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ABSTRACT

This study proposes an optically sensorized tendon composed of a 195 pm diame-
ter, high strength, polarization maintaining (PM) fiber Bragg gratings (FBG) optical fiber
which resolves the cross-sensitivity issue of conventional FBGs. The bare fiber tendon
is locally reinforced with a 250 ym diameter Kevlar bundle enhancing the level of force
transmission and enabling high curvature tendon routing.

The performance of the sensorized tendons is explored in terms of strength (higher than
13N for the bare PM-FBG fiber tendon, up to 40N for the Kevlar-reinforced tendon under
tensile loading), strain sensitivity (0.127 percent strain per newton for the bare PM-FBG
fiber tendon, 0.04 percent strain per newton for the Kevlar-reinforced tendon), temperature
stability, and friction-independent sensing behavior.

Subsequently, the tendon is instrumented within an 18 Ga articulate NiTi cannula and
evaluated under static and dynamic loading conditions, and within phantoms of varying
stiffness for tissue-stiffness estimation. The results from this series of experiments serve
to validate the effectiveness of the proposed tendon as a bi-modal sensing and actuation

component for robot-assisted minimally invasive surgical instruments.
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1. INTRODUCTION

It has been two decades since the now ubiquitous surgical robot, da Vinci (Intuitive
Surgical Inc., Sunnyvale, CA) was brought to the medical device market. Due to its clini-
cal and commercial success, surgical robots have been considered to revolutionize clinical
practice [1]. The next stage along this development path demands a push for robot-assisted
minimally invasive surgery (MIS) across therapeutic modalities [2]. The challenge, there-
fore, necessitates functionally augmented surgical instruments and miniaturized robotic
platforms that are smaller and more sophisticated than those currently available [3].

Although robot-assisted procedures using thin, long, and articulate instruments includ-
ing the da Vinci system have profoundly influenced modern surgery, techniques using the
slender tools inserted through small incisions deprive surgeons of cutaneous and kines-
thetic feedback, a perception of depth, and dexterity — attributes which contribute to the
ease of traditional open surgery [4]. Besides, studies suggest that when accurate instru-
ment positioning is required and (or) when the associated structures are fragile such that
trauma may have severe implications, the interaction between the tool and surrounding
tissue may provide for useful sensory primitives to the operator [5] [6]. This necessity
has motivated several academic circles to commit to intensive research on force-feedback
within instruments for robotic surgery.

Literature classifies these studies primarily on the basis of sensor position - proximal
(tool-base), distal (near tip/ joint) and at the end-effector (gripper) [7]. Notably, strain
gauges and push-rod driven load-cells have been extensively investigated and constitute
instruments with sensors nearer to the proximal end (tool-base) of the instrument [8] [9]
[10]. Optical force sensors using fiber-bragg gratings (FBGs), capacitive wrist force sen-

sors and mutli-axis force and torque-sensing strain gauges facilitate examples of distal
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Figure 1.1: Example of the use of sensorized tendons, a force sensing steerable needle
prototype with circumferential slits that enable bi-directional planar bending. The 18 Ga
needle is made of a 120 mm long, 1.27 mm (0.05") diameter NiTi tube. The net range
of flexion is approximately + 29°. Section AA’ depicts a cross-section with the proposed
inner and outer sheaths

force-sensing methods [11] [12] [13]. Force-sensing grippers and forceps remain a com-
mon theme, including, capacitive and piezo-resistive sensors. Where, the sensors are in-
strumented within the end-effector [14] [15].

However, many of these alternatives are hindered by several practical limitations. Dis-
tal end sensors such as load cells are affected by mechanical hysteresis, backlash, friction
and disturbance from the driving mechanism. Traditional FBGs are susceptible to tem-
perature variations, while capacitive and piezoresistive sensors raise questions about their
safety and compatibility with some imaging modalities. Grippers and the other similar
end-effectors are limited by size, manufacturability and tool dexterity [16]. Hence, it is

commonly acknowledged that introducing reliable sensing and actuation modalities within



such devices remains a complicated proposition, despite the fact that the desire to include
such features have been expressed by an increasing number of surgeons [17].

A viable solution to these challenges would be to integrate multiple robotic functions
such as actuation, sensing and joint motion within a single fundamental element. Based
on this paradigm shift in robot design, we propose a unique, bi-modal approach to imple-
menting actuation and sensing in micro-surgical procedures - Sensorized tendons.

In robot-assisted surgery, with end-effectors working within deep seated tissue struc-
tures and limiting workspace constraints, it is often difficult or impossible to have the
actuators within the patient’s body. Research on developing flexible transmission media
has enabled the possibility of placing joints and actuating elements further apart [18],
therefore, providing a significant advantage to the development of patient-friendly instru-
ments for MIS using bio-compatible, safe and minimalist alternatives. Tendons as trans-
mission elements afford the possibility of optimizing actuator position, weight, and reli-
ability while retaining the simplicity of mechanical design and kinematics. Experiments
have proven their efficiency, with tendons finding favor among robotic hands and paral-
lel robots across research circles [19] [20] [21]. Typically, these tendons are made from
stainless steel [22], polyethylene [23], and NiTi [24] cables. However, there remain a few
underlying drawbacks, including — the non-negligible elasticity of the material, constraints
in routing, friction from channel interaction, need for correct pre-tensioning, mechanical
hysteresis and difficulties in force characterization among a few others. It is our belief that
the proposed Sensorized tendons may offset some of these issues in practice.

A potential problem of the proposed fiber-optic tendon, however, is that the Bragg grat-
ings are sensitive to both mechanical strain and temperature fluctuations. In the past, to
negate such undesired thermal effects, additional fibers have been arranged to enable tem-
perature compensation [25]. However, this increases tool dimensions while design choices

are limited due to assumptions in support of temperature uniformity. Thus, the desired ap-



proach is to employ a particular class of fibers which allow for decoupled temperature and
strain measurement from a single FBG sensor.

This thesis proposes a sensing and transmission alternative using polarization main-
taining (PM) optical fibers and Bragg gratings manufactured using the Draw Tower Grat-
ing (DTG) technology. PM fibers facilitate the decoupled measurement of temperature and
strain as recorded by Bragg grating sensors [26]. Therefore, real-time, localized strain and
force measurements near the joint mechanism are possible without the need for temper-
ature compensation. With the absence of reliable feedback mechanisms in robot-assisted
surgery, the surgeon is compelled to rely on visual cues to guide complex procedures.
Although visual-aids permit most surgical procedures at this time, the learning curve asso-
ciated with robot-assisted surgery, and its subsequent expansion across therapeutic modal-
ities demands a breakthrough [10]. To address this void, the sensorized tendon is tested
within an 18 Ga x 120 mm steerable NiTi cannula with an embedded flexural joint as
shown in Fig. 1.1. This aids in its performance evaluation within the context of stiffness
estimation and force-sensing in robotic catheters.

The proposed thesis document will be organized as described, Section II highlights the
background relevant to the proposed concepts along with a review of pertinent literature.
Section I11, describes the research objectives, and scope of this project, followed by Section
IV, where, an evaluation of the performance capabilities of optical fibers as transmission
elements in robot-assisted MIS is detailed. Section V will describe the mechanics and
kinematics of the needle prototype as one of the target applications. In Section VI, the
performance of the instrumented prototype will be evaluated, with relevant discussions.

And lastly, a summary of key results, closing statements, and conclusions in Section VII.



2. BACKGROUND

2.1 Review of Optical Elements

2.1.1 Strength of Fiber Bragg Grating Sensors
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Figure 2.1: (a) Typical spectral response of a single PM-FBG fiber. a’ is the peak separa-
tion at time ¢; and b’ at time ¢5. The relative peak shifts are shown for both P1 and P2.
The instantaneous peak separation relates to temperature, while their temporal difference
is proportional to fiber strain. (b) Cross-section of the PM-FBG fiber (panda-section).

In tendon driven robots, force or torque limitations are a concern owing to the prop-
erties of the material involved. The rudiments of traditional surgery may be classified as
grasping, spreading, sweeping, pushing, and lateral retraction with studies estimating the
required force magnitude at 1.32 N (Gall Bladder) to 3.47 N (Liver) for probing, between
1.49 N (Gall Bladder) to 3.26 N (Liver) for punctures, and up to 7.19 N for suturing (de-
pending on the tightness of knot) [27]. Hence, the load bearing capacity of the tendons
play an important role. In FBGs, strength is contingent on the technique used for fabrica-

tion [28] [29].



Traditionally, there are four steps to the FBG fabrication process: (i) removal of the
fiber coating (ii) photo-sensitization (iii) exposure to UV light (irradiation of the fiber) (iv)
annealing (or) re-coating. Each of these steps may progressively contribute to structural
flaws on the glass surface, thereby, weakening the ultimate strength and reducing its long-
term reliability [30]. Sometimes the decrease in strength could be as high as 72% , causing
the fibers to break at strains lesser than 1% [31].

The advantage of an FBG sensing array is realized only if the high inherent strength
and reliability of an optical fiber is not compromised during the manufacturing process
[32]. In this approach the FBGs are inscribed onto the uncoated fiber during the extrusion
process which offers greater fiber strain margins, and hence higher loads in tension [33].

Notably, in [33] the authors provide evidence to suggest that the strain behavior of
fibers with Type-1 gratings and the Organic Modified Ceramic (OrMoCer) coating to be
nearly similar to that of standard (no-grating) fibers. The estimated failure load is at 55—70
N for gratings manufactured in this manner, and at 20 N for Type-2 gratings with a cross-
section of 125 pum. The types here correspond to the ionization threshold of the glass
substrate. Type-2 gratings are favored for their temperature stability.

Therefore, commercial draw tower grating PM-FBG fibers have a projected tensile
load limit of 20 N, i.e. approximately one-third the permissible load on an equivalent

glass fiber rod with an observed elongation grater than 3% at failure [30].
2.1.2 The Draw Tower Grating Process

As described previously, the fabrication technique determines the mechanical capa-
bilities of the optical fiber bragg grating sensors. Research shows that the simultaneous
inscription of the Bragg gratings during the extrusion process preserves the mechanical
strength and enables the manufacture of Type - II gratings with the desired temperature

stability. This is a consequence of the fact that grating inscription is during the window
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Figure 2.2: Draw tower gratings: The manufacture of Bragg grating sensors during the
extrusion process. Courtesy of FBGS Technologies GmbH, Jena, Germany.

of time between preform melting and fiber coating. In doing so, the need for fiber re-
moval is avoided, therefore, increasing it’s performance. Empirical studies indicate that
the achieved mechanical stability of draw tower gratings (DTGs) is similar to fibers with-
out gratings.

Fig. 2.2 describes the fabrication method. The input here is a glass preform.The heated
preform is drawn through molds as shown. Subsequently, the fiber meets the optical axis
of the laser source and interferometer used to create a UV-light based interference pattern

on the glass substrate. A pulse selector takes into account drawing speed and accurately



positions the FBGs. Following this step a coating reservoir coats the fiber, this retains the

pristine fiber strength of the optical fiber.
2.1.3 Principle of Polarization Maintaining FBG Fibers

The ability to decouple strain from temperature has been explored using Bragg gratings
written on highly-birefringent fiber in conjunction with accurate interrogation techniques
[26]. The PM-FBGs have double Bragg reflection peaks (Fig. 2.1 (a)), which enable
the decoupled measurement of strain and temperature. They are unique in their ability
to decouple strain data from temperature effects. This combines the sensing attributes of
traditional FBGs with the temperature independence of the PM fibers.

The PM fibers are fabricated by introducing linear birefringence into the glass sub-
strate. The birefringence is stress-induced using stress rods along the cross-section of the
extruded fiber. This preserves the polarization state of the transmitted wavelength provided
the light beam is aligned with either axis of birefringence. In general, a tunable LASER
interrogator platform transmits polarized wavelengths and the reflected spectrum consists
of two peaks, alternatively sampled by the optical interrogator at an optimum frequency,
for loss-less data acquisition.

Interestingly, the response of the dual wavelength spectrums to temperature and strain
is similar to that of the FBGs. However, the sensitivities of individual peaks differ [34]. In
Fig. 2.1, the reflection magnitude and corresponding spectral wavelengths are illustrated
and the two reflected wavelength amplitude peaks are evident. The plots are a result of
consecutive sampling instances at time ¢; and ¢,. Here, a represents peak separation at
time instant ¢; while the peak separation is b at time ¢,. Calibration studies indicate that
the separation between peaks P1 and P2 corresponds to temperature fluctuations while
strain is inferred from the relative change in peak wavelengths i.e the difference between

a and b [35].



The cross-coupling between temperature and strain is resolved due to this induced
stress birefringence. The response of individual wavelengths A; and A, to strain € and

temperature 7' is described by the equations that follow.

)\1 — )\1() = AAT + BAE

)\2 — )\20 = CAT + DAe (21)

AT = (AAN, — BAX,)/k

where A\, and A\, are the change in peak wavelengths with respect to a reference
wavelength at known temperature and strain. The sensitivity parameters A, B, C', and D

for € and T" are derived empirically , while k = AD — BC' [35] .
2.2 State of the Art

There are three fundamental aspects to this study - sensing, actuation, and needle tip

articulation. The subsequent sections briefly outline some literature relevant to these areas.
2.2.1 Sensing in Robotic Surgery

In robotic surgery, the physicians ability to feel forces acting on the end-effector is
limited during the insertion and manipulation of the instrument as it punctures/ traverses
within tissue layers. Force sensing is particularly advantageous to microsurgery (scaling),
suturing, palpation, and robotic force control [36] [37] [38]. In addition, haptic cues during
membrane puncture, interaction with oclivities, and the presence of tissue inconsistencies

are valuable primitives to the operator. Such information could effectively determine tool



path and subsequent corrective strategies necessary for the success of the intervention pro-
cedure. This has motivated research on incorporating sensing modalities within surgical
tools. Several of these tools are classified on the basis of sensor position - at the end-
effector/ gripper, tool shaft or distal section, proximal shaft, and near the tool base [17]. In
this research, the sensorized tendons permit variation in sensor location, contingent on the

objectives of a specific experiment or procedure.
2.2.2 Tendon Driven Instruments for Robotic Surgery

Research on developing flexible transmission media has enabled the possibility of plac-
ing joints and actuating elements further apart [18]. Tubes, tendon sheaths, and pulleys
allow cables to transmit force and position information to remote segments of the instru-
ment. This provides for a significant advantage in the development of patient-friendly,
minimally invasive surgical instruments. Tendon based transmission systems greatly sim-
plify the mechanical design of tools used in robotic surgery. Inspired from biology, ten-
dons as transmission elements have been studied for the development of robotic hands [19]
[21]. In robotic surgery, with end-effectors working within deep seated tissue structures
and limiting workspace constraints, it is often difficult or impossible to have the actuating
elements (motors) within the patient’s body. Tendon driven systems permit the required
diversity in tool dimensions [39] [40] and offer a workaround to allow for miniaturization,
safety and flexibility within a wide range of applications - the da Vinci [41], endoscopes
[42], slave-master systems [43], etc. Therefore, the proposed optically sensorized tendon

could prove a viable extension to existing tendon-driven instruments in robotic surgery.
2.2.3 Design for Needle Articulation

Needle steering in current literature refers to the possibility of actively reconfiguring
the mechanical design of the needle’s structure, enabling directional steering of the in-

strument through layers of tissue [44]. Literature classifies these approaches primarily
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as active or passive depending on the extent of control available at the operator’s end.
Passive steering techniques include base manipulation [45], and bevel-tip steering [46],
where, the initial orientation and geometry of the needle’s tip together with insertion ve-
locity and medium stiffness determine the path taken. Active steering refers to the con-
trollable change in the needle’s path by altering the structure or manner of interaction with
surrounding media. Techniques include, concentric tubes that can telescope relative each
other [47], pre-curved stylets that incorporate bent structures [48], reconfigurable bevel
tips that alter the needle’s tip [49], and tendon driven compliant cannula among others.
In this study, the steering was achieved with a needle cannula having circumferential slits
near the distal section, these slits reduce the stiffness across the member while enabling

planar bending.
2.3 Research Objectives

The crux of this study deals with verifying the feasibility of high strength PM-FBG
fibers as a bimodal actuation and sensing component in robot-assisted MIS. A series of
experiments were performed to first, evaluate the performance of the sensorized tendon
itself followed by testing within a prototype surgical instrument (steerable cannula - bidi-
rectional planar bending Fig. 1.1). Subsequently, we present evidence to substantiate ten-
don performance in terms of strength, strain independence, and friction decay along with
instrument force and stiffness sensitivity. To this end, we define the following metrics to

justify this proposition.

1. Performance evaluation of sensorized tendons

i Tendon strength: define load thresholds and identify modes of failure.

ii Temperature-strain decomposition: experimentally validate this independent

relationship.

11



i Friction compensation: quantify transmission decay with friction and draw

parallels with existing theory.
iv Effect of Kevlar reinforcement: characterize the strain behavior in optical fibers

reinforced with synthetic para-aramid fibers (Kevlar).

2. Experimental validation of proposed application

1 Kinematics and mechanics - system analysis: estimate tip flexion, range of

motion, workspace, and bending behavior of test prototype.

ii Response to static loads: calibrate for reaction force and stiffness by observing

static strain behavior during flexion within homogeneous phantom tissue.

iii Response to dynamic loads: observe and characterize the behavior of the sen-

sorized tendons and prototype under the influence of dynamic forces.

iv Tissue stiffness estimation during phantom insertion: observe and characterize
strain response during insertion within multi-layered phantom tissue, and real-

time tissue stiffness estimation.

Given the above premise, there are certain limitations to this study. Firstly, the lack

of real-time control using fiber data limits steerability. Phantom behavior is visco-elastic

and the working assumptions for stiffness estimation require further substantiation. The

proposed application comprises of a single PM-FBG fiber which inhibits exact decomposi-

tion of force information and bi-directional tip control. Moreover, the design of the flexure

itself is not optimized toward efficacy in stiffness estimation. Location, geometry, flexi-

bility, and strength should be studied further for its safe use as a steerable medical device.

Therefore, these aspects signal plausible future directions for the proposed concept. The

experimets, results, and subsequent discussion present evidence in support of the defined

objectives within the confines of the stated limitations.
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3. EVALUATION OF SENSORIZED TENDONS

3.1 Comparison Under Tensile Load

To discern the safe loading conditions for the actuating fibers (PM-FBG fibers, FBGS
International, Brussels, Belgium), standard gauge optical fibers used in tele-communication
(Nufern Inc, CT, USA) were subject to tensile loading. Three fibers were tested with in-
cremental load applied over consistent time intervals and strain rates. The loads at failure
were then recorded.

A bench-top tensile-testing machine (Instron 4411, Instron Corporation, United King-
dom) was used for this experiment with a maximum applied load of 11.8 N over 60 s time
intervals at a strain rate of 0.1 in/min. The fibers varied in cross-section (core, cladding,
and coating diameters) and coating material.

Notably, the failure loads for the Nufern 1550B-HP and MMS-S105/125-22A having
similar glass layer dimensions as the PM-FBG fiber was 11.8 N and 9.81 N respectively.
However, they differ in terms of coating material. Coating separation was observed as a
common mode of failure. The glass core remained intact across trials, i.e. jacket strip-

off was observed prior to core disjunction. In Fig. 3.1 (a), the PM-FBG fiber’s response

Fiber type Nufern 1 Nufern 2 Nufern3 DTG PM-FBG
Coating Diameter ym  245.0+£15.0 165.0+10.0 245.0+15.0 195 +£15.0
Cladding Diameter ym 125+ 2.0 80+£1.0 125.0+1.0 125+ 2.0
Core Diameter ;m 1054+3.0 6.0 9.0 6.0
Failure Load N 9.81 54 11.8 > 13 (3% strain)
Coating Material Acrylate Acrylate Acrylate OrMoCer

Table 3.1: Results from tensile loading experiments on standard tele-communication fibers
and high strength PM-FBG fibers. Where, Nufern 1 - MM-S105/125-22A, Nufern 2 -
1310M-HP-80, and Nufern 3 - 1550B-HP.
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Figure 3.1: Performance evaluation of sensorized tendons (a) Tensile load limit and time-
sensitivity as observed for the PM-FBG fibers. (b) Strain and temperature response of a
bare PM-FBG fiber and Kevlar reinforced fiber under tensile loading.

to tensile load is documented, the load limit is constrained to approximately 12 N due
to wavelength limitations of the interrogator. The fiber response remained consistent and
error-free after repeated trials beyond the required duration, no fracture was observed up
to this load.

Vendor documentation projects a failure load of 20 N for the PM-FBG fibers. Table 3.1
further details the results from these tests, evidently, the PM-FBG fiber is able to withstand
loads greater than a standard tele-communication fiber (no FBGs) having slightly larger

cross-sectional dimension, this is potentially attributed to the special coating used.
3.2 PM FBG Strain Response and Sensitivity

To calibrate the PM-FBG fibers and to test their strain sensitivity i.e. percent strain
per unit load in tension (%/N), load tests were performed using standard weights and a
bench-top tensile test setup. The optical fiber was connected to the interrogator (FAZ
Technologies Inc., Dublin, Ireland) and the free-end bonded to a 3D printed attachment.

A section of the fiber was taped onto a support structure while loads were suspended from
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the free end. Considering a 20 N failure load, a factor of safety of four was adopted as
the safe load limit for fibers in subsequent experiments (4.905 N for time intervals < 300
s). Two trials were performed with load increments of 20 g up to 200 g and another with
load steps of 50 g up to 500 g at room temperature (27 °C). The peak wavelength shifts
were recorded using the system GUI (Femto-sense, FAZ Technologies, Dublin, Ireland)
and post-processed for strain and temperature information. A plot of load to strain and
temperature was obtained as shown in Fig. 3.1 (b), this served as a reference source for
calibration in future experiments.

The above process was repeated with Kevlar-reinforced PM-FBG fibers. The optical
fiber is bonded using an instant alkoxy-ethyl adhesive (Loctite 403, Henkel Adhesives,
USA) to a strand of pre-tensioned synthetic para-aramid fiber (Kevlar, DuPont, Wilming-
ton, DE) as shown in Fig. 3.2. The bonding length was 10 mm and the cure time 24 hrs.
In doing so, the bonded section can be modeled as a simple composite bar in axial tension.
Here, T),; is the applied tension that results in an extension, d L, across each layer such

that,

(0Lv)os = (0Ly)aa = (0Lp) Kev 3.1

TL TL TL
(_b> _ (_b> _ (_b) (3.2)
AE ) s AE ) 4, AE ) ..
where, T' corresponds to the applied load across the section, L; - length of the bonded
segment, A - the area of cross-section and F - elastic modulus of the material. O f refers
to the optical fiber, Ad - adhesive and Kev - Kevlar fiber. The elastic modulus for kevlar

(Ekev) 1s taken as 110 GPa, the optical fiber - Eps as 16.56 GPa and the adhesive - /44 as
3.67 GPa [50] [51].
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Figure 3.2: Schematic depicts the the PM-FBG fiber reinforced with pre-tensioned Kevlar
fiber. Equivalently modeled as a composite bar under axial tension with Kevlar and optical
fiber regions separated by an exaggerated adhesive layer.

Therefore,

Tt = 2.8123T s = 3(Toy) (3.3)

This implies that the effective load experienced by the optical fiber when reinforced
with Kevlar is approximately one-third the magnitude of load applied to the Kevlar fiber
itself. This extends to the possibility that when reinforced, the sensorized tendons can
carry up to three times the permissible load for the bare PM-FBG fiber. This claim is

validated experimentally in the sections to follow.

3.2.1 Bare Fiber

The plot in Fig. 3.1 (b) represents the strain to load relationship (strain-response) for
the bare PM-FBG fibers while under a tensile load. The response is seemingly linear with

a sensitivity of 0.1266 %/N. The temperature stability of the fiber is apparent as evidenced
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by the simultaneous temperature data plot, with room temperature at 26°C as determined
using a thermometer. This relationship was consistent over three trials. The applied load
was increased to a maximum of 4.9 N under a strain rate of 0.1 in/min.

In Fig. 3.1 (a), the bare PM-FBG fiber was subject to tensile load increments of 1 N
up to ~ 12 N with a time interval of 60 s each. The fiber response was unaffected and
remained consistent across trials. This lends support to the idea that the PM-FBG fibers
could function as efficient transmission media in applications that require small loads up

to a cut-off value.
3.2.2 Kevlar-reinforced Optical Fiber

The plot in Fig. 3.1 (b) also depicts the relationship between strain and applied load for
the PM-FBG fibers when reinforced with Kevlar fiber having a nominal diameter of 250
pum. The reinforced fiber bundle has a load sensitivity of 0.03975 %/N. The temperature
stability of the fiber is evidenced by the simultaneous temperature data plot, with room
temperature at 26°C as measured using a thermometer.

Notably, the observed strain dropped by about 35% during these trials which is ap-
proximately equivalent to the expected difference (Eq. (5)). This can be attributed to the
idea that the bare fiber, the adhesive and the synthetic fiber now function like a composite
with a certain degree of load re-distribution as described theoretically from Fig. 3.2. This
relationship was consistent over three trials. A maximum load of 11.8 N was applied at a
strain rate of 0.25 in/min.

For applications involving large loads, Kevlar can be used as a force carrying tendon
while the PM-FBG fiber is bonded to it. Kevlar fiber has a higher stiffness than the PM-
FBG fiber and hence undergoes lesser strain for the same load, this permits up to three
times the load carrying capacity of bare fiber (approx. 40 N). This tensile load capacity

translates to a lateral force magnitude of approximately 5.08 N (as detailed in Section
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Figure 3.3: Temperature independence of the PM-FBG fiber: During Stage I - constant
temperature and incremental load up to 500 g. Stage II - constant load (strain) increasing
temperature from 27°C (ambient) to approx. 90°C. Note: temperature axis is to the right.

V-B) which is sufficient for most rudiments of modern surgery [27]. Equivalently, for
a device such as the EndoWrist, with a cross-sectional diameter of 8 mm, and gripper
length 10 mm this could be enhanced up to 31 N in terms of grasping force at the end-
effector. Moreover, due to limitations in the bend radius of the glass core in an optical fiber,
reinforcing elements such as Kevlar enable unique tethering configurations advantageous

to the specific application.
3.3 Temperature Independence of PM-FBG Fibers

Fig. 3.3 demonstrates the temperature independence of the sensorized tendons. This
experiment was performed in a controlled environment. During Stage-I, the optical fibers
were placed in a stress-free state at room temperature (26°C"). Loads were then added to
the bare fiber in four steps up to 400 g i.e. steps ¢ to zv. As evidenced by Fig. 3.3, the
temperature readings remain consistent throughout this stage while, strain rises in response

to increasing load.
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In Stage-II, the optical fibers were under a constant tensile load (400g) while ambient
temperature was increased in four stages using a heat gun and a thermally reflective en-
closure. Temperature was gauged in tandem with wavelength using a thermometer. Step 1
corresponds to a nominal temperature of 32 °C, step 2 at 45 °C, step 3 at 60 °C and step 4
up to 80 °C (as measured). Notably, the noise in strain data beyond a certain temperature
step is attributed to the draft induced by the heat gun.

This experiment clearly demonstrates the idea that the temperature response of the
grating is independent of applied load. Moreover, the measured temperature was in agree-
ment with the observed temperature as determined using an external thermometer. This
validates the temperature independence of the wavelength shifts registered by the PM-FBG
fiber. Therefore, undesired thermal effects would not hinder the performance capabilities

of the sensorized tendons.
3.4 Friction Effects: Transmission Decay

This section details the influence of friction on tendon based force transmission and
how fiber-optic sensing provides means to quantify this attribute. Under tendon actuation,
an important concern is force reduction due to friction loss. Research by Palli et. al. [19]
points to a theoretical model that postulates tendon decay as a factor influenced by two
elements inherent to the transmission media: angle of curvature (¢) and the coefficient of
friction (1) between the contact surfaces (PM-FBG fiber Coating and the polytetrafluo-
roethane (PTFE) Lumen). Hence, higher the angle 6, higher the transmission decay.

Fig. 3.4, presents a schematic of an infinitesimal section of the tendon while under ten-
sion. The tendons are routed within the PTFE tube which is held in contact with the curved
surface. Where, transmission decay is a consequence of the relative motion between the

stationary lumen and moving optical fiber.
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Figure 3.4: Transmission decay investigation: Force-balance on an infinitesimal tendon
section in frictional contact with the PTFE lumen as observed on the experimental setup.

Fr = uNsgn(é) (3.4)

AT = —F, (3.5)

where, [ is the friction force, /N the normal load due tendon motion and surface curvature,
¢ the tendon deformation rate, and AT the loss in tension due to friction. Therefore for the

infinitesimal tendon segment,

N=Tdj=T— (3.6)

dT = —F; = — T~ sqn(¢) (3.7)
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where, df is the angle subtended by the arc made by the infinitesimal section (dx). dT

is the corresponding decay and R the radius of curvature. Now, Eq. (9) can be integrated

over the tendon length to provide for a relationship between 7}, (input tensile load) and

T,.: (measured tensile load) as in Eq. (10) - which depends on the direction of loading.

where,

ATy eV, €>0 35

eV, €<0.

fud
R

v =

L=ub (3.9)

Based on the coulomb friction model developed by Kaneko et. al. [52], where, trans-

mission decay is the consequence of frictional contact between the tendon and a fixed sur-

face, a segmented exponential function provides for a quantifiable relationship between

tension output and tension input across the curved section.
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This is substantiated experimentally, in Fig. 3.5 (a), a schematic of the test setup used
is described. This setup was used to test for change in fiber strain with varying angles of
curvature. The fibers were routed through a PTFE lumen bonded to a surface having the
required angle of curvature. The FBGs were positioned so as to be devoid of contact which
may interfere with the tension readings. Loads were applied at fixed intervals and the
corresponding fiber strain recorded. The process was repeated for three different angles of
curvature. The results so compiled were compared with the load calibration data obtained
in Fig. 3.1 (b).

Due to contact between the curved surface and fibers, the effective tensile load ex-
perienced by the gratings is less than the applied load - this behavior is amplified with
both increase in angle of contact and (or) coefficient of friction for the material pair. Cor-
respondingly, the output strain decreases with increasing angle of curvature. Hence, as
expected, in Fig. 3.1 (b) the fiber strains show a marked decrease with increasing angle of
contact.

As the tension on the input end 7}, is increased, the corresponding output load as deter-
mined from fiber strain is shown in Fig. 3.5 (b). Here, the load at 6 set to zero corresponds
to the input tension (7;,,), and subsequent data-points relate to the measured tension (77,,;)
at different angles of curvature. This trend is potentially exponential and supports the seg-
mented exponent idea described in existing literature [19]. This underscores the possibility
that, with the PM-FBG fibers as actuating elements, the control model may circumvent the
need to externally account for friction based decay in tendon driven systems. Besides, the
behavioral attributes of the sensorized tendon mimic that of existing tendons in literature -
a model well-understood. However, in practice, interactions between the tendon and con-
tact channel are complicated and may not subscribe to the assumptions of existing theory
- hence, an inherent sensing modality would prove advantageous. Subsequent sections

discuss tendon performance within the context of the proposed application.

22



4. TOOL DESIGN DESCRIPTION

To better comprehend the underlying kinematics and to describe the force response of
the tendons, a brief discussion of tool design is presented. The sensorized tendons studied
in Section IV, when instrumented within the prototype can estimate stiffness or reaction
forces during tool-tissue interactions. This demands a study of the joint kinematics and
deformation behavior during bending. A prototype was fabricated using NiTi tube with
an outer diameter of 0.05 in and wall thickness of 0.01 in (18 Ga). A flexure joint was
embedded onto the needle by laser machining circumferential slits across a small section.
The pattern so machined, enabled bi-directional flexion (bending) of the needle’s tip along
a plane and is labeled bi-direction flexure.

Two stages of actuation of the prototype are shown in Fig. 4.1. The sample used for
the experiment was 120 mm long. The total length of the patterned joint was 4 mm. A
section of length 6 mm was left un-patterned ahead of the joint. The schematic in Fig. 4.1
also describes tendon routing. Here, the tendons are arranged in an antagonistic manner
and actuated by DC motors placed near the proximal segment of the instrument.

However, the proposed prototype is limited by the fact that there is only one sensorized
tendon actuating the flexure - this hinders effective force decomposition. Besides, the
design of the flexure itself is largely un-optimized and remains beyond the scope of this
investigation. In addition, the approach posits the use of an inner lumen to route the
actuating fibers, under the absence of which the kinematic assumptions may not hold.
The subsequent results examine the performance merits of the proposed sensing modality

within the confines of these limitations.
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Figure 4.1: Joint kinematics for the bi-directional planar flexure: section under bending is
as shown, with dimensional attributes of a single recurring section and its corresponding
geometry under bending load.

4.1 Needle Kinematics

A kinematic model is described for the recurring joint segment, with frame assign-
ments as depicted in Fig. 4.1 (a). Here, the flexure joint is assumed to undergo constant
curvature bending across recurring sections of the joint. A single joint segment consists of
two circumferential slits arranged opposite to one another as shown. Seven such recurring
segments enable up to 29° of flexion in a given direction.

Evidence supporting this assumption has been discussed earlier in literature [53]. Fur-
ther, the tendons are modeled as though they remain in contact with the walls of the can-
nula during the flexion process. In addition, the tendon itself is regarded as an inextensible
element made of high strength Kevlar fiber [54] [55]. These assumptions remain reason-
able given the material choice and design constraints.

The objective here is to map tendon extension AL to tip flexion ¢. This requires

assumptions to locate the neutral axis for the beam, as discussed previously [53]. On a
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Figure 4.2: Needle kinematic description: (a) Reference frames ¢ to ¢v and geometric
parameters of interest for the recurring section under bending. (b) Sections AA and BB’
detailed.

similar vein, we assume that the neutral axis passes through the centroid of the cross-

section at each segment.

AL — A,

4.1
4, A, 4.1)

y:

Where, 7 is the distance of the centroid of section BB’ from its center. 77 and 75 are
the the centroids for sections 1 and 2 as shown in Fig. 4.2 (b), while A; and A, are their
respective areas. Note, frame assignments remain consistent at each segment, therefore,
depending on the orientation of the slits, the centroid position either takes a positive or a
negative value.

For the joint, the cutting depth is 1.1 mm (d3), slit separation is 0.49 mm (d4) and a

slit width of 0.06 mm (d3). The sections BB’ and AA’ correspond to the slit-section and
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tube cross-sections respectively. A; and A, correspond to the area of circular segments as
indicated in Fig. 4.2 (b) given by Eq. (14), with corresponding centroids at 7j; and 75 given
by Eq. (13) [53].

_ Arysin®(1/2¢,)
P = 30 — sin(on)) #2
N T%(ébn — 5in(¢n))
A, = ; 4.3)
b = 2c0s (g —10)/70) 4.4)

The subscript n corresponds to section 1 and 2 for the cross-section. Based on the
deformation geometry of the circumferential slits as shown in Fig. 4.2 (a), we can now map
the tendon pulling length to the curvature & as described in Eq. (16) using arc equations

and trigonometric identities.

. kh

where, h is the initial tendon length. Now, this provides equations for curvature £ and arc
length s i.e. the length of the actuating fiber within the deformed slit segment (Eq. (17)).

From these expressions we derive a sequence of transformations from frame : to frame v

(see Fig. 4.2 (b)).

AL h

ke — =
T h(rtm) - ALy T 1+ 7k

(4.6)

Homogenous transformations, with angular deflection and displacement across slit 1

(¢ — 1), followed by displacement d across the undeformed region separating the two
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slits (47 — 44i), angular displacement and deflection across slit 2 (i — iv) and subsequent
translation to the neighboring segment. These rudiments together contribute toward the

net deflection of a single recurring element.

1 0 0 0
HZ?'” _ 0 COS2<]€282) BQQ ng (47)
0 —BQQ —SiTZQ(]{?QSQ) 033
0 0 0 1
where,
—sin(kasy)(dky + sin(kess))
Bss = 2
1
Bay = cos(kasg)sin(kass)
cos(kasa)(dky + sin(kess))
D33 = 2
1
Hence, the net transformation for a single segment is
HI = [[{H T{dy) (4.8)
k=i

Therefore, for n (here, n = 7) such segments i.e. n: the number of segments,

{Hg} == (4.9)
net

J=1

Eq. (20) describes the kinematic model that relates tip flexion to tendon pulling length.
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Figure 4.3: (a) Test setup used in experiments. (b) Proposed simplification through equiv-
alent beam deflection models. (c¢) Observed deflection and planar range of motion for test
prototype.

4.2 Needle Tip Mechanics

A modelling assumption is used to idealize the compliant section of the needle joint as
a cantilever shown in Fig. 4.3 (b). Here, the tubular sections which precede and succeed
the machined region are assumed to be rigid. The tension acting on the tendon is mapped
to a comparable transverse tip load. This can be done by modeling the tensile load as an
end moment acting on the cantilever beam, where, the torque arm is equal to the outer
radius of the NiTi tube. Subsequently, equivalent deflections may be found for a similar
section under a transverse tip load as depicted in Fig. 4.3 (b). The tension force has a
magnitude 7, the inner radius of the cross-section is 7;. Hence, the effective end moment
My is given as: s

Musp =Tr; (4.10)
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For a cantilever beam under an end moment or an equivalent transverse tip load (£3;,)
as previously described, the slope 6 is as given by Eq. (22), where E is the elastic modulus
of NiTi (83 GPa - austenite), L the length of the beam, and [ the cross-sectional moment

of inertia for the equivalent section.

ML FypL?
0= = 4.11
El 2E1 ( )
2M,
Fip = =1 (4.12)

Now, Eq. (23) maps applied tension to an equivalent transverse tip-load (F};p). In our
experiments, the strain from the PM-FBG fiber corresponds to applied tension, which in
turn provides for an equivalent load, F};,. The magnitude of F};, in air (/';,) would differ
from that observed within phantom (/},) due to the contrast in material stiffness and the
commensurate measured strain. This difference is attributed to the reaction component
from the resultant of the tissue interaction force at the tip, R; - which is in effect a measure
of its compliance. Moreover, the force in air, ;. may be determined from the mechanics

model outlined previously. Therefore,

Rt:Fp_Fair (413)

We further investigate this possibility in Section VI with the aid of Fig. 5.1.
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5. PROTOTYPE EVALUATION

The sensorized tendons provide an estimate of stiffness during needle-tissue interac-
tions. This is better understood with the scenario as shown in Fig. 5.1. During insertion
- for the given configuration, the reaction force from the phantom opposes flexion in the
clockwise direction. Tension on the sensorized tendon is mapped to an equivalent clock-
wise moment at the distal section based on Eq. (15). This enables flexion in a direction
against tissue reaction. The tool design studies described in Section V, further substantiate

this idea.

Phantom tissue

Insertion

i Bevelled tip
FBG position Sensorized tendon

Figure 5.1: Sensorized tendons as a force sensing modality within a steerable needle. Dur-
ing insertion, the resultant tip reaction force (1;) opposes needle flexion - this is measured
as a function of strain given by the PM-FBG fiber using Eq. (24).

Therefore, borrowing from the concepts previously described, the tangential force on
the distal segment is a function of applied tension. Hence, the tension required to produce
a flexion angle, 6 is contingent on phantom compliance. Implicitly, higher the modulus

of elasticity, larger the required tension for equivalent angles of flexion (f). Hence, in
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theory, passive instrument bending can be corrected through tendon actuation which in-
turn enables stiffness estimation. To substantiate this concept, the subsequent sections

present evidence from relevant experiments.
5.1 Tissue Phantom

The sensor instrumented needle prototype was tested within tissue phantoms of varying
stiffness. Two materials were used - Plastisol (MF Plastics, Fort Worth, TX) and Medical
grade ballistic gelatin (Clear Ballistics Inc., Fort Smith, AK). The plastisol phantoms were
fabricated in-house. Phantom compliance is varied by changing the proportions of plastic
to thinner in solution. A bench-top compression test apparatus (Instron 5960, Instron

Corporation, United Kingdom) was used to determine the elastic moduli.

Phantom Type Measured Elastic Modulus (kPa)

1-1 Plastisol 6.543

2-1 Plastisol 13.540
4-1 Plastisol 22.039
Ballistic gelatin 3 42.084
8-1 Plastisol 57.129
Ballistic gelatin 2 57.711
Plastic phantom 67.111

Table 5.1: Averaged elastic moduli for cubic phantom specimen of side 2.5 in ea. from
compression loading experiments at 0.1 in/min and strain margins up to 10%

Phantoms of known dimension were fabricated using standard molds, the specimen
were then subject to compressive loads under a consistent strain rate (0.1 in/min). The
applied load and corresponding strain were recorded. This way, the elastic modulus for
each specimen was determined from the strain-response curves [56]. The averaged strain
response for each phantom is as shown on the graph in Fig. 5.2 (a) and the respective

elastic moduli are as documented in Table 5.1.
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Figure 5.2: (a) Phantom behavior under compressive loading — stress-strain curves to de-
termine elastic moduli. (b) Phantom specimen in compression test setup.

5.2 Behavior Under Static Loads

The PM-FBG fibers are unique in their ability to provide decoupled temperature and
strain information. This feature enables real-time estimation of tissue reaction forces using
principles outlined previously. To evaluate the functionality of the instrumented prototype
in this context, we performed static flexion experiments within different phantom media.
The needle was held in place using a 3D printed clutch, and the fibers were pre-tensioned
and actuated by antagonistic DC motors. A camera was used to record the observed tip-
flexion.

The setup is as shown in FIg. 4.3 (a), the observations show that measured strain is a
function of phantom stiffness. This relationship is reasonably linear and lends credence to
the argument that strain data may be calibrated to provide a measure for tissue stiffness.
Moreover, the difference between observed strain when in air and within phantom provides

an estimate for reaction force from tissue during the static experiments (Eq. (24)). With
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proportion of plastic to thinner in plastisol.(b) Needle tip reaction force as a function of
observed flexion angle and phantom stiffness during static actuation experiments. Ratios
correspond to proportion of plastic to thinner in plastisol.

focused modeling methods this could provide for force-feedback.

Fig. 5.3 (a) provides a graphical summary of observed strain as a function of tip
flexion and its correspondence to phantom stiffness. Clearly, measured strain increases
with increase in tip-flexion and (or) phantom stiffness. The assumption that the tendon is
inextensible is reinforced from the observation that observed tip flexion is consistent with
corresponding pulling length irrespective of the medium used for the test. Intuitively, we
notice that higher the stiffness, higher the measured strain for similar extension.

Fig. 5.3 (b) graphically represents the response of reaction force against increasing
tip flexion within different phantom media. The force here borrows from the concepts
outlined in Section V-B. The reaction force during static experiments is necessarily a con-
sequence of the transverse load acting along the outer wall of the needle cannula which
faces the direction of flexion. This force component exhibits an intuitive trend and is a

function of phantom compliance. Therefore, the instrument may be calibrated to provide
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Figure 5.4: (a) Dynamic strain response of the Kevlar-reinforced PM-FBG fiber at a fre-
quency of 1.38 Hz, extension - 1.33 mm and net time - 120 s. Here, AA’ corresponds to
an approximation for the peak-averaged input strain £; and BB’ corresponds to the peak-
averaged measured strain £,. (b) Composite model of optical fiber within an adhesive
substrate for input strain correspondence in Kevlar-reinforced PM-FBG fiber.

for the elastic moduli of tissue during insertion.
5.3 Behavior Under Dynamic Load

Needle steering and the insertion of articulate cannulae are dynamic processes, there-
fore, although the functionality of the instrument under static conditions is understood,
the dynamic behavior of the sensorized tendons could further extend its potential applica-

tion. In these experiments, pre-tensioned PM-FBG fiber was subject to oscillatory loading
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(tension-slack cycles) at different pulling frequencies, length (amplitude), and time ac-
counting for visco-elastic behavior, while their performance was analyzed for consistency
in strain response. Here, the frequency of applied load is contingent on actuator RPM
(motor speed), the time duration of loading relies on the oscillation count and number of
cycles, while the extension is dependent on the angular position of the actuator.

In Fig. 5.4 (a), a section of the strain response corresponding to an extension of 1.33
mm, frequency of 1.38 Hz, and net time interval of 120 s is shown. Evidently, the ob-
served strain as picked up by the Bragg sensors is almost equivalent to the input strain
approximation as measured using the optical encoder on the DC motor. Moreover, this
relationship is consistent across trials for a given medium (air) and a given prototype as
indicated by the amplitude ratio. The observed amplitude ratio is ~ 0.95. This is better
understood with a simple composite model as shown in Fig. 5.4 (b), where ¢; and ¢, are
the strains across the indicated sections. If the tension applied on Kevlar fiber tethered to

the actuator is Fj.,, and assuming linear behavior across layers, it can be shown that,

= = (5.1)

Foy and Fyq are the load components borne by the optical fiber and adhesive respec-
tively. Fo; and E,4 their corresponding moduli of elasticity. For strain compatibility all
layers of the composite section undergo equal extensions.

With optical fiber strain (¢ = €2) as determined by the PM-FBG fibers and with the
assumption of complete load transfer between the Kevlar and adhesive (i.e. Fixey = Flaq)
as a consequence of their contrast in stiffness [57], the strain on the Kevlar fiber (g, =
€1) may be determined. In doing so, it is observed that the ratio of strain on the optical

fiber to the strain on the Kevlar fiber (i.e. amplitude ratio) is equivalent (using material
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properties as detailed in Section IV-B). From the experiments, the amplitude ratio is found
to be approx. 0.95, this difference is attributed to the bonding length L; used during
the said trials. An increase in bonding length L, would further promote strain transfer
betweeen the two media.

Notably, there is a response delay between input strain and measured strain to the tune
of 20 ms. Table 5.2 provides a complete summary of the observations from the dynamic
tests on the instrumented prototype. Interestingly, the observed strain was consistent ir-
respective of oscillation count (time), RPM (frequency), and varied proportionally with
actuation length (extension). It was observed that the fiber response gradually decreases
during extended oscillation times, possibly due to the visco-elastic nature of the phantom
or fatigue and needs further investigation. However, these intervals are beyond expected

operation periods for the application.
5.4 [Insertion Tests: Two-layered Phantoms

The performance of the instrument during insertion within two-layered phantom tis-
sue was experimentally investigated. In these trials, the instrumented needle prototype
was actuated by a pair of opposed DC motors mounted atop the carriage of a linear ball
screw actuator (see Fig. 4.3 (a)). The system allowed for two degrees of freedom - linear
insertion, and distal flexion of the needle tip. The instrument was interfaced with three dif-
ferent phantoms (ballistic gelatin 3 - 42.084 kPa, 2:1 plastisol - 13.54 kPa and 1:1 plastisol
- 6.543 kPa) in pairs of two. At the outset, the immediate concerns were to ensure that
system response was consistent, independent of insertion velocity, phantom arrangement
or flexion, and in agreement with strain estimates observed during the static trials.

The stages of insertion are described as follows - first, the needle is oriented in the
preferred direction and locked in place by the clutch. The tendons are then tethered to the

actuators and provided a fixed (consistent) pre-tension. The required flexion and insertion
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Changing oscillation count - Time

Trial no. T1 T2 T3 T4
Pulling length (mm) 1.77

Motor Speed (RPM) 9.5

Measured strain 5 (%) 0.298 0.292 0.299 0.309
Amplitude ratio 0.9426 0.9524 0.9347 0.9834
No. of oscillations 20 30 40 50
Frequency (Hz) 2.857 2616 2761 2.730

Response delay (ms) 1776  18.61 17.88 18.32

Changing pulling length - Extension

Pulling length (mm) 2.22 1.77 1.33 0.8

Motor Speed (RPM) 9.5

Measured strain 5 (%) 0.359 0.298 0.239 0.178

Amplitude ratio 0.9411 09767 0.9336 0.9426

No. of oscillations 20

Frequency (Hz) 2.857 1.744 1.380 1.092

Response delay (ms) 18.92 17.76 1993 10.21
Changing motor speed - Frequency

Pulling length (mm) 1.77

Motor Speed (RPM) 9 11 13.6 16.7

Measured strain ¢, (%) 0.308 0.303 0.307 0.306

Amplitude ratio 0.9677 0.9720 0.9608 0.9366
No. of oscillations 50
Frequency (Hz)2.730 3.265 4.075
Response delay (ms)18.32 1523 19.11

5.090
17.16

Table 5.2: A summary of strain response from dynamic tension-slack tests on the instru-
mented prototype for three scenarios: (a) changing oscillation count - time (up to 200s) (b)
increasing extension length - amplitude (0.89 — 2.25 mm) (c) actuator RPM - frequency
(up to 5 Hz). Measured strain corresponds to peak averaged values over multiple cycles.

_ Plastisol 2:1 I =L B R | 1 '*H'i Ha T 5
).ﬁ:..; ‘_ 1 ! = '_L%_ | 2/ e, ‘ 3 = e N -:-;L:d-_- __‘\
Ballistic Gel 3 | i | | J‘ |
H o i | -8 sl i offl N | 10
e | e s o I m—.j { ; - i
@ Al al 1 0! 20mm

Figure 5.5: An example of the stages of insertion into two phantom layers - from platisol
2:1 segment into ballistic gel 3 segment. Steps [1-5]: insertion, [6-10]: retraction. Frame
(10) shows tool path through the clear phantom layer while Frame (3) shows the beginning
of tool-flexion.
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depths are then fed to the control loop. Subsequently, the needle is inserted within the
first phantom layer up to a depth of 20 mm. At this point, strain data is logged by the
interrogator. The needle is then actuated by the DC motor to produce the required flexion,
followed by a second stage of insertion up to a maximum depth of 80 mm. During this
insertion stage the fiber tensions are balanced so as to maintain a consistent tip flexion
angle. Finally, slack is introduced to both fibers while data-logging is terminated at the
interrogator. The needle is then gradually retracted from within the phantom layers. These
stages are depicted visually in Fig. 5.5, where frames [1-5] correspond to insertion, with

flexion beginning at frame 3. While, frames [6-10] correspond to tool retraction.
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Figure 5.6: Phantom insertion experiments. (a) Single layer insertion into clear ballistic
gelatin phantom at three insertion velocities and two angles of flexion. (b) Single layer
insertion: strain response as a function of flexion angle under varying insertion speeds and
phantom moduli.

The prototype was first inserted into single phantom layers up to a depth of 70 mm,
these trials were repeated with changing insertion velocity and tip-flexion angle. In Fig 5.6
(a), the strain response corresponding to insertion within ballistic gelatin is presented for

two different angles of tip flexion (11° and 4°) at three different insertion velocities (range:
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Figure 5.7: Insertion into two phantom layers at three insertion velocities and constant
flexion angle.

2.5 — 5 mm/s). It was observed that the recorded strain was independent of insertion
velocity for the ranges so tested, this is evidenced by the consistent strain peaks depicted
on the graph — an attribute common to over 40 trials that were performed within a single
phantom layer. At an angle of 11° the measured strain averaged at 0.559% while at an
angle of 4° it was 0.4569%. In Fig. 5.6 (b), the peak-averaged strain value corresponding
to flexion angle for each phantom type is shown. This data is the average of four trials, at
four angles of flexion, within three phantom variants and at three insertion velocities. From
the graph, the response agrees with the linear trend observed during earlier experiments
(see Fig. 3.1).

Subsequently, the instrument was interfaced with two-layered phantom arrangements

starting with insertion into the more compliant region followed by flexion and insertion
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into a stiffer segment. The results from a set of insertion trials within two phantom layers is
presented in Fig. 5.7, and shows insertion into the 2:1 plastisol segment (Stage-1) followed
by insertion into the ballistic gelatin segment (Stage-2) under a flexion angle of 11°.

The observed strain is approximately equivalent to values observed under the single
layer phantom experiments. This was reasonably consistent across similar (increasing
stiffness) phantom arrangements. Interestingly, the strain behavior corresponds with the
expected stress-relaxation of the visco-elastic phantom and could potentially result in an
improved tissue modeling strategy. From our observations in Fig. 5.7 it is evident that
the instrumented prototype has a stiffness sensitivity of approximately 0.003%/kPa i.e.

35.65 pm/kPa (standard FBG sensitivity is ~ 1.18pm/ue) for the given flexion angle.
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6. CONCLUSIONS

In this study, we explored a bi-modal approach to sensing and actuation in the form of
sensorized tendons using Kevlar-reinforced PM-FBG fibers. Further, a potential applica-
tion in the form of an articulate robotic needle with stiffness estimation capabilities was
discussed to substantiate this proposition. The experiments primarily dwell on the perfor-
mance of the tendon on its own regard followed by trials to validate its function within the
context of the recommended application.

Evidence suggests that the tendons are able to transmit loads up to 40 N, which is sub-
stantively more than previously documented for standard optical fibers (no FBG). Besides,
they provide for temperature independent strain measurements and means for friction com-
pensation.

When instrumented within the prototype needle, their response to static loads is con-
sistent, linear, and a function of phantom compliance, and flexion angle. This attribute
further extends to dynamic loading conditions, where, the documented strain is indepen-
dent of loading frequency, amplitude and time. Together, these factors add to the stiffness
sensing capabilities of the instrument given the nature of tool-tissue interactions during
surgery.

This is experimentally validated using the observations from the phantom tissue inser-
tion experiments. Where, the documented strain agrees with those observed under static
and dynamic loading conditions and is independent of insertion velocity. Moreover, the
response mimics the stress-relaxation behavior of the visco-elastic phantom, and could
therefore enable improved tissue modelling approaches.

Hence, with emphasis on force-modeling techniques, dual sensorized actuating ten-

dons, active closed-loop control with online stiffness estimation to ensure a consistent an-
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gle of flexure during the insertion stages, and a custom inner PTFE lumen - the proposed
concept could potentially fulfill the force-sensing needs of instruments in robot-assisted

invasive procedures of today.
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