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SUMMARY

Manual manipulation of passive surgical tools is time consuming with uncertain re-
sults in cases of navigating tortuous anatomy, avoiding critical anatomical landmarks, and
reaching targets not located in the linear range of these tools. For example, in many car-
diovascular procedures, manual navigation of a micro-scale passive guidewire results in
increased procedure times and radiation exposure. This thesis introduces the design of two
steerable guidewires: 1) A two degree-of-freedom (2-DoF) robotic guidewire with orthogo-
nally oriented joints to access points in a three dimensional workspace, and 2) a micro-scale
coaxially aligned steerable (COAST) guidewire robot that demonstrates variable and inde-
pendently controlled bending length and curvature of the distal end. The 2-DoF guidewire
features two micromachined joints from a tube of superelastic nitinol of outer diameter
0.78 mm. Each joint is actuated with two nitinol tendons. The joints that are used in this
robot are called bidirectional asymmetric notch (BAN) joints, and the advantages of these
joints are explored and analyzed. The design of the COAST robotic guidewire involves
three coaxially aligned tubes with a single tendon running centrally through the length of
the robot. The outer tubes are made from micromachined nitinol allowing for tendon-
driven bending of the robot at variable bending curvatures, while an inner stainless steel
tube controls the bending length of the robot. By varying the lengths of the tubes as well
as the tendon, and by insertion and retraction of the entire assembly, various joint lengths
and curvatures may be achieved. Kinematic and static models, a compact actuation system,
and a controller for this robot are presented. The capability of the robot to accurately navi-
gate through phantom anatomical bifurcations and tortuous angles is also demonstrated in
three dimensional phantom vasculature. At the meso-scale, manual navigation of passive
pediatric neuroendoscopes for endoscopic third ventriculostomy may not reach target lo-
cations in the patient's ventricle. This work introduces the design, analysis and control of

a meso-scale two degree-of-freedom robotic bipolar electrocautery tool that increases the

XXV



workspace of the neurosurgeon. A static model is proposed for the robot joints that avoids
problems arising from pure kinematic control. Using this model, a control system is de-
veloped that comprises of a disturbance observer to provide precise force control and com-
pensate for joint hysteresis. A handheld controller is developed and demonstrated in this
thesis. To allow the clinician to estimate the shape of the steerable tools within the anatomy
for both micro-scale and meso-scale tools, a miniature tendon force sensor and a high de-
ection shape sensor are proposed and demonstrated. The force sensor features a compact
design consisting of a single LED, dual-phototransistor, and a dual-screen arrangement to
increase the linear range of sensor output and compensate for external disturbances, thereby
allowing force measurement of up to 21 N with 99.58% accuracy. The shape sensor uses
ber Bragg grating based optical cable mounted on a micromachined tube and is capable
of measuring curvatures as high as 145'mThese sensors were incorporated and tested

in the guidewire and the neuroendoscope tool robots and can provide robust feedback for

closed-loop control of these devices in the future.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 Motivation

1.1.1 Cardiovasculabiseases

Cardiovascular diseases (CVDs) are a group of disorders of the heart and blood vessels
that can lead to heart attack, heart failure, cardiomyopathy, and peripheral vascular dis-
ease, accounting for an estimated 17.8 million deaths in 2017 with projected costs reaching
$1.1 trillion by 2035 [1]. CVDs are the leading global cause of death, eclipsing deaths
from all types of cancers combined [2]. The prevalence of peripheral vascular disease,
in particular, has increased globally by 34.4 % between 2005 and 2015 [3], resulting in
approximately 60,000 deaths in the United States in 2015 [1]. PVD is caused due to le-
sions formed in the vascular structures at the extremities of the patients' bodies, such as
calci cation in the arteries at the lower legs and feet i.e., Lower Extremity Arterial Disease
(LEAD). Endovascular treatment for critical limb ischemia, a form of PVD, has increased
from 5.1% to 11.0% from 2003-2011 in the United States, contributing to lower hospital
stays, lower mortality, and lower risk of limb amputation [1]. In the endovascular treat-
ment of most CVDs (including PVD), clinicians typically begin the procedure by inserting

a guidewire from a suitable location in the patient's vasculature to the blocked blood vessel.
This guidewire is a passive wire, typically made of nitinol, with a diameter of 0.3556 mm

- 0.889 mm (typically in the range of 0.3556 mm - 0.4572 mm). Once the guidewire is
navigated manually to the blocked vasculature, the clinician can use the wire as a carrier
for a variety of catheters that help remove the blockage. To navigate the guidewire to the
target location, clinicians usually determine the optimal access strategy considering patho-

physiology, potential treatment options, vascular anatomy/possible variants of each patient



Figure 1.1: (a) Contralateral retrograde femoral approach for infrainguinal occlusions re-

quires steerability around the aortic bifurcation, (b) Proposed steerable instruments for en-
doscopic third ventriculostomy (ETV) in cases of obstructive hydrocephalus [Image cour-

tesy: Nancy Deaton for Fig. 1.1(b).]

[4]. For example, in the treatment of Peripheral Vascular Diseases (PVDs), the physi-
cian usually makes an incision into the femoral artery of the healthy leg in a procedure
commonly known as the contralateral retrograde femoral approach [5] (see Fig. 1.1(a)).
However, angulation, vessel tortuosity or calci cation of the blood vessel precludes the use
of this approach [6] and the clinician requires extra operation such as advancing a catheter
over the guidewire and chaining the wire to stiffer/alternative guidewires [7, 8]. However,
this requires wires of multiple stiffnesses, and could result in twisting of the wires. This
approach also increases the diameter of the guidewire, making it dif cult for the wire to
reach smaller peripheral arteries. Otherwise, alternative paths such as approach from an
upper extremity [9], popliteal artery [10], or dorsalis pedis artery are considered [11]. In
any case, navigation of the guidewire remains largely manual, with proximal insertion, re-
traction and rotation being the only degrees-of-freedom available to the clinician to control
the distal tip. In many cases, high tortuosity or the blood vessels may restrict success of
the ability to reach target manually [12]. High tortuosity may also result in kinking and
breakage of the guidewire [13]. Manual navigation also results in an inability to control
angle of entry into a chronic total occlusion (CTO), where the diseased artery may be al-

most completely blocked. This results in an inability to cross the CTO, which results in



80% of failure cases with CTOs [14]. Furthermore, the clinician has little control over the
stiffness of the guidewire. While soft guidewires may help in navigating tortuous vascu-
lature without the possibility of perforation, stiffer guidewires are required to overcome
calci cation [15]. Stiffness of the wire tip cannot be changed in-situ and the wires must be
exchanged. This exchange, coupled with the dif culties of manual navigation result in in-
creased procedure times and exposure to radiation [16, 17]. In a survey conducted by Klein
et al. in 2014, over 49% of the interviewed interventional cardiologists reported orthope-
dic injuries and approximately 7% reported reduced workload due to excessive radiation
exposure [18]. All of these concerns motivate the use of robotic devices for percutaneous
coronary intervention (PCI), which has demonstrated high success rates with up to 97%

reduction in radiation exposure [19].

1.1.2 PediatricHydrocephalus

Hydrocephalus is a common pediatric disease at a rate of about 0.7 cases per thousand
in most developed countries. This number is even higher in developing countries [20].
This condition occurs due to a buildup of cerebrospinal uid (CSF) in the brain leading

to the enlargement of the ventricles and intracranial pressure increase. CSF is believed to
be produced in the lateral ventricles, passing successively through third ventricle, cerebral
agueduct, fourth ventricle prior to its exit into the cisternal spaces around the craniocervi-
cal junction. One of the most common causes of hydrocephalus is due to blockage of CSF
circulation at the level of cerebral aqueduct, which connects the third and fourth ventricles
(see Fig. 1.1(b)). Delay in the treatment of hydrocephalus can result in the loss of motor
function, epilepsy, chronic headaches, sensory damage and death [21]. Most commonly,
clinicians would treat hydrocephalus by diverting the CSF through implantation of a sili-
cone tubing between the brain and the abdomen (CSF shunts). However, six decades worth
of experiences with CSF shunts had shown that they are imperfect devices, with the block-

age of shunts being the number one cause of mobility and mortality [22, 23]. An alternative



to CSF shunt placement were brain endoscopic procedures, with the purpose of removing
the blockage or bypassing the blockage within the brain, thus avoiding implantation of a
CSF shunt altogether. One of the most common brain endoscopic procedures is the endo-
scopic third ventriculostomy (ETV). During ETV, the surgeon rst makes an entry into the
ventricle using an endoscope, composed of a high de nition camera, a light source, and
working channels. Under direct visualization, she then makes a perforation on the oor
bottom wall of the third ventricle using a rigid instrument passed through one of the work-
ing channels of the endoscope. This perforation allows the CSF to bypass the blockage at
the cerebral aqueduct and to egress into the prepontine cisterns located under the third ven-
tricle. In this procedure, a rigid endoscope such as the MINOP Neuroendoscope (Aesculap
Inc., PA, United States) or the Ol HandyPro endoscope (Karl Storz SE & Co. KG, Tut-
tlingen, Germany) is used along with rigid minimally invasive surgical (MIS) instruments

to operate at the target site in the brain at the oor of the third ventricle. The instruments
used with these endoscopes must be cylindrical, with a diameter of about 1 mm - 2 mm
[24]. For example, a cylindrical rigid instrument called the NICO Myriad resection tool
(NICO Corporation, IN, United States) coupled with the rigid MINOP endoscope (with a
built-in camera) has seen success in cases of loculated hydrocephalus [25]. While the ETV
procedure has seen a success rate of over 80% in infants [20, 26, 27], reaching a suitable
location in the third ventricle for penetration in an ETV procedure is non-trivial. Because
of the rigid nature of the endoscope, a linear pathway from the scalp, through the brain
parenchyma, down to the level of the third ventricular oor is required. This linear path-
way must avoid traversing important blood vessels, functional areas and cranial nerves to
avoid hemorrhaging [28]. Further complicating the issue is the fact that the brain anatomy
is often distorted due to the disease process. Because of all these restrictions, nding an op-
timal linear pathway may not always be possible. Furthermore, the ETV procedure is often
combined with cauterization of the choroid plexus (the major source of CSF secretion) in

a procedure called CPC, showing superior results to ETV alone in infants under the age of



one [29], with higher likelihood of shunt independence [30]. A rigid endoscope with rigid
tools leads to reduced maneuverability and visualization of the choroid plexus, especially
in the temporal horns and other areas of the ventricular cavity. In preliminary studies, com-
parisons between exible and rigid endoscopes for the ETV/CPC procedure has suggested
better outcomes with exible endoscopes (although the authors concede that the difference
could be a result of other contributing factors) [31]. However, exible endoscopes suffer
from lower optical quality and potential for disorientation in a non-straight con guration,
which may reduce over time and with training [32].

A more ideal situation would be to design steerable, exible instruments to circumvent
obstacles to reach suitable target locations passed through a rigid endoscope [33] (see Fig.
1.1(b)). Furthermore, it is important for this exible robotic tool to be highly maneuverable
in its workspace, so that it can have a better chance of avoiding obstacles. Finally, in the
operating room, it is often desirable to have two surgeons participating in these endoscopic
surgeries, where one surgeon directs the endoscope, inserting and retracting the scope body,
while the other surgeon operates the instrument itself, including the insertion, retraction
and rotation of the tool in the working channel of the endoscope. As a result, any robotic
solution to this problem must include actuation strategies that must t into a small hand-
held package. All of the above requirements are addressed in the device proposed in this

thesis.

1.2 Related Works

1.2.1 SurgicalRobotsin CardiovasculaBurgery

The rstrecorded use of robotics for cardiovascular surgery was in May 1998, where the da
Vinci robot (Intuitive Surgical, Mountain View, CA, United States) was used successfully

in atrial septal defect repair and a septal aneurysm resection in a 52 year old patient [34].
Starting in the same month, the Intuitive Surgical system was used to perform coronary

artery bypass grafting (CABG) procedures on ve patients [35]. In the same year, the voice-
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controlled ZEUS system (formerly Computer Motion Inc., Goleta, CA, United States) was
used for endoscopic CABG on seven patients [36]. By 2001, robotic surgeries with the
ZEUS and the da Vinci robots had been widely adopted, with the da Vinci system being
used in 1250 endoscopic cardiovascular surgeries like CABG, mitral valve surgeries, and
vascular harvesting [37]. In interventional cardiology, an extremely important motivation
behind robotics was the increasing concern over long-term consequences of orthopedic
load and radiation exposure during percutaneous coronary intervention (PCI) [38]. In the
industry and academia, small-scale catheters have traditionally used ve types of actuation
strategies for steering: magnetic, thermal (SMA-based), pressure-based, and mechanical
(tendon-driven or concentric) [39].

Magnetic navigation of a catheter was rst explored in a complex cardiovascular case
back in 1991, where a strong permanent magnet was moved across the body of a neonate
suffering from a complicated congenital heart condition [40]. By 2002, Faetdis had
tested a novel magnetic navigation system (MNS) called the Telstar system (Stereotaxis
Inc., St. Louis, MO, United States) to navigate a magnetic ablation catheter to 51 total
target sites in 6 animals (dogs and pigs) with a sub-millimeter accuracy [41]. The Tel-
star MNS consisted of three orthogonal superconducting electromagnets, a bi-planar u-
oroscopy system and a control computer. The controlling computer generates an electric
current across the three magnets controlling the orientation of the resultant composite mag-
netic eld, which in turn controls the orientation of an ablation catheter equipped with a
permanent magnetic tip. Insertion/retraction of the catheter was performed manually. The
authors concluded that navigation with the MNS was precise,safe, and had comparable or
better success rates in comparison to standard ablation catheters in navigation to all cham-
bers of the heart. Between May-October 2003, a newer MNS from Stereotaxis Inc. called
the Niobe was tested on 42 patients for catheter-based mapping and ablation of atrioven-
tricular nodal re-entrant tachycardia [42]. The system consisted of two permanent magnets

on either side of the hospital bed. The relative position of these permanent magnets could



be remotely controlled with respect to each other thereby allowing for modulation of the
direction of a stable external magnetic eld of 0.08 T. This eld was used in conjunction
with a magnetized catheter to orient the tip of the catheter, while a motor drive unit (Cardio-
drive, Stereotaxis Inc.) was responsible for the axial motion of the catheter. Since then, the
Niobe system has been used for a number of catheter ablations for a variety of conditions
like atrial brillation or atrioventricular reentry tachycardia [43, 44, 45], magnet-tipped
guidewire navigation in PCI for coronary artery disease [16, 46], and capsule endoscopy
for gastroenterology [47]. However, the Niobe system has several limitations such as a
bulky and time-consuming setup, lack of speed in rotating the permanent magnets and the
inability to modulate and reduce/eliminate the magnetic eld entirely requiring OR rooms
with magnetic shielding [48, 49]. More recently Stereotaxis has unveiled their newest ad-
dition to their line of MNS products known as the Genesis system, that accounts for some
of these limitations with a speedier magnet rotation system. The Catheter Guidance Con-
trol and Imaging (CGCI) system from Magnetics Corp. (Inglewood, CA, United States) is
another commercially available MNS that offers a solution to the low speed of the rotating
permanent magnets in the Niobe system [50]. The CGCI system consists of 8 electromag-
nets that generate a spherical magnetic eld around the patient's torso. Unlike the Niobe
system, these magnets are stationary, but can generate and modify in near real-time, a dy-
namic magnetic eld in any particular direction. The structure of the eight electromagnets
has been designed to reduce parasitic external magnetic elds, thereby eliminating the need
for an OR room with magnetic isolation. The ability to control the amplitude of the applied
resultant magnetic eld on the magnetized catheter also differentiates the CGCI system
from the Niobe. In the last decade, few animal [51] and human trials [52, 53] were con-
ducted with the CGCI system with promising results. The authors report increased speed
of operation and potential increase in contact forces arising from an increased magnetic
eld strength of 0.16 T. However, unlike the Niobe system, the surgeon cannot be present

in the vicinity of the patient due to the bulky magnets surrounding the surgical site making



monitoring the patient's condition extremely challenging; a major limitation of the CGCI
system.

A large body of research has explored magnetic navigation systems for a variety of
minimally invasive cardiovascular applications, and so we will look into these in some
depth. Traditionally, these systems can be both stationary or mobile. Among the stationary
systems, the OctoMag system proposed by Kumetal. of the Multi-Scale Robotics
Laboratory (ETH Zurich, Switzerland) has been widely explored for untethered and teth-
ered microbot control [54] (see Fig. 1.2(a)). The OctoMag system consists of an 8 soft-
magnetic-core electromagnet setup generating a complex non-uniform magnetic eld in
the workspace, and was initially proposed to achieve 5-DoF control of an untethered mi-
crobot for retinal procedures. This system was then miniaturized by Kratcstradil for a
spherical workspace of 10 mm, known as the MiniMag, such that the entire electromagnet
setup was moved to one hemisphere (unlike the OctoMag, which completely surrounds the
target area) [55]. Jeaoet al. designed a exible microbot tipped guidewire for the MiniMag
system [56] (see Fig. 1.2(b)). The body of the microbot was designed using a neodymium
magnet encased within a polydimethylsiloxane (PDMS) cylinder with a microspring con-
necting the robot to the guidewire tip. The authors demonstrated the ability of the microbot
to be steered in a two dimensional plane with the MiniMag system and extremely low-
intensity magnetic elds (approximately 5-15 mT). The biocompatibility of this robot was
also demonstrated in this work. Recently, the authors used the OctoMag system to steer
an improved soft microbot attached to the tip of a guidewire in three dimensions [57]. The
microbot was designed with two neodymium magnets of diameter 0.4 mm placed within a
PDMS beam of diameter 0.5 mm, the proximal end of which was connected to a tradition
0.014” guidewire via a microspring. The distal tip orientation was then controlled using
the OctoMag to achieve bending angles of up to almost, I8Bile a master-slave system
was used for the insertion and retraction of the guidewire. A commercially available MNS

from the Multi-Scale Robotics Lab known as the Aeon Phocus (Aeon Scienti ¢, Aeon Sci-



Figure 1.2: Examples of magnetic navigation systems in literature: (a) OctoMag system
from ETH Zurich ©IEEE 2010 [54], (b) Guidewire robot for the MiniMag system [56], (c)
BigMag system from the Surgical Robotics Laboratory at the University of Twente ©IEEE
2017 [59].

enti c GmbH, Switzerland, now defunct), was also used to steer a magnetic microbot that
was attached to the tip of a catheter using a tether [58]. While this approach allows for the
use of commercially available catheters without the explicit design of exible catheters,
the design permits control only when the tether is in tension. Furthermore, the slow ro-
tating magnetic eld gradients allowed for very low bandwidth open-loop control of the
tethered magnetic distal end of the robot. In 2015, Lalastdd. proposed a novel method
to achieve steering of a magnetized guidewire tip by making use of a modi ed magnetic
resonance imaging (MRI) system with an additional steering gradient coil system mounted
on the MRI system. The authors propose a novel imaging and steering platform consist-
ing of high-amplitude gradient generating coils for steering and low-amplitude coils for
MR imaging along with a magnetic bead tipped guidewire [60]. However, presently, the
coils used to steer the guidewire would interfere with the imaging and tracking system, and
would have to be removed for imaging, making real-time tracking impossible. This re-
sulted in a number of failures in reaching vascular target sites in the animal tests performed
by the authors.

In 2017, the Surgical Robotics Laboratory (University of Twente, The Netherlands)
introduced a six rotating electromagnetic coil setup known as the BigMag system that can
generate a eld of 40 mT in a spherical workspace of diameter 10 cm [59] (see Fig. 1.2(c)).

The system consists of two mobile frames that hold three magnets each, both above and



below the horizontal plane of the patient's torso. The six coils thus can apply 3D wrenches
on the tip of a magnetized catheter for 3D steering of the catheter. The added advantage
of the BigMag setup is that the reduced number of magnets allow for increased access to
the surgical workspace. Using this system the authors have demonstrated 3D non-linear
inverse-model position closed-loop control of a single passive magnet tipped continuum
manipulator (catheter) under stereo-vision based shape and tracking feedback [61]. More
recently a multi-magnet tipped continuum catheter of square cross-section of 1 cm x 1 cm
was controlled using the BigMag system to achieve higher order shapes (S-Shaped curves,
etc.) of the catheter tip [62].

Recently, Kimet al. proposed a way for avoiding the need to add magnets to the tip
of guidewires/catheters by developing a novel soft guidewire tip with uniformly dispersed
ferromagnetic microparticles within it and a hydrogel skin on the surface [63]. The authors
composed the guidewire tip by mixing non-magnetized NdFeB particles with PDMS resin
or dissolved TPU. The whole mixture was then magnetized by applying a strong impulse
of magnetic elds. This magnetized ink was then printed or injection molded and heat
treated to fuse with the guidewire body. As proof-of-concept, the authors demonstrated
the navigation of the guidewire through 3D phantom vasculature using a single permanent
magnet to orient the robot tip. While this work was demonstrated for a guidewire of outer
diameter 0.5 mm, it demonstrated the ability to scale these types of systems further, since
the ability to miniaturize this guidewire depends largely on the printer resolution.

While all of these commercial and academic achievements show promise and scalabil-
ity, any MNS will not be able to completely eliminate three major limitations: 1) Usage
in patients with implanted devices can potentially be impossible and dangerous, 2) Special
shielding is required in the construction of the OR room where the MNS is placed due
to the high permanent magnetic eld (which limits its portability), 3) Requirement to use
magnetic catheters, which make the surgical procedures impossible to conduct under MRI

observation [64].
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Figure 1.3: Examples of shape memory property used for active catheters in literature: (a)
SMA driven nitinol catheter ©IEEE 2002 [66], (b) Multi-joint active cannula with antago-
nistically trained SMA wires ©IEEE 2012 [67].

In 2006, Beyatret al. described the rst ever use of a remotely non-magnetically con-
trolled robotic surgical system, known as the Remote Navigation System (NaviCath, Haifa,
Israel) for percutaneous coronary interventions (PCIs) [65]. The RNS was introduced pri-
marily as a way to minimize clinician exposure to radiation and secondarily as a promising
way to improve stent placement precision. The RNS was designed as a bedside unit consist-
ing of a mechanical transmission module to perform axial translation (insertion/retraction)
and rotation of a guidewire. The mechanical transmission unit consisted of catheter and
guidewire navigation units. The guidewire unit consisted of axial and torsional transmis-
sion mechanisms, while the catheter navigation unit consisted of two pairs of rollers for
axial control and position feedback. A control unit, not present in the immediate vicinity of
the patient was used to remotely control the degrees-of-freedom on the transmission mod-
ule. This control unit consisted of a joystick (for continuous control) and a touchscreen
interface (for making discrete steps). A non-steerable 0.014” guidewire was used by the
authors for tests with 18 patients, with clinical success achieved in all cases. However, the
procedures for which this system was initially used were fairly simple.

The shape memory effect displayed by a nickel titanium alloy known as "Nitinol' has
been used in the past to design thermally actuated miniature catheters. Two modes of op-

eration are typically in use for nitinol: 1) Superelastic mode (where up to 8% strain in
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the material is recoverable), and 2) as Shape Memory Alloy (SMA) where the material
transitions between Martensite and Austenite phases when thermally excited. In the shape
memory mode of operation, the percentage of Nickel and Titanium, the cold working pro-
cess, annealing time and temperature determine the transformation temperatures. Once
annealed, the SMA demonstrates a one-way phase transformation when heated. In short,
when the SMA is heated above its phase transformation temperature (determined by the an-
nealing time and temperature), it undergoes a phase transition from Martensite phase to its
Austenite phase thereby recovering its trained curvature. The curvature is trained into the
material while annealing. Now, when the SMA wire is cooled back to room temperature,
the phase transitions again from Austenite to twinned Martensite, without any changes in
curvature.

In 2002, the authors in [66] and [68] designed a 0.5 mm diameter steerable guidewire
consisting of a Nitinol SMA actuator and an outer stainless steel spring. The actuator
consisted of a meandering design to improve bending and compression compliance of
the actuator. This meandering shape was manufactured from a nitinol SMA sheet using
photolithography and electrochemical etching (see Fig. 1.3(a)). The actuator was housed
within the outer steel spring, and heated with an electric current passed through a lead wire
attached to the actuator (causing the guidewire to reach angles as &gh.ag/hen the
heating was stopped, the outer spring allowed the actuator to return to a lower bending
angle of20 . However, a completely straight con guration could not be achieved with this
actuator, when the electric current on the actuator was turned off and the actuator was ‘re-
laxed'. Some researchers have avoided this aw by using a pair of antagonistically trained
SMA wires to design SMA-driven robot joints [67, 69] (see Fig. 1.3(b)). Another early
approach to the design of SMA-driven active catheter actuators was in 2006 bflaing
where a laser-machined SMA nitinol tubing with an outer diameter of 1.27 mm was used
(with a high transformation temperature of 1120 to design actuators [70]. However, the

authors did not specify how the new actuator design could be incorporated into a catheter
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with the ability to reset its original shape on cooling. Aywatlial. worked on the design of

a multi-joint discretely actuated robotic steerable cannula with shape-memory nitinol ac-
tuators for PCI based diagnostic and therapeutic capabilities [71]. This robot had an outer
diameter of 3 mm. Each SMA joint in the robot was characterized to nd a temperature-
bending angle relationship for temperature feedback control. Each joint was able to bend
up to 19 in phantom gelatin models. A novel SMA wire based soft torsional actuator
was proposed by Shimt al. in 2015 for the design of a robotic catheter [72]. The actua-
tor was designed by torquing a single SMA wire and housing it within a black of PDMS.
When heated, the wire underwent torsion to recover its original shape thereby achieving
torsional motion of the entire actuator system. The authors made use of this twisting actua-
tor, in conjunction with a bending SMA-wire to design a two joint robotic catheter with one
80 mm torsion joint and a 50 mm bending joint and a total outer diameter of 4 mm. While
the robot was capable of 1-DoF planar bending in any plane using a combination of bend-
ing and torsion, the authors did not address how the original shape of the catheter would
be regained, and did not have antagonistic SMA wires built within the system. Recently,
Shenget al. designed a 5-DoF steerable robotic catheter for radiofrequency ablation for the
treatment of atrial brillation [73]. Each actuator for the robot was designed to have two
antagonistic SMA wires wrapped by Nichrome coils which were individually heated using
Joule heating and encased within adapters of outer diameter 2.9 mm. The authors exploited
the resistivity and tight wrapping of the Nichrome coils to achieve high temperatures with
low electric currents. The authors demonstrated the feasibility of using this catheter by
demonstrating it in a cadaver inferior vena cava. While SMA-driven actuators are scalable
and MRI compatible, a major disadvantage of SMA-driven actuators is the low bandwidth
of this modality of actuation. Due to the slow heating and cooling processes, without any
active cooling strategies, these types of actuation strategies cannot be used for real-time
control of robots. Furthermore, the angles achieved by the individual joints of the robot

are also quite low. While the antagonistic pair of SMA-wires achieve total angles of up
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to 20, these are much lower than those required in active catheter applications, specif-
ically for peripheral vascular disease procedures. Furthermore, the inability for a single
SMA wire to reset its shape on cooling can add limitations to the maximum outer diameter
achievable using SMA-driven actuation. Another major disadvantage of SMA-driven ac-
tuators in literature was the inability for these catheters to achieve follow-the-leader (FTL)
motion, which we believe, is critical for navigating through long and tortuous vasculature.

Among the pressure-driven actuators, a multi-segment catheter proposed begtlkuta
al. in 2002 featured a set of micro-hydraulic actuators [74]. The authors developed a
“single-input, multi-output” system to control the joints of the robot, consisting of Band
Pass Valves (see Fig. 1.4(a)). These valves were designed to open only for a selected band
of pressure values, and therefore allowed for individual control (but not simultaneous con-
trol) of the joints of the robot using a single inlet. Using these valves and miniature bellows
designed using silicone asymmetrical structures, the authors designed a 2-DoF pressure-
driven catheter with an outer diameter of 3 mm. While this mechanism was an effective
pressure-driven system, it suffers from a lack of precision in controlling the bending an-
gle and simultaneous control of multiple joints. The authors elaborated on these problems
in [75], where a novel "pressure pulse drive' system was proposed to address both of the
above shortcomings. In this method, the proximal joint is controlled with pressure pulses,
generated by rapidly translating a syringe in conjunction with the pure-pressure control for
the distal joint (see Fig. 1.4(b).

The bellows design proposed by lkeuehal. [76] in 2008 achieved the smallest cross-
sectional area, with a width of 400m and a thickness of only 200m and is a viable
design for a miniature guidewire. The authors apply a MeME-X process to manufacture
the bellows, which is a combination of the MeME process used to design membrane mi-
crochannels and excimer laser ablation (see Fig. 1.4(c)). The process involves molding
of a thermoplastic polymer membrane by sandwiching it between a master mold and a de-

formable plastic substrate, followed by excimer laser micromachining of the membrane and
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connection to a microtube. When the microtube is then pressurized with a saline solution,
the bellows, which have an asymmetric extension property undergo deformation resulting
in distal tip bending of the catheter. Using this novel mechanism, the authors were able
to demonstrate basic bending capabilities in a 3D phantom vascular structure to reach an
aneurysm (see Fig. 1.4(d)). However, the challenge of higher curvatures or multiple joints
was not addressed in this work. Similarly, [77] discussed the construction and actuation
of a one degree-of-freedom hydraulically driven catheter made from a 0.94 mm diameter
nitinol tube covered with a silicone sheath. The nitinol tube was femtosecond laser mi-
cromachined into a joint known as the "unidirectional asymmetric' type of joint (further
elaborated upon in future chapters). This bending joint works using the principle of nega-
tive pressure of water (or a saline heparin solution in practice) injected within the catheter.
When the water is sucked out of the catheter, it causes the sleeve to be sucked into the gaps
between the notches of the unidirectional asymmetric joint, causing de ection in the joint.
Releasing the negative pressure causes the sleeve's shape to be restored and the joint to be-
come straight again. The authors demonstrated the feasibility of using this catheter in acute
vascular phantom models corresponding to-28 turns, however, the joint was unable to
perform any follow-the-leader types of motion to enter these phantom blood vessels. Using
the same principle, the authors proposed a smaller 0.47 mm prototype of the nitinol mi-
cromachined joint as a hydraulic steerable guidewire for PCI procedures. The type of uid
used for pressure-driven actuators is an important consideration from the point of view of
safety. Furthermore, due to the lack of control resolution in these types of catheters, these
catheters have not found a large commercial interest [39].

Among the catheter/guidewire prototypes that are tendon driven, the authors in [78, 79]
designed a 0.8 mm diameter tendon-driven steerable guidewire. It consisted of a nitinol
rod passed through a exible tube extracted from an existing microcatheter whose distal
end was bent by pulling a tendon connected to it. The superelasticity of the nitinol rod

was used to bring the tendon back to its original con guration. The entire distal tip was
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Figure 1.4: Examples of pressure-driven actuators used in active catheters: (a) Band
pass valves designed to open in a pre-determined pressure ranges ©IEEE 2011 [75],
(b) Pressure-pulse drive for simultaneous multi-joint control ©IEEE 2011 [75], (c)-(d)
Bellows-design using the MeME-X process and the catheter designed with this process
navigating through phantom vasculature ©IEEE 2008 [76].
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connected to a PEEK tube housed within a polyethylene shrinking tube, and the tendon
was manually controlled with a handheld controller with a friction based slider mechanism
for translational motion of the tendon. The entire setup was designed to be assembled and
disassembled within 30 seconds.

Early prototypes of a cable-driven catheter system (Catheter Control System, Hansen
Medical, Palo Alto, CA, United States) were tested on 12 porcine hearts with 8 targets
each, and the authors demonstrated a signi cant drop in time for navigation and precise
placement of the distal tip of the catheter [80]. This study was followed up with cardiac
mapping and navigation tests in dogs [81] followed by human clinical trials for atrial map-
ping and ablation of atrial brillation and utter [82, 83], fenestrated stent grafting [84].
The system, further developed into the Sensei®Robotic Navigation System consisted of
two steerable sheaths (Artisan®, Hansen Medical) along with a controller connected to the
operating table, was primarily designed for operation around the heart, and had an outer
diameter of 14 Fr. The Magellan®Robotic Navigation System from Hansen Medical was
further developed for deploying devices around peripheral vascular structures and had outer
diameters of 6 Fr, 9 Fr, or 10 Fr. These catheters had two cable-driven joints, a proximal
joint capable of reaching 9@nd a distal joint capable of exceeding 18&nd could have
a guidewire passed through their inner lumen. The wire and catheter system could be ad-
vanced, retracted and rotated remotely. This system too, has been tested for catheterization
and angioplasty in animals [85] and for fenestrated endovascular aneurysm repair, transar-
terial chemoembolization, uterine artery embolization among many other procedures in
human subjects [86, 87, 88]. The use of tendon-driven joints makes the tool vulnerable to
errors arising from tendon routing within the body of the tool. For example, in multi-joint
tendon-driven robots, tensioning the tendons of distal joints could affect the more proximal
joints near the base of the robot, causing inter-joint coupling. This coupling may be mini-
mized by design, by routing the distal tendons along the central axes of the proximal joints

[89]. In some cases, the tendons corresponding to a certain distal joint are routed along
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Figure 1.5: Tendon-driven multi-joint systems may require decoupling, which can be
achieved by: (a) Design ©IEEE 2017 [89], (b) or by modeling ©IEEE 2009 [90].

dedicated channels created within the joint [91, 92]. A tendon decoupling model may also
be included within the static model of the robot [93, 90].

Chapter 2 explores more on the design of tendon-driven miniature tools and catheters
and potential joint designs for the same. Three potential joint designs are explored and
analyzed further as potential candidates for the robotic guidewires introduced in Chapters

3 and 4.

1.2.2 SurgicalRobotsin Neurosurgery

The rst use of robotics in a recorded neurosurgical procedure was in 1985 where sur-
geons used an industrial robotic arm for stereotactic biopsy on a 52-year old patient with
a malignant brain lesion [94]. Using CT data to identify a target point, a UNIMATION
PUMA 200 robot with a biopsy probe mounted on its end effector was used to probe a
suspected target lesion site. The PUMA 200 robot was selected due to its high accuracy,
stability, programmability and due to the 6 degrees-of-freedom allowing for dexterity sim-

ilar to the human arm. The authors demonstrated that the use of the robot resulted in faster
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and more accurate biopsies. The same robot (a PUMA 200) was used in 1991 to extract
deep-seated benign astrocytomas in six pediatric cases [95]. The Minerva project, initiated
by the Group for Surgical Robotics and Instrumentation, Swiss Federal Institute of Tech-
nology of Lausanne (EPFL, Laussanne, Switzerland), was used to perform stereotactic as-
piration of intracerebral lesions on two patients in September 1993 [96]. Unlike previously
performed stereotactic neurosurgeries, the Minerva project aimed to replace the manual
and largely blind stereotactic procedures with a robotic procedure performed within a CT
scanner environment. This made it possible for surgeons to get real-time tracking of the
surgical instruments, while being able to control surgical gestures like aspiration, biopsy,
etc. The entire surgical procedure (including drilling, incision, manipulation of the surgical
instruments) would be done by the robot. The doctor's role would therefore be elevated
to higher-level decision making and focusing on patient evaluation during the procedure.
Unlike previous attempts, where manufacturing tolerances would lead to loss of accuracy,
the Minerva project made use of a custom designed seven degree-of-freedom robot [97].
In 1995, eight patients with suspected intracranial lesions (which were malignant brain tu-
mors) were operated upon using this setup, resulting in a very high accuracy in comparison
to a manual procedure [98]. The operating procedure duration was also drastically reduced
due to it being conducted in the CT scanner environment.

The Neuromate robotic system (Renishaw PLC, Gloucestershire, United Kingdom,
originally developed by Integrated Surgical Systems Inc., Davis, CA, United States) is a
ve degree-of-freedom robotic arm and a software visualization, planning and position-
ing system. This robotic system can be integrated with 3D visualization obtained from
preoperative CT or MRI images, with either stereotactic frame-based or frameless local-
ization. This system had been used for over 1600 neurosurgical procedures between 1989
and 2001 and was among the very rst to be FDA approved [99]. In 2002, authors in [100]
demonstrated that the application accuracy of the Neuromate system was equivalent to that

of standard localizing systems of the day. After the early phantom studies, this system
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has demonstrated a very high application accuracy duningtro andin vivo studies for
frame-based procedures [101] or during frameless operation [102].

To offset the high costs associated with the development of neuronavigation systems
like the Neuromate system (with development costs as high as $30 million), the RObotic
NeuroNAvigation (RONNA) system was proposed by the authors in [103] for biopsy, DBS,
tumor resection, among other procedures. The original version of the system consisted of
a 6-DoF KUKA KR6 arm acting as a Master robot and a 7-DoF KUKA LWR 4+ robot
(operating in impedance control) to provide visualization in an interactive surgeon-assisted
mode and tool operation during autonomous mode of operation [103]. Animproved version
of this system, the RONNA G3 robotic system, consisted of two industrial 6-DoF robotic
arms mounted on mobile carts, an optical tracking system known as RONNAstereo for pa-
tient localization and a planning software with localization features for patient registration
[104], and was used to perform a brain biopsy on a 45 year old adult without complications
[105]. Recently, the fourth generation of this system RONNAf&turing two KUKA
Agilus KR6 R900 6-DoF arms was proposed and is undergoing clinical trials [106].

One of the few commercial products that directly addressed hydrocephalus, which is
the medical condition tackled in this thesis, is the Medtech ROSA®Brain robotic system
(Medtech, Montpellier, France). It consists of a six degree-of-freedom robotic arm with a
planning station and haptic feedback. This robot has been successfully used in adults for
frameless stereotactic biopsy [107] or deep brain stimulation (DBS) [108, 109] . However,
more importantly, from the point of view of this thesis, the ROSA system has been suc-
cessfully used for a variety of pediatric conditions including hydrocephalus, epilepsy, and
subependymal giant cell astrocytoma (SEGA), among various other conditions [110, 111].

The “Evolution 1” robot (Universal Robot Systems, Schwerin, Germany) was a robot
speci cally designed for high positioning accuracy of endoscopes in micro-neurosurgical
procedures. The robot consisted of a Stewart platform (with a positioning accuracy of

20 m) mounted on a mobile chassis with a serial manipulator for gross pre-positioning of
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the platform (since the Stewart platform had a small workspace). In 2004, Zimmermann
et al. attached a rigid ventriculoscope (Aesculap, Tuttlingen, Germany), which is the same
one we replicate in this thesis, to the robot and used the system for ETV procedures on six
adults suffering from stenosis related hydrocephalus [112]. While there were no complica-
tions related to the usage of the robot, the authors were unable to show a drastic difference
between the performance of a robotic system over manual operation for a ventriculostomy.
While rigid endoscopes with rigid instruments are typically successful for the ETV
surgery by itself, steerable solutions have been suggested for the ETV, when it has to be
combined with other procedures such as the choroid plexus cauterization (CPC) [113] or the
endoscopic tumor biopsy (ETB) [114]. In [113], the authors combine a manually operated
exible endoscope trocar (Karl Storz Steerable Neuro-Fiberscope) with a two-concentric-
tube electrocautery tool. An actuator stage was designed to manipulate the tool and the
steerable endoscope remotely. To test the robot, a surgeon participant was tasked with
reaching 12 target points on a phantom ventricular model, with 66% and 100% success in
two consecutive trials respectively. In [114], the authors propose an algorithmic approach
to determine individual tube parameters for a patient-speci ¢ neurosurgical tool using con-
centric tube designs for ETV/ETB procedures. Dupont et al. [115] made use of concentric-
tubes based robotic instruments for a steerable endoscope, to extend the workspace of the
endoscope (see Fig. 1.6(a)). Recently, Wat@l. proposed a novel steerable sheath
for single-port neuroendoscopic procedures that make use of precurved superelastic tubes
within the working channels of a sheath [116]. Rotating and translating the individual tubes
causes de ection of the sheath, i.e. the tubes themselves act as both working channels, and
as tendons (see Fig. 1.6(b)). The authors model the system using Cosserat rod theory to
model the system as a set of eccentric constrained curved tubes. However, limitations on
the number of tool ports, variations in patient ventricular anatomy, and poor visual quality
in steerable endoscopes [24] may weaken the performance of such a solution.

The geometric size requirements of tools required in ETV procedures impose con-
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Figure 1.6: (a) Concentric tube robot endoscope tool proposed by Depaht OIEEE

2012 [115], (b) Eccentric constrained curved tubes for a steerable sheath ©IEEE 2019
[116], (c) Unidirectional asymmetric notch joint for a steerable ETV and tumor biopsy tool
©IEEE 2016 [117], (d) Multi-joint steerable tool for intracranial cysts proposed by Eato

al. ©IEEE 2015 [118].
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straints on the type of joint used to manufacture any robotic tool. The authors in [119, 120]
identify several joint types for instruments used in minimally invasive surgeries. In the
next chapter, we explore two types of "bending exure joints' de ned in this classi cation
for our robotic neuroendoscope tool. In these joints, the compliance of a bending member
created from the body of the instrument itself is used to achieve a bending capability of the
joints. The joint motion is then controlled by controlling the stroke of a tendon attached to
the bending member. Among meso-scale tendon-driven steerable robots that use bending
exure joints, Eastwoocet al. [117, 121] propose the design of a steerable tool for neuro-
surgical applications based on the “unidirectional asymmetric notch joint' design proposed
in [122] (see Fig. 1.6(c)). Similarly, a backbone made of symmetric notches machined on
both sides of a metal tube is used to form a two joint steerable tool 3.4 mm in diameter and
120 mm in length, for operating on intracranial cysts [123, 118] (see Fig. 1.6(d)). Similar
bidirectional symmetric joints have been applied by the authors in [124] to design a 2-DoF
robot (capable of achievin§shaped curves) 3.3 mm in diameter and 40 mm in length,
to reach lesions in the lateral skull base. Gaal. proposed a 2-DoF solution for the
same procedure that makes use of a set of nested nitinol tubes with bidirectional notches
machined asymmetrically along the length of the robot [125] (see Fig. 1.7(a)). The robot,
which is 6 mm in diameter, has dedicated channels for guiding tendons machined within
the walls of the tube. Authors in [126] propose a novel tendon-driven robot with six bend-
ing sections that was capable of performing follow-the-leader motion to reach target sites
in ETV and ETB procedures (see Fig. 1.7(b)). The robot has an outer diameter of 3.4 mm
with a 1.8 mm inner tool channel. The authors demonstrated the capability of the robot to
attainC-shaped an&-shaped curves in phantom anatomical models.

In this thesis, we address the problem of achieBriaped curves at extremely small

diameters using the mechanical properties of bending exure joints to our advantage.
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Figure 1.7: Bending exure joints in neurosurgery: (a) Dexterous continuum manipulator
for deep skull base surgery by Gabal. ©IEEE 2016 [125], (b) Tendon- driven 6 segment
robot capable of follow-the-leader motion for ETV and tumor biopsy ©IEEE 2020 [126].

1.2.3 ForceSensingn Tendon-driversystems

Tendon-tension is an important feedback modality to measure the state of the robot or to
estimate external tip forces in surgical robotics [127, 128]. In this thesis, we therefore
explore the design of a miniature force sensor to incorporate into the controllers of our
tendon-driven systems.

Strain gauges have been widely used for most force sensors available on the market due
to their high linearity. However, these sensors are susceptible to magnetic noise/temperature
variation [129] and require a properly designed structure with a skilled surface treatment
and bonding technique, which signi cantly limits the design customization. Therefore
various alternative sensing mechanisms employing the Hall effect [130], force-sensitive
resistors and quantum tunneling effect [131] have been proposed to fabricate force sen-
sor cost-effectively and replace the expensive conventional sensing mechanisms such as
strain-gauges and piezoelectric materials. Among these alternatives, optics-based sensing
mechanisms [132, 133, 134, 135, 136, 137, 138, 139, 140, 141, 142, 143, 144, 145, 146,
147] have begun to attract attention, because they provide not only high accuracy, but can
also be easily manufactured and customized in a small form factor. Optical sensing has

been used to extract uniaxial force information [132, 133, 134, 135, 136, 137, 138, 139,
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Figure 1.8: Principle of operation of a screen-type optoelectronics-based uniaxial force
sensing assembly ©IEEE 2017 [148].

140, 141, 142, 143, 144, 145] or multi-axial tactile information [146, 147] depending on the
application. Stress vectors of multiple points or shape of the contact object are estimated
by camera-based image analysis, tracking the gradient of speci ¢ feature printed on elastic
material [147]. Optical ber based force sensing mechanisms were proposed to measure
the force on the complex geometry [143, 144, 145]. Although these optics-based sensing
mechanisms signi cantly expand applicable area in tactile and shape sensing, they require
bulky and expensive electronics such as cameras, pulse generators and receivers and have
relatively high nonlinearity and hysteresis, which is not suitable for the force feedback sys-
tem requiring high accuracy. To implement highly accurate and reliable force/displacement
sensing mechanisms, optoelectronic components have been employed in the sensor [132,
133, 134, 135, 136, 137, 139, 140, 141, 142]. These mechanisms uses two optoelectronic
devices such as an optical emitter and receiver pair. When external load or displacement
is applied to the sensor, the optical path between the emitter and receiver changes, thereby
varying the output of the sensor (see Fig. 1.8). Depending on the arrangement of the com-
ponents, the mechanism is categorized as a screen-type [132, 133, 134, 135, 136, 138, 137],
re ective-type [139, 140], and direct-type sensor [141, 142]. Given fewer components and
simple arrangement of the sensing components, these sensors can provide high accuracy
within a compact footprint and have been applied in compact robotic systems [132, 148,

149, 142]. However, these sensing mechanisms have a limited range of high linearity and
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still require delicate assembly processes to guarantee a high linear output, which eventually
increases fabrication cost/time and limits design customization. Furthermore, not only is
the output of the emitter (ex., light emitted diode (LED)) signi cantly affected by electric
noise and temperature variation, the output of the receiver (ex., phototransistor) is also dis-
torted by ambient light from the external environment [136, 137]. In [136], the external
disturbances were compensated by arrangement of multiple optoelectronic units, but it in-
creases the footprint of the sensor. In [149], disturbance caused by an ambient light was
compensated by modulating the input signal; however, it cannot compensate disturbances

caused by variations in the LED light.

1.2.4 ShapeSensingn SurgicalRobotics

A variety of sensing techniques have been employed to measure the shape of continuum
robots in literature [150]. Electromagnetic (EM) tracking [151] utilizes the principle of mu-
tual induction to measure the location and orientation of small EM trackers placed within
the tracking volume of a eld generator producing an EM eld (see Fig. 1.9(a)). EM track-
ing allows for robust localization of EM trackers without the requirement of the trackers to
be in the line-of-sight of the eld generator. This, along with the small size of the trackers,
high accuracy, and the ease of use makes them very attractive in continuum robotics. How-
ever, the accuracy of these EM trackers can be affected in an OR room setting due to the
presence of devices such as CT/MRI scanners. Furthermore, the EM eld generator must
always be placed close to the location of the tracker, making it unusable in cases where this
is not possible. Finally, the accuracy of the trackers also decreases as the tracker moves
away from a very small volume over the eld generator. Another approach to measuring
the shape of continuum robots is through imaging modalities such as uoroscopy making
use of the bi-planar C-arm system [152, 153] (see Fig. 1.9(b)). However, the robustness
of these techniques and the ability to perform shape recognition in real-time are unclear

and need further investigation. Finally, usage of these systems for real-time control is risk
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Figure 1.9: Examples of shape sensing systems for minimally invasive surgical continuum
robots: (a) Electromagnetic trackers can be tracked with high accuracy by a eld generator
placed within close proximity ©IEEE 2014 [151] (b) Multi-planar uoroscopy machines
like the C-Arm may be used for shape estimation ©IEEE 2013 [152].

prone due to extensive exposure to radiation and contrast agent overuse.

Fiber Bragg gratings (FBGS) are optical bers with gratings etched along their lengths
in order to modulate the refractive index of the ber at the location of the gratings, thereby
allowing the bers to re ect light of a speci ¢ wavelength [154]. This re ected wavelength
is sensitive to changes in axial strain. Therefore, by shifting the neutral axis of the ber,
it can be used to measure bending strain. In [155], the authors present a exible nitinol
needle, constructed using a nitinol wire of diameter 1 mm. This wire has three grooves
of 300 m micromachined along its length such that the grooves are separated from each
other by 120 (see Fig. 1.10(a)). Three optical bers with 4 FBGs each are then attached
within each groove. Therefore, the neutral axis of each of the bers is displaced by this
assembly allowing the bers to measure bending strain, and therefore allowing for 3D
shape estimation of the robotic needle. The authors report errors within 1 mm in free
space, and approximately 2.2 mm in a phantom tissue experiment.

Another approach followed by the authors in [156], by utilizing curvature sensitivity of
gratings etched on D-type optical bers [157], was to attach two D-type bers side-by-side
along the plane formed by the D-shape cladding (see Fig. 1.10(b)). However, in either

of the above cases, the measurable curvature was extremely small and unsuitable for our
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Figure 1.10: Fiber Bragg gratings can be used for shape sensing by offsetting the neutral
axis of the sensing assembly: (a) Machining grooves within the body of a needle ©IEEE
2013 [155], (b) Using d-type FBG bers [156], (c) Helical wrapping of FBG bers to
measure bending and torsion of pre-curved nitinol tubes ©IEEE 2016 [159].

application. For the purpose of our application, where a neuroendoscopic tool is passed
through the trocar of a commercially available endoscope, the usage of the endoscope cam-
era for shape reconstruction may be more viable. The authors in [158] propose two pose
estimation algorithms, one using a marker-based approach and another marker-less tech-
nique that makes use of feature points on the instrument body followed by segmentation
techniques to extract a binary image of the instrument. In a realistic setting, the marker-less
approach, which utilizes singular value decomposition of the binary image of the instru-
ment to nd tip centerline positions, seems most promising. However, these vision based
techniques cannot predict shape of the tool, when it is trying to reach targets outside the
eld-of-view of the endoscope camera. »at al. make use of a novel helically wrapped

FBG sensor design, which is used to measure torsion, curvature and force in a concentric
tube robot [159]. The authors engraved three helical patterns in two Nitinol tubes (each)
with a wall thickness of 0.5 mm, using a novel three-axis engraving system designed specif-
ically for this operation (see Fig. 1.10(c)). Three FBG bers are inserted and bonded in
these helical grooves such that the bers helically wrap each tube. As a result of the helical

wrapping, the torsion experienced during the operation of the concentric tube robots trans-
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lates to axial strain along the length of the bers. Furthermore, this helical wrapping allows

the researchers to measure curvature as well as lateral forces with high accuracy. However,

it must be noted that this approach can only be utilized for robots with a continuous outer
surface (such as concentric tube robots), and may not be directly transferable to bending
exure joints. Furthermore, since bending exure joints do not require torsion and lateral
force measurement, this sensing assembly does not serve the same purpose as that served
for concentric tube robots.

Liu et al. in [160] manufacture a shape sensing assembly by attaching an FBG ber
with a diameter of 100 m to two wires of Nitinol that are about 125n in outer diameter.

The three wires are attached so as to form a triangular cross-section. This offsets the neutral
plane of the combination towards the two Nitinol wires, and away from the center of the
FBG ber. However, the composite neutral axis is still very close to the neutral axis of the
FBG ber, thereby reducing the bending strain on the ber. As a result, the authors are able

to measure extremely high curvatures of up to 8¢ fior their 35 mm tendon driven joint

with an outer diameter of 6 mm and inner diameter of 4 mm. Two such sensor assemblies
are inserted within the walls of this joint by creating channels within these walls along
the bending plane of the joint. In [161], the authors further demonstrate the ability of the
sensor to be able to measure shape of the robot in the presence of obstacles, such that the
curvature of the robot is no longer constant.

In [162], the authors improve upon the design proposed in [160] by packaging the entire
sensor assembly (FBG and two Nitinol wires) within a polycarbonate tube, which is then
inserted within the walls of their joint. The authors demonstrate that such an assembly suc-
cessfully allows for large de ection measurement of a tendon-driven joint while improving
assembly accuracy and manufacturing capability of such sensors. In [164], the authors
propose a novel data-driven method to estimate the tool position using the sensor design
proposed in [162]. The authors attach re ective markers to the tip of a 6 mm diameter

single degree-of-freedom joint to achieve ground truth 3D position of the tip of the joint.
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Figure 1.11: Examples of previous work on large de ection FBG-based shape sensing:
(a) FBG sensor and two nitinol wires packaged within a polycarbonate tube ©IEEE 2016
[162], (b) FBG ber bonded to thin nitinol strip ©IEEE 2019 [163].

The joint is also equipped with the sensor assembly described in [162] (see Fig. 1.11(a)).
The joint is then actuated to a curvature of 50'nfrom a straight con guration, and op-

tical ground truth data as well as FBG data are simultaneously gathered for training the
system. The training dataset is then randomly divided into 70% training and 30% valida-
tion data. A linear regression model is then trained using this training data, to identify tip
position from raw FBG wavelength information. Finally, the authors compare their data-
driven approach to a previously described model-based approach and demonstrate that the
data-driven approach is able to signi cantly reduce tip position error especially at higher
curvatures.

Another example of large de ection shape sensing was demonstrated for an SMA-based
bending module (used in the 5-DoF catheter previously described and addressed in [73])
capable of measuring curvatures as high as 77.87 ithe sensor was designed by bonding
an FBG ber to a thin nitinol strip (which acts as a substrate) with a exible adhesive (see
Fig. 1.11(b)). The sensor output however shows a signi cant amount of hysteresis and
temperature dependence. Temperature-modulation being critical for SMA-driven joints,
this can be a signi cant detriment to the use of FBG-based sensors for SMA-driven joints.

In this thesis, we improve upon this design allowing for the measurement of curvatures as
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high as 145 m?, approximately two times the previously reported maximum value.

1.2.5 ResearctObjectives

Navigation of micro-scale guidewires and steerable meso-scale endoscope tools around
anatomical obstacles and through tortuous bifurcations is a critical part of minimally in-
vasive surgery. From the literature review, it is clear that miniaturization of steerable
catheters and endoscopes has promising implications for minimally invasive cardiovas-
cular and neurosurgical outcomes. The current state-of-the-art solutions lack steerability
at the sizes required in interventional cardiology and pediatric neuroendoscopy. Specif-
ically, no solutions exist for steering of micro-scale guidewires with diameters between
0.36 mm - 0.89 mm. Complex maneuvers like follow-the-leader motion, helpful in navi-
gating tortuous vascular bifurcations, have also not been attempted previously at the sizes
required for steerable guidewires. While analytical static and kinematics models for small
scale joints necessary to build micro-scale and meso-scale robots exist, these models lack
the comprehensive study required to control these joints autonomously. Finally, intrinsic
large-de ection shape estimation and tendon-force measurement for miniature continuum
robot joints is a challenging problem. In the absence of these tools, it is unlikely, that
autonomous micro-scale continuum robotics will see application in a wide-spread clinical
setting. This work is a preliminary attempt at tackling all of the above problems, namely,

a micro-scale robotic guidewire for interventional cardiology, a meso-scale 2-DoF robotic
neuroendoscope tool for pediatric neurosurgery, miniature tendon-force sensors for these
robots, and intrinsic shape-sensing for the robot joints. Our primary research objective
is to design steerable robotic solutions at sizes that are compatible with existing rigid (or
non-steerable) solutions on the market today. Therefore, for rapid adoption of the solu-
tion, it is necessary that the robotic guidewire must have an outer diameter equal to that
of commonly available guidewires (commonly known as O14, 016, or O35 guidewires).

Similarly, it is critical that the robotic tool designed for neuroendoscopy be compatible with
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existing neuroendoscope trocar working channels.

Another major research objective is to incorporate suf cient number of degrees-of-
freedom in the joints of our system to perform the tasks critical to the success of surgical
procedures. Therefore, the proposed guidewires in this thesis can perform certain ma-
neuvers (like Follow-the-leader motion), that were previously not possible for steerable
microcatheters on the market or in previous literature. Similarly, the neuroendoscope to be
designed must be able to achi&&eshaped curves and have a handheld controller, such that
the clinician can control the bending plane of Bweurve.

Finally, it is critical to move towards autonomous control of the degrees-of-freedom of
our robots, to make control of these systems intuitive for clinicians. With this objective in
mind, we address the design and validation of various sensors that may be deployed within
these robots such that the robot state can be known at all times, and used for closed-loop

control of these robots.

1.2.6 ThesisOverview

Chapter 2 outlines the development and taxonomy of micromachined tendon-driven joints
for surgical robots. Chapter 3 details the development of a 0.79 mm outer diameter 2-
DoF robotic guidewire for peripheral artery diseases. Chapter 4 details the design of a
CO-axially Aligned STeerable (COAST) guidewire, a model to determine optimal design
parameters, a compact actuation system, and proposes a Jacobian-based control strategy
for the same. Chapter 5 proposes a variety of designs for a neurosurgical robot for the
endoscopic treatment of pediatric hydrocephalus, while Chapter 6 details energy-based
models for the joints of the best design, and a disturbance observer-based control strategy
for the same. Chapters 7 and 8 detail the design of miniature tendon-force and intrinsic
shape sensing for micro-scale and meso-scale continuum robots, like the ones proposed in

this work. Finally, Chapter 9 concludes this thesis.

32



CHAPTER 2
BENDING FLEXURE JOINTS: A BRIEF TAXONOMY AND EVALUATION

2.1 Tendon-driven Bending Flexure Joints

Tendon-driven robotic minimally invasive catheters or endoscopes usually include joints
that involve rolling or sliding motion between two rigid members [165, 166], or exploit the
physical compliance of the material to form bending exural joints [120]. Speci cally from
the point of view of this thesis, bending exural joints are constructed by micromachining
material from a tubular shaft, thus enabling bending of the tube and creating directional
springs [167, 168, 169, 123]. Fig. 2.1 shows the design of three such commonly used
exural joints which are often termedotch joints that are actuated using tendons attached

to the distal ends of the joints (see blue lines in Fig. 2.1). A bending member is created
by the removal of material in each of the notch joints (see dotted lines in Fig. 2.1(a)-
(c)), and actuation of the tendon with a for€e causes this bending member to de ect,
thereby causing the joint to bend. Due to the absence of moving parts, such as in rolling
or sliding joints, notch joints are suitable for miniaturization, making them appropriate for
the catheters and neuroendoscopes proposed in this thesis.

The bidirectional symmetric notch (BSN) joint [170, 171, 172, 173, 174] (see Fig.
2.1(a)) is obtained by removing material symmetrically on either side of the Y-Z plane
creating a bending member symmetrically about this plane. This allows the joint to be
de ected on both sides of the Y-Z plane. However, due to the bending member running
centrally along the Y-Z plane, the moment arm achieved by the actuatingFelisdow,
thereby making this joint very stiff. As a result, the authors in [122, 117] suggest a uni-
directional asymmetric notch (UAN) design (see Fig. 2.1(b)) which can achieve a higher

moment arm due to the bending member being shifted to one side. Note that both the above
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Figure 2.1: Bending exural joints are designed by creating notches into the body of a
tubular shaft. The notch geometries allow us to classify these joints into three types, (a)
bidirectional symmetric notch (BSN) joint, (b) unidirectional asymmetric notch (UAN)
joint, and the (c) bidirectional asymmetric notch (BAN) joint.

notch geometries, while being stiff to forces applied transverse to the bending plane (Y-Z
plane in Fig. 2.1), are compliant in the bending plane (X-Z plane in Fig. 2.1). Therefore,
they are susceptible to external fordes andF, which may result in undesired de ec-
tions. However, unidirectional notch joints cannot resist fol€gsby design, while the
bidirectional joints can resist these forces by tensioning the appropriate tendons. While the
authors in [121] propose the addition of contact-aids to reduce this problem in unidirec-
tional geometries, it cannot be eliminated completely.

In this chapter, we focus on the design-parameters of a type of a exural notch joint
we call the bidirectional asymmetric notch (BAN) joint (see Fig. 2.1(c)) [175, 176, 177,
178]. In comparison to the unidirectional notch joints [121], this joint has notches on both
sides of the Y-Z plane (see Fig. 2.1(c)). These notches are arranged asymmetrically about
this plane, unlike symmetric notch joints [123], where material is micromachined out on
both sides of the Y-Z plane in a symmetric manner. We nd that the bending exibility of
the BAN joint is much higher than that of a UAN joint, given the same amount of material
removal. This is due to the fact that the bending is dominated by the member created
between the two notches of this joint. This phenomenon has been demonstrated in Section

2.4. We note that this additional improvement in exibility does not excessively affect the
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Figure 2.2: (a) Euler beam model used to model forces applied in the bending plane, (b)
Finite Element Model of the BAN joint bending primarily due to de ection of intermediate
beam.

stiffness of the beam to external forces applied.

We will rst generate an Euler beam based bending model for the same, using a Finite
Element Analysis (FEA) to guide this model. Finally, we analyze the bending, transverse
and axial stiffness of this joint in comparison to the other types of notch joints, since these
are the primary forces observed on such joints in a surgical setting. In this section, we
provide a model to estimate the bending stiffness of the BAN joint. A simpli ed schematic
is shown in Fig. 2.2(a), whelle = 2d  OD is effective beam length from the left side of
the bottom notch to the right side of the top notch, &rdl,, + (OD d) is the distance
from the tendon to the notch. The deformation of the begndue to the tendon tension

force,Fy, is governed by the following equation:
oo Ft
Elv ™= E(X+ 1) (2.1)

whereE is the elasticity of the tube, = 2iél(OD ID) h? is the second moment of area on

the beamx is the horizontal coordinate originating from the left side of the notch and half
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