1 4.6
[0.5,1.0,0.5,1.0]T | 0.0 1.0 1.0 0.5
[0.8,0.5,1.0,0.3]T | 0.0 0.6 1.3 0.5
[0.4,0.7,1.0,0.4]T | 0.6 0.5 1.1 1.7

8.5.2 Left Jaw Positioning Error Associated with Uncertainty in Home Configuration

In this section, the purpose is to draw an analytical derivation that offers a bound on the

positioning accuracy of the left jaw assuming that the only source of uncertainty is in home
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configuration.

Analysis
The analysis depends on the choice of the applied control method. A natural choice
is the resolved rates method where an error feedback is used in the Jacobian equation to

guarantee convergence of the positioning error. Briefly, 4, is chosen as
P =I5 (Vigaes + Kpery) (8.51)

J,; was brought in Eq. (8.18), K, € R**® > 0 and e), = pig.ges — pf; is the positioning
error of the left jaw where .# designates perturbed home configuration v} i.e. wl# =
) + dv/. Exponential convergence emerges by substituting the above equation in the

instantaneous kinematic model J led‘;l = vy, from Eq. ||
ey +Kyey =0 (8.52)

Following this method, controlling the wrist (left jaw) starts by homing it first. Assume the

desired position of the left jaw tip is pjg 4es and vig 45 = 0. Applying Eq gives,

Joi (7)) 1 = Kp(Pig,des — Piy) (8.53)

In the presence of homing configuration error denoted by 1)}, the instantaneous kinematics
1s,

Jo s (W7 + o) )y = v (8.54)

From (8.53)),(8.54) and application of first-order Taylor series expansion,

# aJU,l
l

K (Prgaes — Piy) — Vi) = = 5 o ()00 3L (6K (P — D) (855)

149



Let p?; £ piy(Y; + 59}). Thus,

aJvl

'l,b (¢l )617/)1* (’Iibl*()Kp(plg,des - Pfg) (856)

ey + Kpeyy = _Kp(pt —Piy) —
pf; can be estimated by application of first-order Taylor series expansion,
pj, =P, + Joa () o9y (8.57)

Substituting back into (8.56),

ARy

élg + erlg = _KpJv,l(’lrbEk)T(S’lp;( ,(p

(¢l )5¢l* (’l:bl*)Kp(plg,des - pzkg) (858)

The error in tip positioning due to the error in homing is the steady-state solution of the

above equation as follows:

_10J,,

elgss = _JU,l(wl*)T(svvbl* - p (9’(/1

(wl )51/)1* (vvbl*)Kp(plgdes - Pfg) (859)

The first term in Eq lb is a bias term because of initial configuration error (pi - pj,)
and the second term is the propagation of error due to the resolved rates algorithm. From

Eq (8.59), an upper bound on the magnitude of position error can be determined.

% aJvl * * *
lew.. || < (\!Ju,z(¢z M+ 150, @O WP e — ngH> lo%r]l (8.60)
where ||.|| is the Euclidean or associated induced norm and ||.|| 7 is the Frobenius norm.

However, this upper bound may be overconservative, therefore it is recommended to apply
Eq (8.59) to find the position error as shown in the proceeding example.
An Example

Let us assume that there is 1 degree error in the pitch and the left yaw angle of the
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3-DoF wrist due to homing. i.e.

S = (m/180)[1, 1]F (8.61)

This error may stem from limit switches or any other means of homing. Substitution of
01} from above equation in Eq yields e, for a given pyg 4. The workspace of the
left jaw (|¢1], [tn| < 7/2) was discretized and the forward kinematic model Eq. was
used to obtain py qcs in simulations. Figure @) shows the mesh plot of the magnitude

of the error (||ey,,

) and Fig. (8.11b) is the associated contour plot. The maximum value

of the error is 3.44mm. Note that the homing bias magnitude (||J.,;(;) 4p; || is 2.35mm

based on Eq (8.39)).
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(a) Mesh plot of ||e;g,. || (b) Contour plot of ||e;,, ||

Figure 8.11: Effect of homing error on the magnitude of the left jaw position error for
Sapi = (m/180)[1, 1"

The same simulation was repeated for several homing error values d1);. Table (8.3)

summarizes the homing bias magnitude and the maximum errors throughout the workspace.

Table 8.3: Left jaw positioning error due to homing error for several values of d1);

oy Homing Bias Max Error(mm) o Homing Bias Max Error(mm)
Error Mag.(mm) Error Mag.(mm)
(m/180)[1,1]T  2.35 3.44 (r/180)[3,2]T  6.98 10.03
(7/180)[2,2]T 4.71 6.88 (r/180)[2,1]T  4.63 6.62
(7/180)[3,3]T  7.06 10.32 (w/180)[1,3]T 2.73 4.33
(7/180)[2,3]T  4.83 7.24 (w/180)[3,1]T  6.93 9.84
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8.6 Actuation Compensation

To control the pose of the jaws (e.g. left jaw), it is required to know the inverse kine-
matic from the task space (jaw pose) to the actuator space (wires displacements). To
achieve this, a resolved rate scheme can be used to solve the inverse kinematics from the
task space to the configuration space numerically. This gives the desired wrist configu-
ration. Then, the inverse kinematic from the configuration space to the actuator space in
Eq (8.29) is used to find the command joint-level motions. A PID control at the joint level
eventually closes the motion control loop.

This model-based control scheme may not provide an accurate motion control since it
relies on the accuracy of the kinematic model. In reality there are at least two unmodelled
effects in the presented kinematic model: wires extension and backlash. Accounting for

these effects, the command wire displacement is:

q = S8; + € (8.62)

s; was brought in Eq. (8.29), ¢; is the actuation compensation term for transmission wire 1.

Several modeling and actuation compensation methods have been proposed to model
and compensate for uncertainties or unmodelled effects. In the context of MBCR’s, Xu
and Simaan used recursive least-square estimation using joint position and configuration
variables measurement to estimate backlash and compensation gains of elastic rod model
[188]. Simaan et al. proposed an actuation compensation method that extended the model
in [188] by the characterization of motion transmission losses and coupling using Fourier
series approximation and applying the statics model of the MBCR [|182]]. Agrawal et al.
proposed a tangent hyperbolic-based smooth backlash inverse and used it in a feedforward
model preceding a PID controller to cancel the backlash [236]. Kesner e? al. proposed actu-
ation compensation of a robotic catheter for beating-heart surgery using a Coulomb friction

model and a dead-zone function to characterize the backlash [22]. Bajo et al. proposed us-
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ing both joint and configuration control feedback to enhance motion control accuracy of
MBCRs [189]. Palli et al. presented modeling, identification and control of a wire-driven
robotic hand. They modeled the friction between the wires and the pathways using LuGre
friction model. They also employed viscoelastic models to identify the polymeric wire ma-
terial [237]. Roy et al. developed the most comprehensive calibration model for actuation
compensation of a multi-segment MBCR [187]. They modeled friction in the transmis-
sion lines, backbones extension, backlash and segments cross-coupling. Other methods to
model backlash were presented in [238-240].

To determine the wires extension behavior, load-displacement curves should be ob-
tained by measuring wire properties under various load conditions. To identify the back-
lash, data from the actual system is required. In the following, we outline a simple model

for wires extension and backlash and then present a basic actuation compensation model.

8.6.1 Wire Extension

Elasticity in the wire ropes can be modeled by a unilateral spring-damper model. At low
speeds, the damping can be neglected, hence a spring can model the wire rope elasticity.
The spring stiffness comes from the axial stiffness of a beam of length /;, elastic modulus
E; and circular section area of A; = Wd% /4 where d; is wire thickness. Hence, the stiffness

of each wire in Fig. [8.5}b is:

ki = EA; )l i=11,12,71, 72, (8.63)

8.6.2 Backlash Modeling

A backlash in the wire motions may stem from the friction between the pulleys and the
wires or the lead screws that move the wires on the remote actuation unit. Let us assume

that the backlash at transmission i eventually adds/subtracts a constant \;/)\; to/from the

153



desired motion. One way to model this backlash is as follows:

M= (8.64)
_)\; _ e—ai,g(si—&) + (1 + )\;)e—aiA(Si—gi) 87, < 0

N eme(smi) (1 4 AF)emmals—i) 5, >0

The coefficients a; 1, a; 2, a;3,a;4 determine the transient behavior at switching and the
rate of convergence to A" and \; . ; is the wire displacement absolute value at switching
instant (when the direction of wire motion changes). Figure (8.12) shows the plots of
backlash versus the wire displacement for several values of a;; and a; » assuming 5; = 0,

A = 2mm and a positive ;. Note that a;; = a;» = 300 generates approximately a step

(signum) behavior.
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Figure 8.12: Backlash versus wire displacement for several values of a;; and a; 2 (5; = 0,
/\;r = 2mm, s; > 0)

To identify the parameters in Eq. (8.64), experiments should be performed to collect
ground truth data. Then, a linear least square estimation can be applied to obtain the pa-

rameters. In the above equation, the exponential terms with tunable coefficients allow to

conform to the physical backlash behavior.
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8.6.3 Compensation Model

With the preceding extension and backlash models, the compensation term is formu-
lated as:

The coefficient 7; allows adjustment of the extension model in Eq (8.63). For instance, the
wire composition (e.g. twisted or laid, braided or plated) effect on stiffness can be lumped

in n;. k,, is the wire stiffness from Eq. (8.63). 7; is measured from load cells.

8.7 Wrist Workspace

There are different workspaces for a wire-driven mechanism. The critical workspaces
to be considered are physical workspace and wrench-feasible workspace [241]]. The phys-
ical workspace of any mechanism — be it wire-actuated or not — is the actual workspace
constrained only by the geometric/physical conditions of the mechanism. This workspace
may have singularities within or on its boundaries that should be avoided for optimal per-
formance. The wrench-feasible workspace (WFW) is only relevant for a wire-driven mech-
anism.

Abdul Hamid et al. presented the safe wrench-closure workspace of a parallel universal-
joint wire-driven wrist [221]. By safety, it was implied that the limited wire stiffness was
modeled and accounted in the analysis. They also presented preliminary design atlases for
similar wrist architectures. Liu et al. studied the effect of wire stiffness on the reduction
of wrench-feasible workspace in further details on a similar wrist architecture [222]]. They
also investigated the use of actuation redundancy for enlarging the workspace.

We explore the physical workspace and the WFW in the next subsections. We will
discover that these subspaces are equivalent for the current wrist since the null-space vector

of the transpose of structure matrix (AT) is uni-sense.
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8.7.1 Physical Workspace
8.7.1.1 Limitations on Attainable Pitch

The pitch angle of the wrist is limited by the tangency condition of the individual wires
wrapped on the middle pulleys. Figure (8.7) illustrates pulleys 1 and 2 that are assumed
to represent the wrist middle (m) and proximal (p) pulleys respectively. The arc t,,ty; is
where the wire wraps around the middle pulley and its subtended angle is the wrap angle
of the middle pulley. This arc is required to be maintained at all wrist configurations. In
order to guarantee this condition, the wrap angle of the middle pulley must always remain
positive.

Recall from Eq (8.21)) and Fig that the wrap angle of the middle pulley associated
with transmission wire 7 is a function of ¢; and as where ¢; is a constant parameter deter-
mined from pulleys radii and the centerline distance and o is —; or +1; (See Eq.([8.22))).
Therefore, in order for the wrap angles of all the wrist middle pulleys to remain positive,
the pitch angle should never be higher than ¢,.

Figure shows the plot of the maximum feasible pitch angle versus ﬂcr”” pa-
rameter. The diamond symbol (¢) represents the current wrist design. The maximum pitch
angle is 72.2° that is the minimum of maximum pitch values that can be obtained from each
wire route. This figure also shows a 90° pitch is feasible only when the pulleys pairs are

TpitTmi

tangent (— = 1).

C

8.7.1.2  Workspace Plot

The physical workspace of the 3-DoF wrist is constrained by the geometric limits
on maximum pitch and yaw angles of the wrist. The pitch angle is also constrained by
the maximum attainable pitch limitations explained in section (8.7.1.I). The yaw an-
gles are bounded by interference with the side walls of the base of the wrist such that:

—17° < by < 63° and —63° < by, < 17°. Furthermore, the yaws are bounded by
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Figure 8.13: Maximum attainable pitch angle without the wire unwinding from pulley p.
Red ¢ represents current wrist prototype.

interference of the jaws with one another. Figure (8.14) shows the interference-free config-

urations of the jaws.

17
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Figure 8.14: Physical workspace of 3-DoF wrist: plot of feasible yaws to avoid mechanical
interference of jaws. Note maximum attainable pitch is 72.2°.

After identification of the physical workspace, an important question to ask is whether
there are any singularities within or on the boundaries of this workspace. Investigating the

singular values of the Jacobian Eq. (8.18)) showed that the 3-DoF wrist is singularity-free.
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8.7.2 Wrench-Feasible Workspace

The wrench-feasible workspace (WFW) of the 3-DoF wrist is defined as the set of all
poses within its physical workspace where three independent active forces (three out of
the six components of f..) can be generated by tension forces in the four wires (assuming
wires never fail in tension). This is equivalent to the set of all poses where any arbitrary
configuration moments m,; can be generated by tension wire forces and the matrix C that
maps the configuration moments m,, to the external wrench f.. (see Eq. (8.39)) is full-rank.

Referring back to Eq (8.42)), the wire forces are:

T =—(A") m, + 7N(AT) (8.66)

where N(A™) is the null-space vector of AT and 7 is an arbitrary scalar. Recall that
nN(AT) constitutes the null-space solution of Eq (8.42). Based on Eq (8.66), the wire
forces can be made positive for arbitrary values of m,, if the null-space vector N(A™) ele-
ments have the same sign (uni-sense) i.e. N(AT) > 0 or N(AT) < 0. Mathematically, this
guarantees that regardless of the first term —(A™)"m,, the contribution of the second term
can be scaled up by increasing 1 such that all the elements of 7 are positive. The null-space

of AT can be shown to be as follows:

N(AT) =[1,1,1,1)F (8.67)

Based on the above equation, all the elements of the null-space vector are positive. There-
fore, regardless of the configuration, there can be found positive wire forces that generate
the configuration moments. Furthermore, it can be shown that the matrix C is full-rank

(rank 3). Hence, the wrench-feasible workspace of the 3-DoF wrist is the same as its phys-

ical workspace as discussed in section (8.7.1). Note that the flexibility of the wires does

not affect WFW since N(A™T) is uni-sense throughout the workspace.
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The null-space formulation in Eq. (8.67) also determines a preliminary preloading strat-
egy as well. Since all the elements of N(A™) are unit, wire preloads should be equal. In
practice, modeling uncertainties varies this value. Nevertheless, it should serve as a proper

starting point for preload adjustment.

8.8 Characterization of Slop/Compliance of the Wrist

A simple experiment on the wrist prototype verified that a lateral force on the wrist
gripper causes it to open hence a loss of grasp. This spurious effect is a result of the
particular wire coupling (manifested in structure matrix Eq. (8.30)) of the wrist. In this
section, we will investigate this effect in a broader sense by drawing on the stiffness matrix
of the mechanism and estimating the configuration change due to an external perturbation.
The goal is to obtain an approximation for the wrist unwanted configuration change due to
grasping and lateral forces.

Figure (8.13) shows the steps in finding the configuration change. An external force
designated as Af. = [Afuns Aoy Aevess Dfovors Dfeygrs Aforzy, ] is assumed to
apply on the jaws (see Fig. (8.10)). Next, the moments applied directly in the configuration
space of the wrist are determined. These moments include the moment at the middle shaft
(at the proximal side of the distal clevis in Fig. (8.10)) to generate pitch and the moments
applied at the proximal ends of the left and right parallelogram input links to generate left

and right yaws.

Statics ; ; Compliance ~
[ External force J 1': [ Configuration J D {Configuration

on jaws moments _ change
CTAf,, Ky~ 'Am,, :

Afee Amy Ag

Figure 8.15: Finding configuration change due to external load on jaws

Recall that in Eq. (8.39), the left and right hand side determine the moment generated

by the wire forces 7 and the external force f.. in the configuration space respectively.
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Therefore, the configuration moment caused by the external force is:
Am, = CTAf,, (8.68)

Next, we find how much the configuration moment Am,;, can change the wrist config-
uration denoted by A1). This can be determined from the configuration space stiffness of
the wrist K, £ 88% that was discussed in section (8.4). The stiffness was shown to be
Ky = ATK, A, where K,, € R*** is the joint-space stiffness. Assuming infinitely rigid

actuators, K, reflects the wire stiffness (wire spring rate):
K, = diag([kw, kw, kw, ku)) (8.69)

Having derived the stiffness matrix, the last step in finding the configuration change is

to pre-multiply the inverse of the stiffness (compliance) by the configuration moment:
Ay =K, 'Am, (8.70)

8.8.1 Simulation Results

To obtain the wire stiffness, it was modeled as an Euler-Bernoulli beam under tension.
The wire used in the wrist prototype is made of 18-8 stainless steel (Young Modulus F,, =
200 G Pa, Diameter d,, = 0.024 in, length [,, = 350 mm). Applying Hooke’s law gives the

stiffness as:
ALE,

ko =
Ly

~ 166.8[N/mm] (8.71)

where A, is the cross-section of the wire.
A Matlab code was written to plot the change in the pitch and the yaws of the wrist by
application of a prescribed perturbation load on the jaws. The plots in Fig (8.16) show the

results of the simulation for a perturbation of Af., = [0,4,—2,0,—4,0]T kg i.e. a4 kg
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grasping force and 2 kg lateral force on the left jaw. The configuration change is only a

function of the initial (unperturbed) jaw angles.
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Figure 8.16: Change in 3-DoF wrist configuration in its workspace by application of a load
perturbation of Af., = [0,4,—2,0, —4,0]" kg (4 kg grasping force, 2 kg lateral force on
left jaw) : (a) change in pitch, (b) change in left yaw, (c) change in right yaw

Based on these plots, the external load can cause a minimum of 3.34°/0.18°/0° and a
maximum of 4.46°/1.07°/0.66° change in the pitch/left yaw/right yaw angles. The mini-
mum/maximum pitch change occurs at |2| = 90°/0°, [13| = 0°/90°. The minimum/max-
imum left yaw change occurs at [¢)5| = 90°/0° while the minimum/maximum right yaw
change happens at |15| = 90°/0°, |¢)3] = 0°/90°. Note the opposite signs of the left and
the right yaws that verifies the grasp is released due to external load.

Several simulations were also conducted with other grasping and lateral forces. Ta-
ble (8.4) shows the maximum angle change in these simulations and may serve as a quick

reference to get an estimate of the configuration change.

Table 8.4: Approximate configuration change for several values of grasping and lateral
forces on left jaw due to wires flexibility

Grasping Lateral Max Change in Grasping Lateral Max Change in
Force (kg) Force (kg) pitch/l. yaw/r. yaw (deg) | Force (kg) Force (kg) pitch/l. yaw/r. yaw (deg)
4.36/0.23/0.23 0.05/0.42/0.42
8.72/0.46/0.46 0.10/0.84/0.84
8.77/0.88/0.46 4.46/1.07/0.66
8.81/1.30/0.48 4.41/0.65/0.24
4.51/1.50/1.08 8.86/1.73/0.90
4.55/1.92/1.51 8.91/2.15/1.32
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8.9 Characterization of Maximum External Load (Payload)

In section [8.7.2} it was shown that there exist positive wire forces that balance any
three external loads on the jaws of 3-DoF wrist regardless of the configuration. The reason
was that since the null-space solution in eq. (8.66) is always positive, the wires preloads
can be increased until all the wire forces are positive. However, the premise of this argu-
ment was that the wires can bear infinite loads. In this section, this assumption is relaxed
and we assume that there is a permissible lower and upper bound on the wire tensions:
Tomin < Ti < Tmaz, @ = [1,12,71,72. The lower bound stems from the fact that a wire
should have a minimum tension to remain sufficiently taut and the upper bound comes
from the strength of the wire that is provided by manufacturers through experimental mea-
surements.

In order to solve this problem at each configuration 1), we consider Eq again.
Using singular value decomposition and matrix algebraic manipulations, it can be proved
that:

] < el (8.72)

where ||.|| and o(.) represent Euclidean norm and minimum singular value respectively. An

upper bound on ||my|| can be sought as follows. Referring to Eq (8.42):

[my[| <@ (A)]] (8.73)

where @ (.) represents the maximum singular value. Since the wire forces cannot exceed

Tinaz» the maximum value for || 7| is 27,,4,. Therefore, the maximum value of ||m, || is:

||m7¢) Hmar - ZE(A)Tmaz (8.74)
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Substituting the above in Eq (8.72) gives the maximum external load:

2 max ( )
£ _ TmacO\A) 7
|| ee”maz (C) (8 5)

In the above equation, the nominator is a constant for the current 3-DoF wrist, however, the

denominator depends on the configuration.

8.9.1 Simulation Results

The singular values of matrix C can be shown to be:

as, i=1,2

0;(C) = (8.76)
[(a1 + ag + as cos(1h9))* + (a1 — ag + as COS(Q/J:),))Q} Y2

After substitution of the values of a;, as, a, of the current wrist prototype in the above

equation, it turned out that ¢ (C) = as regardless of the configuration. Thus, for the current

2Tmaz0(A)
az :

purposes, the axial forces on the wrist are negligible (f. ., = fez,. = 0in Fig. (3.10)) and

wrist, the maximum safe load is a constant: |[|f..||ne: = In most practical
only grasping and lateral forces are present. Figure (8.17)) shows the plots of the maximum

safe grasping versus lateral forces for several values of wire strength 7,4

8.10 Conclusion

This chapter presented a detailed analysis of an open-ended 3-DoF wire-driven wrist
with potential applications in robot-assisted MIS. The unique feature of the wrist in contrast
with most other existing counterparts (e.g. EndoWrist® from Intuitive Surgical) is that it
has an open-ended wire routing. This can allow a accurate motion control, wire preload
adjustment, stiffness modulation and interaction force measurement by sensing the wire

forces due to actuation redundancy.
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Figure 8.17: Maximum safe external load in workspace of 3-DoF wrist when no axial force
exists and lateral force is applied on one of the jaws.

In section[8.2] the kinematics of the wrist was modeled by introducing task space (poses
of the jaws), configuration space (pitch and yaws) and joint space (wire displacements) and
finding the mathematical relationships relating these vector spaces. In section the
instantaneous kinematic model was developed between said spaces. In section [8.3] the
statics of the wrist was thoroughly delineated. This was achieved by applying the principle
of virtual work to obtain the relationship between the wire tensions and the external load
on the wrist. A simple model for the wrist stiffness was presented in section [8.4]

In section the Jacobian of the wrist from wire displacement space to the task
space was used to establish a bound on the wrist positioning error as a function of the wire
displacement error. In section the effect of an error in homing on the positioning of
the wrist was studied and simulated for several homing configuration errors. In section [8.6]
a basic model was presented for compensation of motion losses due to wires extension and
backlash.

The physical and the wrench-feasible workspace of the 3-DoF wrist was explored in

section It was shown that the physical workspace is constrained by the wire tangency
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condition on the middle pulleys. As a result of this constraint the pitch of the current
prototype was limited to 72.2°. The wrench-feasible workspace was shown to be equivalent
to the physical workspace due to the null-space of the transpose of the Jacobian having
all its elements with the same sign. This means that one could always use preload to
prevent wires from becoming slack. In practice, this is limited by wire strength and slop.
The slop/compliance of the wrist due the wires flexibility was therefore characterized in
section [8.8] Finally, in section [8.9] an equation was derived to compute the maximum
external grasping and lateral forces that the 3-DoF wrist can withstand in its workspace

before any of its wires fail.
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CHAPTER 9

CONCLUSION

9.1 Summary of Findings

TURBT is a minimally-invasive surgical procedure used to diagnose bladder cancer
and treat non-muscle invasive bladder cancer where a surgeon removes visible tumor with
an electrosurgical loop that cuts the tumor out. Chapter [3| reported a first attempt at cor-
relating theoretical measures for resection accuracy with experimental data. This chapter
addressed the kinematic measures in TURBT procedure. After modeling the kinematics,
several Jacobian-based measures were proposed including tangential kinematic condition-
ing index, tangential manipulability, tangential minimum singular value and normal singu-
lar value. Experimental trials simulating clinical TURBT was performed by three surgeons
and the resection accuracy in tangential and normal (depth) directions were measured. It
was verified that the surgeons generally under-resect. On further investigation, it was shown
that the tangential accuracy correlated relatively strongly with normal singular value and
moderately with tangential kinematic conditioning index and tangential minimum singular
value. A weak linear correlation with tangential manipulability was substantiated hence
disqualifying it as a measure. On the other hand, normal resection accuracy was demon-
strated to be weakly correlated with any of the kinematic measures suggesting that other
factors may influence this variable. It is believed by the author that visualization enhance-

ment should considerably improve depth resection outcomes.
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The certified measures were utilized to compare kinematic accuracy/dexterity locally in
all bladder points based on the distance from the bladder neck and regionally in 16 bladder
zones.

In chapter 4] prior art in tools and systems that aimed for increasing the performance of
bladder surveillance and transurethral resection was reviewed. Then, a new telerobotic sur-
gical platform called TURBot was presented for bladder cancer surveillance and resection.
The design of TURBot was explained in details. Two of its primary constituents; namely
the robotic slave and the robot-integrable resectoscope were explained in details. TURBot
is the only system that offers precision and intra-vesicular dexterity while providing a plat-
form for deploying new imaging techniques and supporting traditional wire loop cautery
and/or laser tumor resection/ablation instruments.

Chapter[5|covered kinematic modeling, actuation compensation and calibration of TUR-
Bot system. The compensation of actuation included backlash compensation and calibrated
gains in the joint-to-configuration direct kinematic model of the Multi-backbone Contin-
uum Robot (MBCR). These gains were determined experimentally for discrete points in
the workspace of MBCR and they were interpolated with cubic splines for all other points.
The backlash originated from the application of flexible material in the motion transmission
chain. The compensation of this backlash involved the measurement of this flexibility and
adding to or subtracting from the command joint displacements at the instances of motion
direction change.

Next, an eye-to-hand telemanipulation paradigm was discussed that provided a user that
only had a 2D visual feedback of the workspace an intuitive telemanipulation framework.
This image-based telemanipulation framework only required an extrinsic camera and robot
pose information and did not need camera intrinsic parameters calibration.

Finally in the same chapter, a hierarchical resolved-rate algorithm was described for
telemanipulation that accounted for the tubular constraint on the MBCR enforced by the

resectoscope sheath. The algorithm utilized the insertion state to evaluate which segments
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were constrained and assigned the task to the available free segments. This involved demot-
ing a 5-DoF task of position-pitch-yaw tracking to a 3-DoF position tracking when there
was only one free segment and promoting it back when at least two segments were avail-
able. It also ensured smooth switching between these different scenarios by re-initialization
of command velocities and an appropriate modeling of instantaneous kinematic during
switching instances.

Chapter [0] delineated two experimental studies. In the first part, a comparison of robot-
assisted and manual TURBT performance on a bladder phantom was reported through an
experimental user study. In the second part, the results of in vivo validation of TURBot in
swine was explained.

The tangential error at resection of tumors in the bladder phantom lateral wall region
was 1.18 + 0.38mm and 2.23 £ 0.68mm for the manual and the robotic groups respec-
tively. The resection duration at the same location was 50 + 21sec (manual) vs 139 + 83.
This demonstrated that the robotic performance was lower than manual. However, the
robot was shown to be capable of resecting the neck region with retroflexing postures (av-
erage accuracy of 2.69 £ 0.80mm and average duration of 202 + 112sec) while this region
was not accessible by the manual tool. The potential robot limitations hindering its per-
formance were enumerated as flexible 3D-printed transmission components, joint limits at
retroflexion, calibration, more user training requirement, lack of loop roll control and visual
occlusion by robot body/loop.

The in vivo experiments demonstrated successful deployment of TURBot, complete
bladder accessibility, successful tumor ablation, ability to retroflex within the bladder and
ability to perform en-bloc resection using a combination of laser ablation and a grasper.
The animal studies provided insights towards enabling robotic assistance for TURBT for
clinical application.

In chapter [/, a redundancy resolution method was developed to minimize the visual

field occlusion caused by the presence of the robot in the field of view (FOV). The method
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was based on a modified artificial potential field that drove the robot outside the FOV in
attempting to reach static equilibrium while achieving the main task of tracking. Simu-
lations for the tasks of maintaining the end effector pose and tracking a circle confirmed
the efficacy of the proposed method for a rotating camera. Although the proposed method
was developed within the context of multi-backbone continuum robots, it can be generally
applied to any redundant robot that requires to stay as clear of the visual field as possible.
In chapter [§] an analysis of a 3-DoF wire-driven wrist with potential applications in
general robotic MIS was presented. The wrist had an open-ended wire routing allowing ac-
curate motion control, wire preload adjustment, stiffness modulation and interaction force
measurement by sensing the wire forces. The analysis of the wrist started with standard
kinematic/static modeling. The derived equations were used in further analysis to deter-
mine positioning error due to actuator or homing error. The slop of the wrist due the wires
flexibility caused by an external perturbation was identified. Finally, the load bearing ca-

pability of the wrist with limited wire strength was determined.

9.2 Future Research Directions

There are several directions to follow on in regards to robot-assisted transurethral resec-
tion or laser ablation. One key area of improvement is utilizing assistive features. Virtual
fixtures that were introduced in 1993 by Rosenberg [242] are well-established algorithms
that provide suitable constraints to improve safety or accuracy/speed of tasks. These virtual
fixtures paradigms are sometimes called forbidden-region (FRVF) and guidance virtual fix-
tures (GVF) respectively [243]]. The algorithms can be implemented on the master or on
the slave robot. Development of a user-specified virtual fixture for TURBot is an inter-
esting area to explore. One way to envision this is to add a teleoperation mode where
the surgeon telemanipulates the MBCR around the perimeter of a region of interest. The
robot controller would record this area and define a forbidden region wherein the MBCR

tip is allowed to operate. A similar method can be applied to control the depth of resection
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to guide safer robot-tissue interactions. For example, the surgeon can provide a desired
maximum depth through a user interface. Then, the control algorithm filters all position
commands that lead to over-penetration. A force-feedback cue can be applied through the
master device on the surgeon’s hand to warn him/her on approaching the maximum allowed
depth.

Two hardware enhancements on TURBot should be pursued prior to the application of
the virtual fixtures. To find the coordinates of the perimeter points, a triangulation mecha-
nism such as a stereo vision module should be utilized. More importantly, the localization
accuracy of the MBCR tip should be improved to ensure it stays within the prescribed re-
gion. Currently, the forward kinematic model is used to estimate the tip pose. The true
pose deviates from this estimate due to unmodelled phenomena such as segments coupling
and friction. In a telemanipulation scenario, these deviations are generally tolerated since
the human operator closes the human-machine feedback loop and the MBCR repeatability
is known to be high. However, with the introduction of the virtual fixture, the algorithm
would require an accurate tip position information to ensure effective operation. Incorpora-
tion of an electromagnetic sensor at the tip is an option to provide this missing information.
A more comprehensive calibration model for actuation compensation such as in [[187]] can
also improve accuracy.

Another area to explore is incorporation of more recent imaging modalities reviewed
in section [2.3] in TURBot control algorithm. This can provide a surgical suite that can
potentially offer accurate staging and resection of bladder tumors simultaneously. It is
the author’s conjecture that a combination of NBI as an augmentative technology over the
conventional white light cystoscopy and OCT or transurethral ultrasound for bladder wall
penetration detection can yield promising results. Automated online segmentation of NBI
(or PDD) images to demarcate the tumors merits attention. The tumor boundaries can be
then fed into the user-specified virtual fixtures to assist the surgeon in resection/ablation. In

addition, it is interesting to explore the capabilities of OCT as part of the robotic system for
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in-situ biopsy of bladder tumors. The author envisions a robotic system where the surgeon
utilizes augmented reality to see a 3D vision of the bladder. On the HUD display, s/he can
see overlays from NBI/PDD/OCT/US feedback. This could be 2D cross-sectional pictures
or post-processed 3D images with marked bladder layers and robot tip penetration depth.
The robot can be also used in a surveillance mode where it automatically scans the entire
inflated bladder surface and maps the tumors.

The visual occlusion minimization framework in chapter [/| should be validated on an
experimental platform such as TURBot. The efficacy of the algorithm should be also ver-
ified in an actively controlled vision system that offers more degrees-of-freedom than a
simple rotation.

In regards to the open-ended wrist architecture presented in chapter (8] a potential re-
search problem is to introduce or use existing force sensing measures (such as [[183]]) and
to evaluate that on the current and other similar wrist paradigms. It is also interesting to
explore optimization of the wrist parameters based on such performance measures.

Another problem to consider is the modulation of the stiffness/compliance of the wrist.
stiffness modulation may be desirable in NOTES applications where high structural flexi-
bility may be required to deploy the tool in the body lumens while more rigidity is required
during the operation of the robot for enhanced accuracy and high payload capability. Recall

from Eqs (8.44) and (8.43) that the stiffness is a function of the wires and actuators stiffness

(K,,) and the derivative of the Jacobian from the actuator motion space to the configuration
space and also the actuator forces/moments (%7). In the current 3-DoF wrist, the latter
term is not present as the Jacobian (A) is constant. Yet, it is possible to change the stiffness
by modification of the actuator stiffness. To achieve this, employment of a variable stiffness
actuator (VSA) was suggested in the literature [244-246|. For a different cable-driven par-
allel wrist architecture such as [221], the Jacobian is a function of the configuration. This
offers an opportunity to have yet another leverage to modulate the mechanism stiffness. It

is of interest to explore different wrist mechanisms that offer such a feature.
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APPENDIX A

INVERSE KINEMATIC SOLUTIONS OF 4-DOF RESECTOSCOPE

To solve the inverse kinematic problem for a point on the loop, given v and °T's, °T is
sought. Using successive transformations Eq. (3.1),

o, = T5*T;* (A.1)

where 4T’ is given by Eq. (3.3). Therefore,

T = (A.2)

Now, algebraic method is utilized to determine solutions given °T

11 Ti2 T13 Pz

To1r To2 T23 Py

o, = (A.3)

31 T32 T33 Dz
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where all matrix elements are brought in Eq. (3.2). Since r35 = cic2 and ro3 = 19,
therefore ¢y, = —22—= and s; = —22—. This gives ¢;

:I:\/l—r33 :t\/l—T33

¢ = atan2( T3 ) if e £ £l (A.4)
j: r33 T4 r33

from 33 = So,
q2 = atan2(rs3, £4/1 — ;) (A.5)

Since r3s = —c983 and r3; = cacs, therefore s3 = _;32 = 1\71322 and ¢c3 = % =
—T33

—2—. This yields g3

+4/1— r33

g3 = atan2( "3 ) Lif sy # 1 (A.6)
:I: 7“33 s 7“33

In case r33 = =1, there are infinite solutions for ¢; and ¢3. The solution are ¢; + ¢35 =

atan2(ria, —ro2) Or ¢1 — g3 = atan2(rig, —rag). As for qu,

= ifris#0

T13

qu="" = ifry #£0 (A7)

723

Q=20 - Jifrag #£0

733
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APPENDIX B

COMPONENT SELECTION OF TURBOT ACTUATION UNIT

This components selection is delineated in [[177]. It is also repeated here for conve-
nience: Tables and summarize the specifications and expected performance of the
gearmotors combined with lead screws for driving the backbones of each segment. To
arrive at the choice of gear-motors and screws a Matlab code was written to parse the spec-
ifications of available lead screws and motors that fit the cylinders. To obtain a first order
estimate of the power requirements of the actuators were calculated based on task speci-
fication assuming gearhead efficiency of 80% and lead screw efficiency of 70%. Once a
list of motors that satisfies the power requirements was made, the Matlab code was used
to cull the list down to motor and screw combinations that can satisfy force and speed

requirements.

Table B.1: Motor combination design requirement

Output gear torque Power for maximal speed | Power for nominal speed | Max linear speed
Required Provided Required Provided Required Provided Required Provided

Maxon motor | 36.206 Nmm | 39.28 Nmm | 2.205 W 3w 2.115W 237TW 47 mm/s | 4.899 mm/s | 0.60911 mm/turn
Micromo 9.320 Nmm | 15411 Nmm | 2.711 W 3.11W 0.688 W 1.003 W 94 mm/s | 10417 mm/s | 0.60911 mm/turn

Lead screw pitch

Table B.2: Motor Combinations

First Cylinder

Motor Combination Gearhead Motor Encoder

Maxon Motor 324553 GP13A 110314 (Series 17:1 3249/196 Maxon Motor RE13 118638 MR 241062, 256 CPT
16.57653061:1 ratio)

Second and Third Cylinder

MICROMO 1331TO06SRIE2-400+14/1 14/1  14:1  (Series 14/1  676/49 MICROMO 1331TO06SRIE2 X0437 magnetic Encoder digital out-
14:1+4X0437 13.795918:1 ratio) puts, 2 channels, 400 lines per revolution
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The required torque to raise/lower the piston against/along the direction of an external

loaf F' is calculated as:
Fd d
Ty = Tp tan (7 £ \) + F%um” b (B.1)

where subscript r is for raising and 1 is for lowering a load. The first part accounts for
friction between the screw and nut and the second part accounts for friction in the bearings
supporting the lead screw. The lead screw friction angle v is a function of screw geometry
and friction coefficient between the screw and nut. The lead angle A is a function of the
screw pitch diameter d,, and lead L. Details of calculation of these angles can be found in

[247].
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APPENDIX C

KINEMATICS OF RIGHT JAW OF 3-DOF WRIST

By the same analogy as the left jaw of the 3-DoF wrist presented in section [8.2] (also

shown here for convenience), the direct kinematic transformations for the right jaw is:

—c3s1 s183 1 —s1(ar + ases)
C1C3 —C1S3 S1 C1 (CLl + CL2C3)
o, = (C.1)
S5 c3 0 —dy+azs;s
0 0 0 1

and :

—S1 0 ci —S51 (a1 + Qg + (lQCg)

OTgT _ C1 0 S1 cl(al + Qg + GQCg) (CZ)
0 ]. O —d1 —I— dg —f- 9253

0 0 0 1

The instantaneous kinematic relationship for the right jaw is as follows:

Mrwr = Nr)‘(gm
A C3
M, = oo e R™? N, = L (P2rg) € R%*6 )
']wgr — ORQTIA{S 03 Ig
where we define v, = [tp1,1,]T € IR?*! as the right jaw configuration rates vector

and %, = [v) ,wl]|" € R%" as its associated twist. Referring to Fig. P2, g =
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Figure C.1: 3-DoF wrist frame assignments

'R, 9 pa, 4, such that 9" psy , = [a,,d,,0] is the vector joining the origin of {2,} to the
origin of {g,}. Left-multiplying the inverse of the upper block-diagonal matrix IN,. results

in:

J _ JV2r - <p2rygr)/\ (J‘—UQT - ORZT}A{S) E ]R6><2 (C‘4)

wa — ORQTIA{S

Direct substitution into Eq. (C.4) and algebraic simplifications leads to the following

formulations for the Jacobians of the right jaw of the 3-DoF wrist:

—ci(ay + ag + ascs)  azsiss
Jv,r = —31(a1 + Qg + CLQCg) —Q92C153 (CS)

0 agC3
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and,

Jw,r =10 0 (C6)
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