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SUMMARY

Manual manipulation of passive surgical tools can be challenging and may provide
limited access to target locations deep within the body. For example, in brachytherapy can-
cer treatment, hollow needles must be delivered to a target area for radiation, such as the
prostate, which is located around the urethra and must not be damaged. The accuracy of
needle placement affects both the ability to achieve the pre-planned radiation dose distri-
bution and to minimize damage to nearby healthy anatomical structures. This dissertation
presents the design of a robotically steerable needle system capable of navigating along a
desired curved path achieved by using a tendon-driven robotic joint. First, the assembly
of micro-scale and mesoscale robotic joints is outlined, and different attachment methods
for both nitinol and tungsten tendons are studied. The steerable needle system consists of
a steerable stylet made from a micromachined superelastic nitinol tube to create a tendon-
driven bending joint. By offsetting the placement of tendons from the neutral axis of the
joint, the system can be bent in multiple directions. Finite element modeling is used to de-
termine the parameters for the micromachined joint, and a model is derived to estimate the
de ection due to the tendon-pulling force. Control is implemented using Electromagnetic
(EM) tracking, and the steerable needle is shown to effectively navigate along a desired
curved path through a hydrogel tissue phantom. However, EM tracking may not be prac-
tical in an operating room due to interference from other devices. Therefore, this work
investigates the use of intrinsic Fiber Bragg Grating (FBG) sensors. A planar FBG bending
sensor is created and shown to be capable of measuring curvatures as large as T4fian
sensor is effectively implemented for state estimation of the bending angle in both meso-
scale and micro-scale surgical robotic devices. To expand this work, a Three-Dimensional
(3D) FBG-based shape sensor is created rst using an FBG ber in series with a supere-
lastic nitinol spring. However, this sensor could not be miniaturized, so an FBG triplet is

then created to achieve a miniaturized 3D shape sensor and characterized under different
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use cases by varying the rate and duration of de ection as well as the surrounding temper-
ature. The sensor is found to provide a reliable response with some relatively small drift
when de ected for long periods of time. This 3D FBG sensor is then implemented in the
micro-scale COaxially Aligned STeerable (COAST) guidewire robot, which is been mod-

i ed to facilitate the integration of the sensor and to create a force-sensing tip at the distal
end. The COAST guidewire is capable of Follow-The-Leader (FTL) motion for navigating
tortuous vasculature, which is currently a challenge in cardiovascular interventions. Cur-
rent visualization requires X-ray imaging, which should be minimized, so intrinsic shape
feedback is implemented in this work to improve future control of this robot. Multiple
shape reconstruction approaches to model the COAST guidewire using the FBG feedback
are derived and compared. Furthermore, the most distal FBG sensing segment is isolated
in the tip and correlated to external forces to provide feedback toward safe interaction with
surrounding structures. The design of this guidewire is then adapted to create a steerable
robot capable of FTL motion to facilitate the navigation of delicate tissues within the brain.
The steerable robot delivers a hollow sheath capable of stiffening in a curved con gura-
tion to facilitate the passage of clinical devices such as an Stereoelectroencephalography
(SEEG) depth electrode used to diagnose epilepsy. Building towards the ultimate goal of
this research to safely navigate complex anatomies and deliver minimally invasive proce-
dures to target locations that are currently challenging to access, the work presented in this
dissertation demonstrates my contributions towards the design, modeling, and control of

minimally invasive robotic surgical systems with integrated sensors.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 Motivation

Minimally Invasive Surgery (MIS) refers to the use of surgical techniques that reduce dam-
age to the body by gaining access through small portals rather than the large incisions used
in open surgery. MIS has become widely adopted for a variety of procedures due to its
many patient advantages over open surgery, including faster recovery, less pain, lower risk
of infection, reduced trauma, and shorter hospital stays. However, MIS presents surgeons
with the challenges of a steep learning curve and limited surgical access, prompting the fur-
ther development of technology to improve and expand surgeon capabilities in performing
these procedures. Robotic tools offer great potential to solve current challenges in vari-
ous minimally invasive procedures, including needle placement for brachytherapy cancer
treatment, guidewire navigation for cardiovascular disease, and electrode placement for

diagnosis of epileptic seizures.

1.1.1 BrachytherapyCancerTreatment

Cancer presents a signi cant global disease burden, with approximately 18.6 million new

cases of cancer diagnosed in 2015 alone [1]. Brachytherapy (BT) is a crucial radiotherapy
method that was rst used to treat cancer in the early 1900s. BT refers to the implantation of
radioactive sources within malignant tumors, which enables unparalleled concentration of
radiation dose, leading to excellent clinical outcomes. BT has proven successful in treating
cancers that are relatively straightforward to target with implants, such as cervical cancer
[2] and prostate cancer [3], which accounted for approximately 3.4 million and 14.4 million

cancer cases, respectively, in 2015 [1]. Prostate cancer is the most commonly diagnosed



male malignancy, causing approximately 375,000 deaths worldwide in 2020 [4]. Studies
show worsened patient outcomes when omitting BT from treatment protocols for cervical
cancer [5] or aggressive prostate cancer [6].

High-dose Rate (HDR) BT is a modern form of BT where hollow, often plastic, nee-
dles are implanted into cancerous tissues followed by imaging, computerized radiation
treatment planning [7], and delivery of the radiation source into the hollow needles. The
implantation procedure requires manual placement of BT needles into the cancerous tis-
sues while avoiding normal tissue injury and yielding optimal radiation dose exposure to
the target. A highly active radiation source, usually Iridium-192, is after-loaded into the
needles, leading to high concentrations of radiation dose directly within malignant tumors
[7]. For appropriately selected cases, HDR BT enables highly customized radiation dose
clouds, offering best-in-class tumor coverage and normal tissue avoidance. This treatment
leads to excellent clinical outcomes in prostate cancer [8, 6], cervical cancer [2], endome-
trial cancer [9], breast cancer [10] and sarcoma [11], and there is great interest to expand
its use into other cancer types [12, 13, 14]. The use of HDR BT is particularly attractive in
cancers where there is clear evidence of bene t of radiation dose escalation, such as pan-
creatic cancer [15, 12], or avoidance of normal tissue injury such as liver cancer in patients
with liver cirrhosis. Perioperative HDR BT has shown some promise for the treatment of
pancreatic cancer, especially for the possibility of increased local control [16]. A feasibility
study of interstitial BT has proven the potential for this approach in pigs and emphasized
the need for a reliable and accurate delivery system for percutaneous BT to become a treat-
ment option for pancreatic cancer [17]. However, the widespread adoption of HDR BT
for treatment of many cancers has been hampered by dif culties in the implantation of BT
needles into the target tissues.

The success of HDR BT is contingent on accurate needle placement to optimize radia-
tion dose distribution. In the ideal scenario, 100% of the prescription dose will encompass

the entire tumor target while completely avoiding all of the adjacent critical normal organs.



In practice, iterative treatment planning by a team of physicians and physicists balances tu-
mor coverage and normal tissue avoidance to maximize the chance of cancer control while
minimizing the risk of treatment toxicity. The quality of the treatment plan is predomi-
nantly determined by the positions of the treatment needles, which delimit the global set of
available radiation source positions. Manual needle implantation often results in subopti-
mal needle positions, with in vivo accuracy estimated between 3-6 mm [18, 19]. Fonseca
et al. found that inaccuracies exceeding 2-6 mm of 3 or more needles can signi cantly
alter treatment ef cacy, with needle migration over 3 mm reducing prostate gland dose by
about 5%, potentially compromising treatment outcomes [20]. Furthermore, needle inser-
tion can induce prostate rotation, leading to up to 10 mm of needle position inaccuracy [21].
More accurate needle placement could increase tumor control and decrease normal tissue
injury. Furthermore, needles capable of following a curved path could improve outcomes

and expand upon achievable dose distributions [22].

1.1.2 EndovasculaBurgery

Cardiovascular Diseases (CVDs) are a group of conditions that affect the heart or blood
vessels, including coronary artery disease, stroke, peripheral arterial disease, and many
more. CVDs have emerged as the leading cause of mortality worldwide [23], accounting
for approximately 17.9 million deaths annually, signifying 32% of global mortalities in
2019 [24]. The global prevalence of CVDs has nearly doubled from 271 million cases in
1990 to 523 million cases in 2019 [23]. The increase in prevalence has accompanied a
signi cant increase in the years of life lost and years lived with disability, which doubled
from 17.7 million to 34.4 million over the same period [23]. While heart attack and stroke
are the most common causes of death from CVD [24], other CVDs have also increased,
including Peripheral Vascular Disease (PVD) and patrticularly Peripheral Artery Disease
(PAD), which affected 14.5% of individuals over 70 years of age in the United States in

1999-2000 [25]. PAD is caused by the build-up of atherosclerotic plaques within the pe-



ripheral arteries, which narrows the arteries, reducing the ow of oxygen-rich blood to the
limbs. PAD had a global prevalence of approximately 155 million cases in 2015 [1]. CVDs
cause a signi cant disease burden, which presents an urgent need for improved prevention
and treatment.

Treatment of CVDs using minimally invasive endovascular procedures eliminates the
need for large incisions required by traditional open surgical techniques. Endovascular pro-
cedures access the blood vessels through small incisions and navigate the vascular system
using specialized instruments, including long, exible catheters and guidewires, to treat
and diagnose cardiovascular conditions. Endovascular treatment of CVDs has shown sig-
ni cant advancements and is increasingly used to treat a wide variety of vascular diseases
such as vascular injuries [26], intracranial atherosclerotic disease [27], and PAD [28]. Guez
et al. examined Medicare les from 2011 to 2016, which showed that the total volume of
endovascular treatment for PAD increased by 25% to 226,959 procedures per year [29].
During the same period, the volume of traditional surgical treatment decreased by 20% to
only 53,390 procedures in 2016 [29]. Endovascular treatment of PAD has shown promis-
ing results with high freedom from major amputation and improvement in the quality of
patient life [30]. While endovascular surgery offers many advantages, including reduced
recovery time, reduced pain, and lower risk of infection, some procedure complications
and disadvantages, including radiation exposure and limited accessibility, persist.

Endovascular interventions typically begin with the navigation of a long, exible wire
with typical outer diameters ranging from 0.36 mm to 0.89 mm (0.0147-0.035") [31], known
as a "guidewire,” through the vasculature and reach target lesions. Guidewires are of-
ten navigated using uoroscopic imaging, providing initial access to the target area. The
placed guidewire subsequently allows larger catheters to be rapidly guided to the area of
interest to perform the desired procedure. Currently, these guidewires are navigated by
manually manipulating the base of the wire from outside the body to maneuver the distal

tip, resulting in imprecise control. This complex skill necessitates high dexterity and preci-



sion in the presence of challenging factors such as tortuosity and calci cation of the blood
vessel [32, 33]. Endovascular treatment is hindered by challenges accessing complex vas-
cular anatomies such as smaller vessels, fragile diseased vessels, and prolonged exposure
to ionizing x-ray radiation [34]. Complications can include kinking, looping, knotting, and
breakage of the guidewire which can lead to vessel damage, major hemorrhage, emboliza-
tion of a fractured guidewire or potentially fatal vessel perforation as well as increased
procedure time and radiation exposure to both clinicians and patients [35, 33, 36, 32, 37,
38]. Future robotic technology shows potential in overcoming challenges associated with
traditional endovascular techniques by offering improved navigation, control, stability, and

feedback [34, 39].

1.1.3 Neurosurgery

Brain tumors affect over 700,000 Americans today and are one of the leading causes of
cancer-related deaths [40]. Furthermore, brain metastases occur in 20-40% of adult cancer
patients [41]. When surgical resection is performed in addition to the standard whole brain
radiation therapy, overall survival and freedom from local recurrence have been shown
to improve [41]. Performing brain tumor resection with MRI guidance increases the sur-
geon's ability to nd residual tumors, maximizes normal tissue preservation, and can allow
surgical planning to improve safety [42].

Another neurosurgery, SEEG depth electrode diagnosis is a vital technique used to
localize epileptic seizures in patients with drug-resistant epilepsy, which affects approxi-
mately 25% of children and 15% of adults with epilepsy [43, 44]. It involves the inser-
tion of thin, exible electrodes directly into speci c brain regions to precisely map the
epileptic activity and de ne the Seizure Onset Zone (SOZ). Following diagnosis, resective
surgery may be performed, which eliminates disabling seizures in approximately 60% of
patients who underwent the SEEG procedure, despite the typically higher complexity of

these cases [43, 45]. The current procedure requires the placement of approximately 10-15



electrodes [43, 46]. Current straight electrodes face limitations as brain structures and path-
ways are inherently non-linear. Therefore, multiple electrodes are often needed to sample
these structures effectively. Additionally, xturing of the cranium can obstruct some areas
from access, limiting electrode insertion points. The risk of hemorrhagic complications, be-
ing the most common, has been estimated at about 0.04% - 0.2% per implanted electrode
[43, 47]. Furthermore, the accuracy of electrode placement can vary widely depending on
the placement method with target point error of approximately 2.34-3.44 mm for frameless
systems, 1.05-2.81 mm for frame-based systems, and 1.66-1.75 mm for external robotic
trajectory guidance systems [48]. De nitive localization of the SOZ is crucial for clinical
success in mitigating the dif cult-to-localize epilepsy cases for which SEEG diagnosis is

used.

1.2 Related Works

1.2.1 Brief Overviewof SurgicalRobots

The eld of medical robotics has grown tremendously since the development of the rst
surgical robot in 1988, the PUMA 560, an industrial manipulator that was utilized for brain
biopsy [49]. Since then, surgical robots have been increasingly researched and commer-
cialized [50]. Robotic instruments can enable unparalleled access and dexterity during
minimally invasive surgical procedures, where natural ori ces and small incisions are used
to access surgical sites within the body. This increased maneuverability offers potential for
the further expansion of minimally invasive surgery, which, in comparison to open surgery,
limits visibility and access to the surgical site but offers the integral patient bene ts of less
procedural complications, reduced trauma to the patients, and shorter hospital stays.
Robotic devices have shown signi cant impact and interest in the eld of minimally
invasive medical interventions. This includes discrete laparoscopy tools as used in the da
Vinci® robotic surgical systenf(Inc., Sunnyvale, CA). Many of these mechanisms are de-

signs based on traditional rigid-link principles, such as the CorPath GRX Robotic System
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(Corindus, a Seimens Healthineers Company, Waltham, Massachusetts, USA) which uti-
lizes rigid-link mechanisms to robotically control the insertion and rotation of a guidewire
and guide catheter. However, this mechanism does not provide steering at the tip of the
guidewire.

Continuum robots, which are characterized by a continuous deformable structure, re-
main an open topic of research [51]. Despite their added complexity, continuum robots can
achieve slender curvilinear shapes, making them potentially well suited to pass through
body lumens, natural ori ces, and small surgical incisions [52]. Many actuation strate-
gies have been explored to achieve shape control for these surgical robotic tools including
magnetic actuation [53, 54], relative motion of precurved concentric tubes [55, 56], u-
idic actuation [57], bevel/ exure tipped steerable needles [58, 59], shape memory alloys
[60, 61, 62, 63], multibackbone [64, 65, 66], and tendon actuation [67, 68, 69, 70, 71].
These actuation methods and continuum manipulators have been investigated for applica-
tions such as catheters, colonoscopes, steerable needles, guidewires, and endoscopes [72,
73].

Some commercial robotic bronchoscopy solutions have received FDA-approval for the
diagnosis and treatment of peripheral pulmonary lesions. Each of the three systems con-
sists of a proprietary omnidirectional bronchoscope mounted on a robotic arm, that can be
articulated to bend a xed length near the distal end of the bronchoscope, creating a single
curved section [74]. The rst release was the Mondrphatform (Auris Health, Inc., Red-
wood City, CA, USA) in 2018 which consists of a continuum articulating bronchoscope
(Outer Diameter (OD) 4.4 mm) within an articulating sheath (OD 6.0 mm) and uses an
EM navigation system. In 2019, the foendoluminal platform (Intuitive Surgicglinc.,
Sunnyvale, CA, USA), consisting of a single articulated bronchoscope (OD 3.5 mm) using
ber optic shape sensing technology was released. Both systems have shown high localiza-
tion rates of 96% [74]. However the diagnostic yield of approximately 69-80% and safety

pro les for these robotic bronchoscopes remain comparable to non-robotic systems with



digital tomosynthesis corrected EM navigation [74, 75]. The Galaxy Sys{&loah Med-

ical, San Carlos, CA, USA), which received FDA clearance in 2023, consists of a single
articulated bronchoscope (OD 4.0 mm) and aims to improve the discrepancy between high
localization as compared to lower diagnostic yield by using proprietary digital tomosynthe-
sis (TiLT+ Technology) to correct for CT-to-body divergence. Though initial results show
successful diagnostic yield, small sample sizes and the lack of direct comparative studies
limit current work and warrant additional clinical trials to determine the success rates of
the Galaxy Systefhin comparison to other systems [76]. Challenges remain in advancing
capabilities, enhancing dexterity, expanding applications, furthering miniaturization, and

improving the clinical effectiveness of continuum robotic devices for medicine.

1.2.2 Tendon-driverSurgicalRobots

Tendon-driven designs are the most common method of shape control for continuum robots
[77]. These can be referred to as tendons, cables, wires, or some combination thereof and
henceforth will be referred to in generality as tendons. One advantage of this approach is
that these thin, exible tendons translate motor energy into precise movements, emulating
the intricate pull and release of muscles such as the human forearm and hand. Unlike
motors embedded within a robotic arm, tendons transmit forces from external actuators,
offering great potential for the miniaturization and dexterity needed to navigate the human
anatomy.

Tendon actuation can be used to control non-continuum, hyper-redundant, discrete-
jointed designs. These hyper-redundant robots consist of multiple discrete joints in series,
which emulate the spine of a snake [72, 78]. This enables multiple discrete joints to be
simultaneously actuated to approximate continuous curvature. While these mechanisms
provide increased dexterity within con ned spaces, they currently lack the ability to be
miniaturized signi cantly.

Continuum robots can be miniaturized signi cantly due to their simple structures. Tendon-



driven continuum robots can be classi ed into several categories; however, continuous
backbone robots and notched manipulators are prevalent in literature. Multibackbone ac-
tuation is similar to tendon-actuated robots where the tendons can be replaced with rods.
Both methods can be used simultaneously by routing tendons through the rods to more
distal segments. The rods allow the exertion of both pushing and pulling forces to de ect
the exible backbone of the robot [65]. The backbones used are often made of superelas-
tic nitinol, a Nickel-Titanium (NiTi) alloy, to enable large deformations along the length

of the backbone [65, 66]. Machined disks are used for routing and attaching tendons and
push/pull rods. These robotic devices may be larger in diameter to accommodate the place-
ment of multiple backbones around the structure in order to achieve multi-DOF motion.
Examples of these devices with diameters around 6.4 mm to 7.5 mm have been reported by
Ding et al. [79] and Xuet al. [65], respectively.

Tendon-driven continuum manipulators can be made with smaller diameters by utiliz-
ing a exible member for the body of the robot. These exible members, often called
backbones, can be elastomers, springs, bellows, exures, or exible beams [65]. They
function similarly to the articulated spine of tendon-driven hyper-redundant manipulators
but generally offer advantages in reduced weight, size, and exibility. These robotic joints
often consist of a exible member with one or multiple tendons attached at the distal end.
These tendons apply tension to de ect the member in one or more directions. This design
approach enables the fabrication of meso-scale devices ranging from larger sizes of multi-
ple millimeters [80] down to devices with diameters less than 2mm [81, 82, 83], and even
micro-scale devices with diameters less than 1 mm [84, 85, 86]. Multiple such joints can be
placed in series, though special tendon routing may be required to decouple the actuation
of proximal and distal joints [87].

One area of interest for such miniaturized robotic devices is minimally invasive in-
travascular procedures. The treatment of many cardiovascular diseases necessitates the use

of a slender guidewire to serve as a guide for other tools, such as catheters, to the area



of interest. Many guidewire designs have been developed to overcome challenges such as
tortuous anatomy, potential occlusions, and lack of precise tip control. Prior work includes
tendon-driven and magnetically actuated mechanisms [88, 89]. However, tendon-driven
mechanisms offer generally more compact actuation [85, 90], simpler control, and higher
miniaturizability [91, 92], making tendon-driven mechanisms of interest for stroke proce-
dures such as cerebral embolization.

Another application of interest for tendon-driven continuum robotic tools is minimally
invasive neuroendoscopy, where clinicians utilize a small hole in the skull to perform pro-
cedures through an endoscope. One example of these procedures is Endoscopic Third
Ventriculostomy (ETV) where clinicians make a small hole in the bottom of the third ven-
tricle to allow Cerebrospinal Fluid (CSF) to drain normally. The procedures can bene t
greatly from the dexterity provided by robotically steerable tools to avoid damage to brain
tissue and tumor diagnosis [93]. Concentric tube robots have been applied to this area with
success [94]. However, these robots are well known for having bi-stable con gurations
that can result in quick changes in con guration [95], potentially causing harm to patients
if left unaddressed. Tendon-driven robots have shown much success with the development
of exible robotic tools with multiple degrees-of-freedom [96, 97] as well as the develop-
ment of compatible end-effectors for grasping [98, 99]. Furthermore, studies have been
conducted with clinicians using these tendon-driven mechanisms in phantom models [100]
with much enthusiasm from the neurosurgery community [101].

Due to their high potential for miniaturization and dexterity, tendon-driven continuum
manipulators are of special interest for the design of robotic tools, such as neuroendoscopic
tools and guidewires, which require very small diameters. Despite this remarkable poten-
tial, tendon-driven actuation in medical robotics faces challenges such as fabrication and
friction reduction [78]. While previous papers have reviewed the modeling and tendon
routing for these robotic devices [72, 102, 78, 103], few have addressed the sometimes

challenging fabrication of such devices. To address the challenge of miniaturization, this
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work presents a tutorial for the construction of miniaturized tendon-driven robotic joints

with a focus on applications in minimally invasive robotic surgery.

1.2.3 SteerabldNeedles

Steerable needles are an actively researched area of medical robotics with the potential to
provide clinicians with greater control, access, and versatility. This technology could be
an advantageous tool for targeting lesions for various applications, such as interventional
radiology [104], and offer the potential to provide greater access to internal anatomy with-
out the need for more invasive techniques. Prior work has explored both passive and active
steering mechanisms using a variety of steering mechanisms which include base manipu-
lation, bevel tip, programmable bevel, precurved inner stylet, active cannula, and tendon
actuation [105]. Bevel tip needles rely on uneven forces during insertion to induce cur-
vature and rotate the needle to control the trajectory [106, 107]. Programmable bevel-tip
needles rely on the same principles but extend or retract sections with differently oriented
bevels instead of rotating to achieve the desired curved trajectories [108, 109]. Precurved
inner stylet and active cannula approaches involve manipulating the relative rotation and
insertion of nested tubes with varied pre-curvatures and stiffness to achieve the desired
shape [110, 111, 112]. Tendon-driven needles use exible joints near the tip of the needle,
which can be actuated by pulling a tendon or contracting a Shape Memory Alloy (SMA)
nitinol wire, to achieve bending [113, 114, 115]. Bending the exure joint creates uneven
tip forces, causing the needle to curve as it is inserted.

Various methods have been proposed to control bevel steerable needles. Some rely
on preplanned paths, such as the deformation-as-control approach proposedebwlLiu
[116]. This approach uses deformation theory and assumes a one-to-one continuous map-
ping between the ideal and actual paths which can be solved and used with the theoretical
function describing the needle as a step in solving for the true function. Another method is

linear-quadratic-Gaussian based control, proposed by van dereBaitg117], which uti-
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lizes a cost function to penalize deviation from the planned path and control inputs. Both of
these methods are only tested in simulation and imply autonomous rather than user-driven
movement. Kcet al. [118] propose using a bicycle model to represent the nonholonomic
needle, which can be converted to a chained form. This is used to create a closed loop
system matrix allowing for linear control laws, but these formulations are speci c to the
needle model and steering method used, in this case a programmable bevel tip needle. One
standard nonlinear control method, which has been successfully applied, is sliding mode
control [119, 120]. Ruckeet al. showed robust sliding mode control in target tracking
tasks [119]; though, unlike methods which use a duty cycle to adjust the curvature of the
bevel tip needle, this approach lacks the ability to drive straight towards a target. These
approaches use sliding mode control to rotate the angle of the bevel tip needle which is as-
sumed to produce a constant curvature when inserted without rotation and are not directly
applicable to tendon-driven needle steering where the curvature of a bending joint is being
controlled. Recent works have also explored the use of fuzzy control systems for bevel-tip
steerable needles. These showed promising results in experiments using gelatin phantoms,
though torsional deformation consistently increased error when the needle was rotated to
bend in a different plane [121, 58]. Though much research has investigated bevel tip and
programmable bevel tip needles, this method of steering relies on the interaction between
the asymmetric needle tip and the tissue. This steering approach is not applicable to a steer-
able stylet which must remain fully enclosed within the hollow needle. HDR brachytherapy
needles are designed such that blood will not enter the needle lumen where the radioactive
seed will be inserted. Therefore, the tip of the steerable stylet is prevented from contacting
tissue by a solid tip on the hollow needle.

Recent papers proposing exure-based steerable needle designs have used manual con-
trol without feedback via gamepad controllers [122, 123]. Though steering is demonstrated,
these papers do not report the accuracy of this method. This approach does not ensure the

needle achieves the user-input de ection; rather, it relies on the user to see any error in
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available imaging, such as 2D ultrasound for prostate brachytherapy, and to adjust via trial
and error. Furthermore, this manual control does not facilitate any automation, such as
following pre-planned inputs. To control a tendon-driven needle for lung biopsy, Kratch-
manet al. [124] convert tip position to corresponding arc length and curvature and use
proportional control to calculate the new bending and insertion distance inputs. Propor-
tional—integral—derivative (PID) control has also been used to control steerable needles
[115, 125]. In [115], a PID controller is used to achieve a constant insertion rate while us-
ing a proportional-integral (PI) controller to control thegndy) tip position. The Pl gains
were kept low during entry into the phantom and gradually increased to achieve smooth
entry and subsequent curvature. Though this type of controller may eventually compensate
for environmental factors such as added bending resistance due to stiffer tissue, the PID
gains cannot be tuned during runtime, and pre-tuned parameters may not be optimal in
application. A more complex approach using Dynamic Region RRT path planning to pro-
duce optimal control inputs has been proposed for control, but real-time performance was
not achieved [126]. Adaptive control can be used to improve performance in the presence
of unknown model parameters. Previous work has proposed adapting such control gains
using a Radial Basis Function Neural Network to capture the friction between segments
of a programmable bevel tip needle [127]. Also, Josephl. proposed an adaptive PID
sliding mode controller for a shape memory alloy driven needle [128]. However, this ap-
proach was applied to steering the base of an aluminum needle instead of directly actuating
the tip. To the author's knowledge, adaptive control had not previously been applied to a
tendon-driven exure-based needle. Accurate, real-time control of exure-based steerable
robotic needles remains an open topic of research.

Despite advancements, challenges persist in developing steerable needles, including the
need to minimize tissue damage while relying on asymmetric tissue forces to facilitate cur-
vature, unknown tissue interaction forces, lack of adequate sensing mechanisms, dif culty

in modeling continuum manipulators and achieving acceptable control accuracy with the
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high level of uncertainty in modeling these continuum robots [52, 51]. Limitations in the
technology and clinical implementation related to the modeling and control of steerable
needles must be overcome before automated systems can become commercially available

and realize the potential accuracy improvement over manual implantation [129].

1.2.4 FeedbacKor SurgicalRobots

The desire to develop precise closed-loop control of these surgical robotic mechanisms
is often hindered by the challenges associated with the in nite degrees of freedom and
limited feedback from within the small, slender structures. As a result, current research has
investigated the development of real-time sensing of small-scale continuum robots.

Prior work in shape sensing for surgical robots has explored diverse methods. While
preoperative imaging such as CT scans can be used to identify and assess patient anatomy
[130], knowledge of the robot's shape in real time is key to controlling these devices, ensur-
ing that the desired path is followed, and enabling the surgeon to know the position of the
robot relative to the patient's anatomy. EM tracking is a prominent technology currently
utilized for navigation in both nonrobotic and robotic bronchoscopy, as seen in commercial
systems such as the Monatgblatform (Auris Health, Inc., Redwood City, CA, USA) and
the Galaxy Systefh(Noah Medical, San Carlos, CA, USA) [74]. However, EM navigation
suffers from interference with magnetic elds and electronics in the operating room [131],
and EM tracking accuracy can be affected by critical equipment including large imaging
modalities such as a C-arm in the vicinity [132]. Manufacturers recommend room mapping
to minimize electromagnetic interference prior to EM navigation bronchoscopy [133], and
while EM catheter tracking in phantom studies has reported average errors of 1.3 mm, this
error increases to 4.18-5.73 mm in nonrigid (animal and clinical) studies. [134].

Some works have aimed to develop shape sensing and position tracking capabilities
through medical imaging modalities including uoroscopy, ultrasound, Magnetic Reso-

nance Imaging (MRI), and endoscopic cameras, which are available in some operating
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rooms [135]. 2D X-ray imaging, such as uoroscopy, is the standard imaging modality
used during catheterized interventions, but X-ray imaging poses radiation concerns and
should be minimized according to safety practices [131, 132]. Therefore, X-ray imaging
modalities including uoroscopy are not ideal for the continuous, high sampling rate nec-
essary for robotic control, and current research into alternative methods of shape sensing
and position tracking for medical devices aims to minimize or replace the use of radia-
tion [132]. Ultrasound is also used in the operating room and is capable of imaging internal
anatomy free of radiation, but this imaging modality suffers from low resolution and signal-
to-noise problems [131]. High computational processing and catheter detection can prevent
real-time automated tracking, especially when using 3D ultrasound volumes [132]. Further
disadvantages include the inherent tissue deformation caused by contact with the ultra-
sound probe, acoustic artifacts, and reduced eld of view making guidance solely based on
ultrasound imaging extremely challenging [132]. While MRI has been used for catheter
tracking, slow feedback remains a challenge [136, 137, 138]. Furthermore, MRI machines
require large, expensive infrastructure and limit the use of magnetic materials in the vicin-
ity, limiting the availability of these machines and preventing their use with other surgical
equipment. Endoscopic imaging is a current topic of research for pose estimation and track-
ing of surgical tools [139, 140]. However, the eld of view can be limited, and endoscope
use is not feasible for many surgical procedures. A model can be used to estimate the shape
of some continuum robots from tendon tension, but this method suffers from unmodeled
forces such as variable friction or external forces [83]. Finally, kinematic and static models
of the robot can be used for shape estimation, such as the use of tendon position in tendon-
driven robots [141]. However, friction, tendon elongation, and external forces complicate
this method and may necessitate a more direct measure of shape.

In addition to shape sensing of continuum robot tools, force sensing can provide valu-
able information about the interaction between a device and the surrounding environment

[142]. Minimally invasive surgery can impair or eliminate the tactile feedback of tool-
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tissue interactions which is crucial for assessing tissue characteristics, effectively manipu-
lating tissue, and avoiding excessive force which may damage tissue [143, 77]. Commer-
cial force sensors are too large for the small size constraints of many minimally invasive
medical devices which presents a signi cant technical barrier to the development of inte-
grated force sensors [77], and the development of alternative approaches remains an open
area of research. To provide force feedback, prior work has investigated the addition of
force sensors to minimally invasive tools using various technologies, including piezoresis-
tive sensors, piezoelectric sensors, multi-walled carbon nanotubes, semiconductors, opti-
cal bers and capacitive-based sensors [144, 143, 145]. Additionally, several works have
aimed to use knowledge of the continuum robot's con guration to estimate forces acting
on the robots. This approach to force estimation, as opposed to a dedicated measurement
apparatus, is referred to as "intrinsic force sensing” and is an active area of research. Many
approaches have been utilized to enable intrinsic force sensing through the use of kine-
matic models [103, 146, 147], mechanics-based models [148, 149, 150], and data-driven
approaches [151, 152, 153]. Other works have aimed to develop tools that simultaneously
enable force and shape sensing, such as the work presented in [154], in which a 2.2mm
OD continuum robot was developed for endobronchial interventions. The utilization of
intrinsic force sensing or a single compact sensor for both force and shape sensing may
be advantageous for minimally invasive surgical robots with small diameters that limit the
space available for embedded sensors.

Fiber-optic sensors, particularly ber Bragg grating (FBG) sensors, have gained promi-
nence for shape sensing for continuum robots due to their suitability for many medical
applications. Among the various types of ber-optic sensing methods, FBG sensors have
shown to be a promising approach to address the challenge of shape and force sensing in
micro- and meso-scale medical robots [155, 156, 83]. FBG sensors have several advanta-
geous features for this application, including MRI compatibility, light weight, small size,

high sensitivity, and large bandwidth [156, 157, 132]. Shape sensing approaches use the
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FBG sensors for curvature estimation from the strains induced on the grating segments
through the bending of the compliant system. The use of FBG bers for shape sensing of
micro-and meso-scale medical robots has seen some emerging trends in implementation.
Some approaches fully integrate the FBG bers by gluing them to the surface of the device
[158, 159, 160] or by gluing them into grooves along the outside of the robot [161, 162,
163, 164, 165]. This approach is often used for concentric tubes and bevel-tip steerable
needles where the wall is a continuous, slender tube. Other approaches group the bers
together as a sensor and then integrate this with the medical robot. This grouping can be
done by adhering bers to each other and/or to a separate substrate [164, 166] or by using
multi-core FBG bers [167, 168, 169]. Sefat al. utilized FBG bers nested in grooves in
a NiTi wire, passed through a sensor channel in the manipulator to estimate the tip position
of the manipulator [170].

The implementation of FBG-based shape sensing in such medical robots often uses
ber coatings and adhesives with viscoelastic properties that can affect the accuracy of
shape sensing. Henkenal. have performed an error analysis of FBG-based shape sensors
considering sensor geometry and different interpolation models, but their simulations did
not account for drift in the read-out, temperature, or variations in strain transfer in the glue
[164]. Strain transfer between substrate and ber has been studied for such robots in a
static or quasi-static manner [63, 158], but FBG-based shape sensing technology is being
used for real-time feedback for surgical applications which cannot practically be restricted
to slow, quasi-static motion. It has been shown that rapid insertion minimizes the effect of
tissue interaction on the needle trajectory, thus minimizing the unintended deviation of the
needle [171]. Therefore, operating the needle in a quasi-static manner may not be feasible.
Furthermore, the effect of these viscoelastic properties on FBG readings has been studied
on a single ber both in polymer optical bers [172] as well as silica bers bonded to a 3D
printed substrate [173].

Some companies have begun investigating ber optic shape sensing for medical appli-
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cations [132]. One commercial system is the®lendoluminal platform (Intuitive Surgical

Inc., Sunnyvale, CA, USA), which employs this technology for real-time shape sensing in
robotic bronchoscopy. The I&rplatform measures the shape of the bronchoscope hun-
dreds of times per second, enabling real-time visualization of its position and orienta-
tion while allowing simultaneous uoroscopy without affecting accuracy [174, 175]. Al-
though the accuracy and ef cacy of this technology is still being tested, it shows promise
in enhancing targeting precision during bronchoscopy [74]. In addition to bronchoscopy,
Philips® (Andover, Massachusetts, USA) has begun limited trials investigating Fiber Op-
tic RealShapetechnology (FORS) using a helical multicore optical ber for endovascular
interventions [176]. This technology has been tested in a few compatible catheters and a
0.035” (0.89 mm) guidewire [177], showing a median offset at the tip of 2.2 mm (interquar-
tile range 1.2-3.8 mm) [178]. While FORS provides clinicians with real-time visualization

of the shape of some endovascular devices, the number of FORS-enabled devices is still
limited. Further research is required to realize the full potential of ber optic shape sensing
in small devices, such as robotic steerable needles, endoscopes, and smaller guidewires,
and to broaden its application beyond visualization to include state feedback and robotic
control. Research is also needed to extend ber optic sensing to provide other useful feed-
back, such as force sensing, which could offer critical haptic feedback about the interaction
between the device and surrounding anatomy. This dual-use could be particularly impor-
tant in small devices where incorporating a dedicated force sensor in addition to a shape
sensor may be challenging. Advancing ber optic sensing technology is crucial for its in-
tegration into a wider range of medical devices and for enhancing utility in various clinical

settings.

1.3 Research Objectives

The primary objective of this work is to advance minimally invasive robotic surgical sys-

tems through the integration of sensors as well as the design, modeling, and control of
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steerable needles. Steerable needle designs in prior work rely on direct interaction between
the needle and tissue to de ect the needle and facilitate steering. These designs lack the
ability to operate while enclosed within a plastic needle for HDR BT. To address this lim-
itation, the steerable stylet developed in this work consists of a tendon-actuated bending
joint capable of de ecting a commercial HDR BT needle from within. This robotic sys-
tem is used to steer a passive hollow needle for HDR BT cancer treatment. The control of
tendon-driven robotic needles remains an active area of research in literature. Therefore,
an adaptive control system is proposed to accurately track a curved path during insertion
into a hydrogel.

Current research has investigated various medical imaging modalities to provide feed-
back for the control of robotic devices. In response to persistent challenges in prior lit-
erature, this work demonstrates the integration and modeling of FBG sensing techniques
for shape reconstruction and force feedback for surgical robotic systems. To overcome
the maximum strain limitations of previous FBG sensors, a large de ection planar FBG
sensor was developed for both meso-scale and micro-scale devices, achieving curvatures
up to 145m?. Furthermore, a FBG bending sensor capable of large axial extension was
designed to measure 3D bending in a spring-based robot. 3D FBG-based shape sensing
was developed and characterized for the shape reconstruction of a steerable needle sample.
To provide feedback for the safe operation of emerging robotic guidewires, FBG-based 3D
shape and tip force sensing was implemented in a micro-scale guidewire robot for mini-
mally invasive cardiovascular surgeries. This achieved 3D shape reconstruction and esti-
mation of the contact force at the guidewire tip, providing feedback towards the navigation
of complex vasculature and safe interaction with surrounding anatomy. Additionally, this
technology was expanded to address the absence of steerable needle systems capable of
delivering passive devices along a desired path. This work developed a steerable robot and
stiffening sheath system with shape feedback and closed-loop control for the placement

of commercial SEEG depth electrodes along a curved path. To address current challenges
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advancing robotic tools for surgery, this work presents the development of robotic surgi-
cal systems with integrated sensor feedback to improve maneuverability and advance cur-
rent clinical capabilities for minimally invasive procedures in challenging-to-access regions

within the body.

1.4 Dissertation Overview

The rest of this dissertation is organized as follows: Chapter 2 outlines the assembly of
tendon-driven surgical robotic devices, focusing on techniques for tendon attachment in
micro-scale and meso-scale robotic joints. Chapter 3 details the design and modeling of
a steerable needle system for high-dose rate brachytherapy, and Chapter 4 develops an
adaptive control strategy for this system. Chapter 5 presents the design and modeling of a
novel FBG sensor to measure the planar bending angle and enable state estimation for both
micro-scale guidewire and meso-scale neuroendoscope robotic joints. Chapter 6 presents a
modular FBG bending sensor for a meso-scale neurosurgical robot. In Chapter 7, 3D shape
sensing is achieved using a FBG ber triplet, which is characterized under different use
cases and implemented within a meso-scale steerable needle. In Chapter 8, this work is ex-
panded to achieve both 3D shape and force sensing in a micro-scale robotic guidewire. The
methods developed are then applied to the steerable robot and stiffening sheath, presented
Chapter 9, to achieve closed-loop control for the placement of an SEEG electrode along a

desired path. Finally, Chapter 10 concludes the dissertation.
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CHAPTER 2
TENDON-DRIVEN JOINT ASSEMBLY

Minimally invasive surgery (MIS) has proven advantageous over open surgery in reducing
patient trauma, complications, and time in the hospital for many procedures, as discussed
in Chapter 1. However, the small incisions required for MIS inhibit maneuverability and
access to the surgical site. Dexterous robotic instruments are a promising area of research
to overcome these challenges in MIS. Tendon-driven continuum robots have shown the
potential to expand surgeon capabilities for operating within con ned spaces and with
minimal injury to the patient. For many procedures, miniaturized devices on the micro-
and meso-scale are desired to access con ned areas within the body and enable suf cient
maneuverability. These robots are a topic of active research, and the fabrication of such
miniaturized mechanisms remains challenging. Various methods exist to attach tendons
in the micro-and meso-scale robotic joint, including bonding and plate mechanisms that
can be used to assemble nitinol and tungsten tendons within both micro- and meso-scale
samples. While previous papers have reviewed the modeling and tendon routing for these
robotic devices [72, 102, 78, 103], few have addressed the sometimes challenging fabrica-
tion of such devices. To address the challenge of miniaturization, this chapter outlines and
evaluates various tendon attachment methods for the construction of miniaturized tendon-
driven robotic joints with a focus on applications in minimally invasive robotic surgery. For
micro-scale robots, samples less than 1 mm in diameter are used to evaluate the strength,
repeatability, and actuation within a continuum robotic guidewire. For meso-scale robots,
such as 1.93 mm diameter neuroendoscope tools, tendon placement is achieved using stain-
less steel and 3D-printed plates. Furthermore, the effects of solder and epoxy knot rein-
forcement are studied. Detailed procedures for attachment methods are provided, and the

strengths and limitations of the tendon materials and attachment methods studied in this
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work are highlighted for speci c applications.

The rest of this chapter is organized as follows: Section 2.1 describes tendon materials
and attachment methods reported in current literature. Section 2.2 presents the assembly of
the tendon attachment methods studied in this work. Section 2.3 outlines the experimental
protocols used to test these tendon attachment techniques, and Section 2.4 presents the

results. Finally, ndings and conclusions are described in Section 2.5.

2.1 Tendon Attachment in Prior Work

2.1.1 TendonMaterials

Current tendon-driven actuators in medical robots employ a range of materials, each tai-
lored for speci ¢ applications.

Polymer tendons, combining the strengths of different materials like nylon and polyethy-
lene offer a promising balance of exibility, stiffness, and biocompatibility. However, these
polymer tendons may have lower resistance against sharp edges [80]. Therefore, these ten-
dons may not be suitable for small, metal robotic devices.

Stainless steel cables offer high strength and durability, making them ideal for instru-
ments requiring robust force transmission, such as robotic surgical arms. However, their
rigidity limits their maneuverability in minimally invasive procedures. Due to the minia-
ture size of minimally invasive robotic surgical devices, con gurations such as wire ropes
used to increase both tension and exibility can be too large in diameter for this applica-
tion. Tungsten (W) wires offer an alternative with excellent force transmission. Tungsten
offers a higher Young's modulus, 390-410 GPa [179], in comparison to stainless steel for
which the Young's modulus can range up to approximately 220 GPa [180]. This minimizes
tendon elongation, improving transmission between the external motor and displacement
at the joint tip. Furthermore, tungsten wires offer a high ultimate tensile strength which
has previously been reported to range from 2940 MPa for 0.1 mm wires up to 3920 MPa

for 0.02mm wires [179]. This is in comparison to surgical stainless steel which has pre-
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viously been reported to have a tensile strength ranging from 585-1035 MPa for AISI type
316 stainless steel to 725-1930 MPa for AISI type 440 stainless steel [181]. As a result,
tungsten wires offer a higher breaking force for comparable sized wires, enabling them
for use in high-tension applications. Furthermore, this enables the use of smaller wires to
achieve the same maximum tension. Smaller wires may be desired to minimize bending
stiffness. Smaller wires also facilitate ef cient use of limited space which can take the form
of increasing the size of the inner lumen for passing other tools or decreasing the outer di-
ameter, enabling access through smaller pathways in the body. Offering superior stiffness
and strength, tungsten tendons enable precise control and device minaturizaton, but the
inherent brittleness of tungsten necessitates careful handling and specialized attachment
methods to prevent failure.

Researchers have also explored alternative materials such as superelastic nitinol, which
is an alloy of nickel and titanium, capable of undergoing large, reversible deformations.
Superelastic nitinol used in medical devices is made such that the phase transformation
temperature is below room and body temperature so the wire "remembers” a straight shape
and passively returns to this shape following deformations of up to 10% without permanent
deformation [182]. This overcomes the limitations of stainless steel and tungsten tendons
which are subject to kinking and coiling which can affect the shape of miniature continuum
robotic joints. Superelastic nitinol is capable of intricate bending and maneuvering in con-
ned spaces, making it suitable for robotic guidewires and endoscopes navigating delicate
anatomical structures. However, this material shows a lower elastic modulus of approx-
imately 30-70 GPa [183] and undergoes a superelastic stress plateau due to the stress in-
duced martensitic transformation [182]. This causes a signi cant elongation with minimal
change in the pulling force exerted by the tendon. The large deadband region caused in the
tendon actuation greatly reduces the transmission between motor stroke and displacement
at the distal end of the tendon. As a result, nitinol may not be suitable for high-tension

applications which cause the tendon to enter the stress plateau. Furthermore, nitinol ten-
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dons may not be suitable for applications where space constraints limit the possible motor
stroke. The higher cost of nitinol also requires consideration. However, the advantages
of superelastic nitinol in resisting plastic deformation may outweigh these challenges for
speci c applications.

In this work, Nitinol (NiTi) and Tungsten (W) tendons are compared.

2.1.2 TendonAttachmentMethods

A critical aspect of tendon driven actuators is the secure and precise attachment between
the tendon and the device itself. Several common methods have been used in prior work to
achieve this connection.

Crimping or use of a ferrule involves mechanically fastening a metal sleeve around the
tendon for a strong, simple connection [184] (Figure 2.1(a)). In this method, the tendon
can be crimped inside a tube or a bead [185]. Crimping a tube around the tendon, such as
in the da Vinci surgical system instruments (Intuitive Surgical Inc., Sunnyvale, CA), me-
chanically holds the tendon in place within the tube. Crimping the end of the tendon inside
a crimping bead is typically used to prevent the tendon from slipping through the routing
hole. Crimping is commonly used when the tendon is metal as more brous polymer ten-
dons may slip out of the crimp easily due to higher deformations. Crimping can be stronger
than other bonding or knotting methods [186, 187] due to the mechanical fastening. How-
ever, crimping beads may be too large for some applications, and crimping the tube around
the tendon is not reversible.

Bonding offers a smoother pro le but relies on adhesive strength and surface prepa-
ration (Figure 2.1(b)). Common adhesives used include types of cyanoacrylate (instant-
glues), J-B Clear Weld, J-B Steel Weld, and other epoxies [65]. However, the choice of
actuator materials determines whether bonding is a suitable option. For instance, for soft
robots, bonding may not work due to the stretch of materials. Another consideration for

bonding is its permanence. Methods that use a glue or epoxy can be removed using solvents
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like Acetone, but may involve disassembling the entire robot. Methods that use solder are
dif cult to reuse as it requires fully removing solder from the sample. However, solder
connections can be stronger due to the metallurgical bonding depending on the materials
used and surface conditions [188, 189].

Knotting involves forming a secure knot at the tendon's end, housed within the in-
strument [80]. This is simple but requires careful design for knot integrity. This is most
commonly used in soft robotics where the structure is made of a polymer instead of a metal
[190]. Knotting is also used in larger robots where multiple tendons are used to actuate the
robot [191]. In these robots, intermediate plates are used to achieve complex curvatures as
they guide the tendon through the length of the robot [192]. Standard overhand and square
knots are typically used to secure the tendons to the last plate [192]. With these knots,
pulling forces greater than 25 N can be achieved. Directly tying knots (Figure 2.1(c)) to the
joints can lead to a concentration of force at the knot. Thus, for applications that use this,
it is advisable to choose a tendon material that does not kink like nitinol or a composite
tendon such as mono lament nylon [191]. Materials with a low elongation at break, such
as tungsten may require additional measures to prevent fracturing at the knot.

Plates or routing blocks are also used as a supplementary structure in addition to bond-
ing and knotting methods to retain the tendon at the end of the tube (Figure 2.1(d)). By
using the plate to route the tendon to the outer edge of tube, a higher curvature can be
achieved with the larger bending moment. In our previous papers, plates have been used
with a 0.127 mm diameter nitinol tendon in neuroendoscopes and steerable needles and
have withstood loads of approximately 11 N for a 1.93 mm diameter joint and 14 N for a
1.17 mm diameter joint [193, 87, 59, 194, 82].

In this chapter, bonding methods are explored for micro-scale (sub-millimeter-scale

diameter) robots and plates are evaluated for meso-scale (millimeter-scale diameter) robots.
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Figure 2.1:(a) Crimping method with a crimping tool shown for illustratiafin) bonding
method of attaching the tendon directly to the robot tifbpknotting around the disk edge
for a continuum robot with multiple disks, arfd) knotting with the use of a plate in the
continuum robot joint

2.2 Materials and Methods for Sample Fabrication

2.2.1 SampleFabrication

Samples were prepared to test tendon attachment methods for both micro-scale and meso-
scale robots. To isolate the effects of the tendon attachment methods from robot joint de-
sign, only features necessary for tendon attachment at the tip of the sample were machined
using a femtosecond laser (Optec Laser S.A., Frameries, Belgium).

A 1.93 mm outer diameter tube, similar to what can be used for a neuroendoscopic tool,
was used to create the meso-scale sample body. Tendon attachment methods tested for this
scale did not require bonding the tendon to the robot body, and hence a single stainless steel
sample was used for all tests. A slot was cut through the tube approximately 1.5 mm from
the distal end of the 13 mm long sample. This enabled the insertion of an end plate, which

was laser micromachined as described in Section 2.2.2.
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For the micro-scale robots, 12 mm long samples of a 0.36 mm outer diameter tube were
used. Since the attachment methods tested for this scale required bonding the tendon to the
robot, a new nitinol tube sample was used for each test. A 0.3 mm wide notch was cut in
the distal tip of each sample using laser micromachining. The samples were then cleaned
in an ultrasonic bath to remove debris from the machining process and improve adhesion

during tendon assembly.

2.2.2 Meso-ScaldeviceAttachmentMethods

Meso-scale robots such as a 1.93 mm diameter neuroendoscopic robot may undergo sub-
stantial pulling forces, up to 12N [193]. The increased diameter of these tubes offers
advantages in terms of tendon placement, resulting in a larger moment arm and thereby
facilitating higher curvature for surgical maneuvers. To attach tendons to these robots, a
method involving plates and knotted tendons is used as shown in Figure 2.2.

In this work, 0.152 mm (0.006 inch) diameter nitinol and 0.1 mm diameter tungsten ten-
dons were tested. To manage tendon placement within the tube, plates can be employed.
These plates serve to constrain the tendon to the edges of the tube, ensuring precise posi-
tioning. Two methods for creating these plates include laser cutting and 3D printing.

Laser cutting, particularly with a femtosecond laser, offers precise shaping of plates
from thin metal sheets such as nitinol or stainless steel. These at plates t seamlessly into
notches in the outer tube. A small hole can be cut in the plate to accurately position the
tendon.

Alternatively, 3D printing provides another viable option for plate fabrication, often
utilizing techniques such as multi-jet fusion (MJF) to achieve high precision. These 3D-
printed plates interface with the top of the tube, adding a few millimeters of height. Notably,
3D-printed plates offer increased accessibility, with commercial services available that can
provide rapid 3D printing.

Securing the tendon through the hole in the plate typically involves a simple knot. How-
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Figure 2.2: (a) Procedure to attach the tendon in a meso-scale devicgkgrnmhysical
samples using both plate types

ever, a hand-tightened knot for thick metal tendons can result in a diameter of approxi-
mately 1.5 mm. Achieving the necessary force to reduce the knot's diameter further, often
exceeding 10 N, can be challenging by hand, but these forces occur during actuation. The
knot diameter can be reduced to approximately 0.7-0.9 mm by pinching the wire just past
the knot and pulling the distal end with tweezers or pliers then cutting off the excess length
on the distal end. Unlike pulling the wire from both ends, this method prevents kinking
on the proximal portion of tendon which passes through the robot. To prevent the knot
from further tightening to the point of breaking or slipping through the hole in the plate,
reinforcement is essential. Reinforcement is particularly critical with 3D-printed plates,
where the tightened knot may exert enough force to break through the print layers, com-
promising the integrity of the plate. Soldering or adhesive application serves as effective

reinforcement measures in these cases, ensuring the stability and reliability of the surgical
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system.
To x the tendon to the end of the meso-scale sample, different combinations of knot

reinforcement and plates were tested.

Plate Types

Two types of plates were used with the meso-scale samples: stainless steel and 3D-printed
plates (Figure 2.3). A femtosecond laser was used to cut a 0.3 mm thick stainless steel plate
with a 0.17 mm diameter hole, which was designed to route the tendon along the inner wall
of the tube. The end plate was designed to tinto the slot cut in the tube sample such that
it would pass through the tube and lie ush with the outer surface. One side of the plate
was designed with a wider rim such that the plate would not fall through the slot during
assembly.

A 3D-printed end plate design was also tested. The 3D-printed plates consisted of
a rigid ABS-like plastic material (VisiJet Cr-BK) which was printed using a ProJet MJP
5600 printer (3D Systems, Inc., Rock Hill, SC). The 3D-printed parts were washed with
an oil-based solution (EZ Rinse-C) in an ultrasonic bath. The 3D-printed end pieces were
made with a smaller section which could t within the tip of the tube sample and a 1 mm
thick larger diameter section which extended beyond the tip of the tube. Channels (0.18 mm
diameter) were printed through the length of the end piece to route the tendon along the

inner wall of the tube.

Figure 2.3:(a) 3D-printed plate an¢b) laser cut stainless steel plate
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Reinforced Knots

To strengthen the hand-tied tendon knots, either epoxy or solder was applied to the knot.
Speci cally, J-B Weld KwikWeld Steel Reinforced Epoxy and Chip Quik NC191SNL50
Smooth Flow Lead-Free Solder Paste were employed. The solder primarily consists of tin,
rendering it more biocompatible compared to leaded solders.

For epoxy reinforcement, the following procedure was employed: 1) After thoroughly
mixing the epoxy according to the product instructions, use a thick wire to carefully apply
the epoxy to the knot; 2) Ensure that the epoxy application does not signi cantly increase
the diameter of the knot and does not extend onto the straight sections of the tendon; 3)
Allow the reinforced knot to cure and harden over the manufacturer recommended period,
6 hours in this study; 4) Assemble the device by threading the proximal end of the tendon
through the desired hole in the plate and through the device until the knot is stopped by the
plate.

When employing solder for reinforcement, the following procedure was employed: 1)
Apply solder paste to the knot using a thick wire; 2) Similar to epoxy, some solder paste
may be removed using a clean wire to prevent a substantial enlargement of the knot's di-
ameter and to avoid extending the paste onto the straight sections of the tendon; 3) Utilize
a hot air rework station (AOYUE Int 2986) set at 250 degrees Celsius to heat the solder
until it begins to combine, holding the rework wand approximately 5cm away for optimal
results. A soldering iron can also be used if such a rework station is not available but may
be more challenging to suf ciently heat the solder without it transferring from the knot to

the soldering iron.

2.2.3 Micro-scaleDeviceAttachmentMethods

Micro-scale robots, such as steerable guidewires, can have an outer diameter smaller than
1 mm. This study tested a 0.36 mm outer diameter tube with 0.076 mm (0.003 inch) diam-

eter nitinol and 0.06 mm diameter tungsten tendons. Miniaturizing the techniques outlined
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for meso-scale robots and knotting the tendon may be infeasible for smaller, micro-scale
sizes. At the micro-scale, tendons can be secured through bonding with an adhesive or sol-
der. Various adhesive options are available, including super-glue, J-B Clear Weld, and J-B
Steel Weld. In this study, J-B Steel Weld was chosen due to its high strength. For soldering,
a lead-free solder paste was employed.

For securing the tendon through soldering, Chip Quik NC191SNL50 Smooth Flow
Lead-Free Solder Paste was used. Utilizing the solder in paste form, as opposed to wire
form, facilitates easier insertion into a thin tube. The following steps (shown in Fig-
ure 2.4(a)) were used: 1) Place solder paste into the end of the sample using a thicker wire;
2) Insert the tendon slowly through the proximal end of the sample until it extends from
the distal end; 3) Use a hot air rework station or a soldering iron to heat the area around
the solder. This process is facilitated with a hot air rework station, such as the AOYUE Int
2986, set to 250 degrees Celsius hot air; 4) Once the solder is activated, quickly remove
the heat to let it solidify. If the solder tends to ow out of the part, apply ux to enhance
solder adhesion to the nitinol tube; 5) Finally, the tip of the sample can be cleaned by gently
scraping off any excess solder and trimming any excess tendon.

In this work, J-B Weld KwikWeld Steel Reinforced Epoxy was used for adhering ten-
dons to micro-scale robot samples. To secure the tendon with epoxy, the following proce-
dure (shown in Figure 2.4(b)) was used: 1) Push the tendon through the sample, 2) Mix
the epoxy according to the product instructions; 3) Use a thicker wire to Il the end of the
sample with epoxy; 4) Apply epoxy in the last notch if the tip of the sample is a joint; 5)
Allow the epoxy to cure for the speci ed cure time and environment (6 hours and at room
temperature in this study); 6) Finally, once the epoxy has cured, the tip of the sample can

be cleaned by gently scraping off any excess epoxy and trimming any excess wire.
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Figure 2.4:(a) Using solder to secure the tendon to the tube @)dising epoxy to secure
the tendon to the tube

Figure 2.5: A schematic of the COAST guidewire robot

2.2.4 Micro-ScaleCOAST GuidewireRobotFabrication

For testing tendon attachment methods in a micro-scale robot, the COAST guidewire robot
was used [92]. The COAST guidewire robot, shown in Figure 2.5, comprises an outer
tube, middle tube, and inner tube. The middle and outer tubes of the robotic guidewire
are nitinol tubes laser micromachined with a Unidirectional Asymmetric Notch (UAN)
pattern to increase bending compliance in one plane. The notch pattern is characterized
by the depth of cutd, the notch spacing;, and the notch widthh). These parameters are

discussed in detail in [85]. The middle tube contains a tendon attached to the inner wall of
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Table 2.1: Speci cations of the COAST guidewire prototype.

Outer Middle Inner

tube tube tube
Total length (mm) 242 253 275
Length of the
notched section (mm) 112.8 75.0 )
Outer diameter, 12, (mm) 0.48 0.36 0.25
Inner diameter, 2, (mm) 0.40 0.30 0.24
Notch depthd (mm) 0.40 0.243 -
Notch width,h (mm) 0.315 0.315 -
Notch spacing¢ (mm) 0.285 0.285 -
Young's modulus (GPa) 42.6 42.6 42.6

Items

the tip. Application of tension to the tendon causes the middle tube to deform. The inner
tube of the COAST is an unmachined nitinol tube.

The COAST guidewire consists of all three tubes coaxially aligned resulting in three
segments: the bending segment, the non-bending segment, and an unmachined segment.
The bending segment of the guidewire consists only of the middle and outer tubes. The
tubes are rotated 18M®mut of phase to mostly eliminate micromachining induced pre-
curvatures and reduce notch interactions. The non-bending segment consists of the notched
middle and outer tubes as well as the inner tube. The unmachined inner tube provides addi-
tional stiffness, causing deformation from tendon actuation to primarily occur in the bend-
ing segment. The speci cations of the COAST guidewire utilized in this work are shown
in Table 2.1.

The COAST guidewire in this work was assembled using the epoxy attachment method.
Atendon was inserted through the length of the middle tube. This was aided by rst placing
the un-machined inner tube through the joint of the middle tube so that the tendon could be
passed through both tubes at once and was prevented from catching on or exiting through
the notches of the middle tube. The inner tube was then retracted to expose the tendon
within the middle tube joint. Near the distal tip of the joint, the tendon was then held
against the inner wall of the joint, along the notches, using a small placement wire as

shown in Figure 2.6(a). Epoxy was then applied in the distal-most notch and tip of the
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joint (Figure 2.6(b)). The epoxy was allowed to cure overnight before the wire used for the
placement of the tendon was removed (Figure 2.6(c)). Excess epoxy was carefully scraped
from the exterior of the middle tube joint. Finally, the three tubes of the COAST were

assembled as described above (Figure 2.6(d)).

Figure 2.6: The distal tip of the middle tube durita) tendon placement anth) epoxy
application,(c) the distal tip of the assembled middle tube, gdyithe distal tip of the
assembled COAST guidewire robot

Both 0.076 mm nitinol and 0.06 mm tungsten tendons were tested. The nitinol tendon
was tested rst. After testing the nitinol tendon, it was carefully disassembled from the
middle tube. This was accomplished by a combination of heating the tube via soldering
iron to weaken the epoxy and mechanically scraping away the remaining epoxy. The above

assembly process was then repeated using the tungsten tendon.

2.3 Experimental Methods

The described tendons and attachment methods were tested to evaluate the effectiveness of
each. This included tensile testing the tendons themselves, isolating the attachment method
to test the maximum strength, testing the repeatability of the different methods, and for the

micro-scale robots, testing the curvature achieved with the COAST stage.

2.3.1 TendonTensileStrengthTesting

Tensile testing was conducted on individual tendons. Two sizes were selected for each ten-
don material: 0.076 mm (0.003inch) and 0.152 mm (0.006 inch) for nitinol, and 0.06 mm
and 0.1 mm for tungsten. These sizes were chosen for their usage in micro-scale and meso-

scale robots.
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Tensile strength testing was conducted using a Mark-10 machine (Figure 2.7(a)). To
measure the tensile strength of the 0.076 mm (0.003 inch) superelastic nitinol tendon as well
as the 0.06 mm and 0.1 mm tungsten tendons, a 25N load-cell with 0.01 N precision was
used. For the 0.152 mm (0.006 inch) nitinol tendons a 250 N load-cell with 0.1 N precision
was utilized.

The nitinol tendon was purchased from McMaster-Carr (PN 8320K31 and PN 8320K12),
and the tungsten tendon was obtained from Amazon (RINGGLO). For each tendon, 10

samples were pulled until breakage while measuring the applied force.

2.3.2 AttachmeniStrengthTesting

For the meso-scale robot attachment methods, a 1.93 mm outer diameter stainless steel tube
was used. The primary goal of these experiments was to isolate the strength of 0.152 mm
nitinol and 0.1 mm tungsten tendons and the attachment methods using these tendons.
Therefore, a stainless steel tube was chosen for its rigidity. However, for preclinical testing,

it is advisable to use a nitinol tube due to its superelastic property.

The attachment testing was conducted using a custom tabletop tester equipped with a
NEMA 17 stepper motor (Figure 2.7(b)), pulling the sample at a rate of 20 mm/min. The
tension was recorded using a 44 N load cell (Model MLP-10, Transducer Techniques, CA,
United States). Each build con guration underwent testing three times, with samples pulled
to breakage.

A similar experimental setup was used to test the attachment methods for micro-scale
robots by pulling the tendon at a rate of 20 mm/min (Figure 2.7(c)). A 12 mm long nitinol
tube sample, devoid of a joint, with an outer diameter of 0.36 mm was utilized during the
attachment testing to assess the strength of various attachment methods. Samples were
fabricated using 0.076 mm nitinol or 0.06 mm tungsten. The tension was recorded using a
11 N load cell (Model MDB-2.5, Transducer Techniques, CA, United States). Each build

con guration was tested 10 times, with samples pulled to breakage.
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