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Chapter 1

Introduction

1.1 Motivation

Lung cancer is the leading cause of cancer-related deaths in the U.S., claiming 154,050
lives every year [1l]. The five year survival rate for lung cancer is only 18% [1], partially
because many patients have advanced-stage lung cancer at initial diagnosis. The findings of
the National Lung Screening Trial [2] indicate a reduction in lung-cancer-specific mortality
with CT scanning in at-risk people. As such, more effective screening has become the
emphasis in the medical community for early stage detection of lung cancer. With increased
screening, there also exists a clear need to correctly identify which suspicious nodules in
imaging are harmful cancers that require treatment [3|]. Acquiring tissue samples of the
suspicious nodule through biopsy is essential to obtain a definitive diagnosis of cancer.

One approach to reach pe-
ripheral nodules of the lung is
through percutaneous, or transtho-
racic, approaches. The percuta-
neous approach of biopsy requires

inserting a needle from the outside

of the body through the pleural

Figure 1.1: Left: Percutaneous Biopsy. Right: Transo-
ral Bronchoscopy

lining of the lung to gather tissue
samples for further histopatholog-
ical analysis. This approach can have high diagnostic yield (74%) for larger nodules, but
diagnostic accuracy for malignancy in nodules smaller than 10 mm in diameter falls off
due to the technical difficulties of navigating to such a small lesion [4]. For nodules less

than 1.5 cm in diameter, diagnostic yield is less than 52% [J5]. Percutaneous access also



carries a substantial risk of intraoperative complications including pneumothorax, or lung
collapse, which occurs in as many as 28% of patients [0, [7]]. In this approach, 5% of pa-
tients require interventional treatment of chest tube insertion [8]] with other complications
including parenchymal hemorrhage (8.5%) [6], hemoptysis (7%) [9] and occasional reports
of embolism [[10] and even death [[11].

The other main approach to biopsy is through bronchoscopy. Physicians have transoral
access to the lung through flexible bronchoscopes, which have tendon-actuated tips that
enable manual steering through the airway. Physicians use their knowledge of anatomy
and the scope’s camera to navigate through the airway to a suspicious nodule for biopsy.
Biopsy modalities including flexible aspiration needles, brushes, or biopsy forceps, are
passed through the bronchoscope and used to collect several (4-6) [12] samples of the
lesion [[13]].

Flexible bronchoscopy is effective in diagnosing nodules visible to its camera, and di-
agnostic yield has increased over time (75% in 2001 to 94.5% in 2007) [14]]. However,
bronchoscopy is limited since it cannot reach into the many airways smaller than the bron-
choscope’s diameter. [15]. Bronchoscopes vary in size, with outer diameters from 1.8 mm
(ultrathin) to 6.9 mm (EBUS flexible bronchoscope) and working channels vary from 0.6
mm to 3.2 mm [16]. The diagnostic yield of bronchoscopy declines when the nodule is
located far from the entrance of the lung, with yields of central, intermediate, and periph-
erally located nodules at 82, 61, and 53%, respectively [15]. While ultrathin scopes have
increased the reach of flexible bronchoscopy from the 5 to 11" bronchus [16], the loca-
tions attempted using this technique are still within the airways, or in close proximity to
them. Thus, there exists a clear need to leverage the safety of bronchoscopy, yet provide

access to peripheral targets that are not located in or immediately adjacent to large airways.



1.2 Guided Bronchoscopy Techniques

In traditional bronchoscopy, it can be challenging for the physician to navigate to the
location of a pulmonary nodules [17]. Recent technical advances in endoscopic imaging
augment bronchoscopist’s ability to visualize and navigate airways. Methods that augment
traditional bronchoscopy with additional imaging or navigation assistance are called guided
bronchoscopy. These include electromagnetic navigation bronchoscopy (ENB), radial en-
dobronchial ultrasound (R-EBUS), and virtual bronchoscopy (VB).

Electromagnetic navigation bronchoscopy involves registering preoperative CT imag-
ing to an electromagnetic sensing system to reconstruct the bronchoscope’s position with
respect to a visual representation of the lung displayed on a computer screen. Commer-
cially available systems include SPiNDrive of Veran Medical Technologies [18]] and Su-
perDimension from Medtronic [19] provide ENB navigation, with initial reports of overall
diagnostic yield of 67% using the SuperDimension system [20].

Radial endobronchial ultrasound is widely used for lesions in close proximity to the
bronchus. Endobronchial ultrasonographic biopsy is performed with a bronchoscope equipped
with a linear array transducer that enables real-time ultrasonic guidance of a biopsy needle.
A randomized trial comparing conventional (non-guided) biopsy to ultrasound guided (R-
EBUS) biopsy revealed an increased diagnostic yield from 31% to 75% in lesions < 3 cm
[21]] using the Endobronchial Ultrasound (EBUS) bronchoscope from Olympus [22].

Virtual Bronchoscopy features software that reconstructs CT data into 3D models of
bronchial airways, vascular structures, ribs, and lungs to mark and segment a target. Vir-
tual bronchoscopy differs from ENB in that it does not rely on real time positional sig-
naling from sensors around the patient. The commercially available VB platform is the
Archimedes Navigation system from Broncus Medical [23]]. The Archimedes system also
integrates a dilation balloon and tunneling sheath, attempting to provide parenchymal ac-
cess to targets. However, this system is constrained in its inability to steer upon entrance

into the parenchyma, limited to straight-line targets.



In a meta analysis, guided bron-
choscopy reports a 70% diagnostic
yield. While this is higher than tradi-
tional bronchoscopy (63%), it is as low
as 14-34% for nodules under 2 cm [8]].
So while guided bronchoscopy tech-

niques increase bronchoscopist’s abil-

ity to navigate accurately, there still

Figure 1.2: Commercial approaches to periph- exists an inability to accurately reach
eral lung biopsy: (a) electromagnetic navigation )

(SPiNDrive, Veran Medical), (b) endobronchial Small, peripheral nodules, and control-
ultrasound (EBUS Bronchoscope, Olympus),
(c) virtual bronchoscopy (Archimedes, Broncus
Medical), (d) robotic bronchoscopy (Monarch,
Auris Inc.) 121

lably steer outside the airways.

Robotic Bronchoscopy

More recently, flexible bronchoscopy robots have been released (the Monarch system
from Auris, Inc.) or are currently under development (the lon system from Intuitive Sur-
gical, Inc.) with the goal of improving yield in trans-bronchial peripheral lesion biopsies
through enhanced distal dexterity. These systems combine the advantages of guided bron-
choscopy with the mechanical stability and ease of use of a robot. While these platforms
offer greater control of biopsy needles within the bronchus, these systems remain limited to
the airways and immediately adjacent lesions, since they provide no way to steer through
the parenchyma of the lung.

There has been large developments in visualization through ENB, R-EBUS, and VB
options of guided bronchoscopy, but commercial efforts presented thus far are focused
primarily on imaging and navigation. While robotics has entered flexible bronchoscopy,
introducing distal dexterity of biopsy instruments in the airway, its reach is still limited to
targets embedded in, or in close proximity to, those airways. To date, there is not a solution

that augments bronchoscopy by introducing steering capabilities in the parenchyma.



1.3 A Robotic Platform for TransBronchial Lung Biopsy

Recognizing the merits and drawbacks of percutaneous and bronchoscopic approaches,
our group has previously proposed combining steerable needles with concentric tube robots
to enable peripheral lesion access and biopsy through bronchoscopic delivery platforms
[24) 25 26]]. The workflow of this approach is displayed in Figure and begins with
manual operation of a flexible bronchoscope, augmented with our robotic platform to pro-
vide access from the airway to the parenchymal space of the lung. Our system introduces
the ability to steer to peripheral nodules, acting as an extended working channel of the

bronchoscope.
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Figure 1.3: Envisioned robotic workflow: (1) the bronchoscope is manually deployed by
the physician to target exit location in the bronchus (2) an outer concentric tube stage
orients towards the bronchial wall for entrance into the parenchyma (3) a second concentric
tube stage orients the needle (4) the innermost steerable needle stage is deployed to a target
nodule (5) a sheath is slid over the steerable needle, and (6) the robotic assembly is removed
leaving an extended working channel to the peripheral target

The workflow in this approach is as follows: (1) The physician first navigates a stan-
dard bronchoscope through the airway to the desired bronchial exit location, which may be

manually selected by the physician or indicated using planning software developed with our



system [26]. After this, several robotically-controlled, nested tube stages are then deployed
through the bronchoscope, as described in following steps. (2) A curved nitinol tube is used
to reach from the bronchoscope tip to the planned exit location on the bronchus wall, where
puncture into the parenchyma is performed. (3) Once in the parenchyma, a second concen-
tric tube aims a steerable needle stage so that the desired target lies within its workspace.
(4) The steerable needle leverages tissue interaction forces through a beveled, flexure hinge
tip, achieving high curvatures with reduced tissue damage [27]. The needle is steered to
the target under image guidance, with feedback from an electromagnetic sensor embedded
in the tip of the needle. A sliding-mode controller [28]] is used to guide the needle along
a planned path avoiding critical structures in the lung to the peripheral lesion [26]. (5)
Finally, a standard clinical sheath is passed over the entire nested tube assembly within
the bronchoscope port to the target. (6) Upon successful targeting of the lesion, the nested
tube assembly and the robotic unit are then removed, leaving the plastic tube in place. The
end result is an extended working channel for the bronchoscope, through which standard
biopsy instruments or therapy (e.g. laser ablation or chemotherapy) can be delivered to the

desired target.

&
- / Magnetic Tracker i 2 Actuation Unit
F ! 1+
i .
e 0 E ' )
% e — L
Bronchosco —

B Piercing Mechanism
Concentric 3 4

Tube Needl

/I/exure-Tip
Steerable Needle

Figure 1.4: Actuation unit used in the proof-of-concept robotic system

This multi-stage, robotic approach aims to combine the high diagnostic yield of percu-
taneous biopsy with the reduced invasiveness and morbidity of transbronchial approaches.

The primary focus of past work was on demonstrating feasibility of the multi-stage deploy-



ment concept, leaving opportunity to develop the robotic unit, workflow, and end effector
tool designs to future work. An original actuation unit was constructed to test system feasi-
bility, shown in Figure [T.4] but the design goals and constraints specific to peripheral lung
biopsy had yet to be explored with the design. Workflow integration of the robotic unit to
existing flexible bronchoscopy platforms is key to advancing the system towards clinical
use, as is tuning the design of the concentric tube and steerable needle stages to achieve

increased steerability in tissue.

Figure 1.5: Rendering of the envisioned robot and bronchoscope: the concentric tubes,
steerable needle, and sheath (referred to collectively as a “tool” throughout this thesis) are
loaded into the bronchoscope and coupled to the actuation unit, which is held on a passive
support arm and coupled to the bronchoscope after the physician deploys the bronchoscope.
A standard clinical sheath is loaded with the tools of the actuation unit, and is progressed
over the entire nested tube assembly within the bronchoscope port to the target.



1.3.1 Thesis Scope

This thesis contributes a novel electromechanical design that fits seamlessly within the
existing clinical workflow of performing lung biopsy. Through compact design and ease
of tool loading, the advancements in this thesis pave the way to bringing the innovative
combination of concentric tube robots and steerable needles first proposed by Swaney et al.
[25] 24] closer to the operating room. We present a new robotic hardware system design,
tailored towards smooth integration into current bronchoscopy practices. Improvements
in tool design increase the effective workspace of steerable needles crucial to practical
peripheral lung targeting.

Chapter [2| includes a discussion of the constraints and specifications in designing a
robotic actuation unit for peripheral lung biopsy. Chapter [3|discusses recent developments
in tool improvements for increased steerability in targeting. In Chapter @, we present the
new robotic actuation unit design with novel mechanical features and sensing systems.
Chapter [3] discusses control and experimental validation of the system through accurate
closed loop-targeting of the steerable needle stage. Finally, Chapter[6|provides an overview

of future development of the system and summarizes the contributions of this work.



Chapter 2

System Specifications

2.1 Design Goals

Developing and integrating a robotic system into clinical practice requires careful con-
sideration of the clinical workflow and the constraints imposed by the operating room envi-
ronment. Introducing robotic manipulation into a dominantly manual workflow like bron-
choscopy requires design tailored to its application. Toward integration into the operating
room, the design of endoscopic robotic systems emphasize compactness [29, 30, 31} 32,
33, 134, 135]], leveraging features such as being lightweight and coexistence with existing
platforms for adoption into the clinical space [36,137]. Another important aspect of making
a practical robot of this type for the operating room is developing a specific technique for
homing, the process of returning the tubes to a known location (“home position”) on the
robot. We envisioned a modular system with a diverse toolset that could be efficiently cou-
pled and decoupled from the system with ease, and that integrated positional sensing. With
concurrent development of concentric tube and steerable needle designs, the ability to both
interchange stages, and efficiently “home” the tool’s pose in the research setting became a
key design goal for the mechanical unit.

Another key requirement that is always important to consider in medical robotics is
designing for safety and sterility. With a recent study of the reprocessing of flexible bron-
choscopes calling for improved post-processing of bronchoscopes and heightened bron-
choscopic sterility protocols [38, 39, 40], the design of this peripheral lung access system
was aimed towards addressing future sterility protocols in which tools could be disposable.
To this end, a design goal of this system was to introduce a means to couple tools to a
transmission unit, that could potentially be bagged in a sterile field in the future.

In section [2.2] we inform the geometry of our compact transmission design by charac-

10



terizing the surgical workspace of our system. Section outlines design decisions for
the actuation of the system, creating a set of metrics used in the subsequent design of the

compact mechanical actuation unit.

2.2 Anatomical Constraints

In order to determine the mechanical design specifications for the actuation unit, it was
crucial to characterize the surgical workspace. To arrive at these design goals, we explored
anatomical geometry to estimate the overall insertion distance required in the system. In
this section, we inform our transmission design by analyzing how far each stage of our
system needs to travel in order to supply sufficient workspace for targeting any desired
point in the lung.

Referring back to the workflow of our system in Figure|[I.3] the bronchoscope is initially
roughly parallel to the airway, and deploys an outer concentric tube from the tip of the bron-
choscope to reach the bronchial wall. The outer concentric tube acts as a delivery stage for
the second concentric tube stage and flexure-tip needle, which enter the parenchyma. Thus,
the required travel length of the outer tube depends on the position of the bronchoscope tip
in the bronchus lumen, and the diameter of the bronchus.

The main bronchus is approximately 12 mm in diameter [41], and this diameter de-
creases each time the bronchus branches. To deploy the outer concentric tube from the
port of a standard bronchoscope to the lining of a 12 mm diameter airway, we estimate the
curved outer tube to require approximately 20 mm of insertion length based on an outer
tube with a radius of curvature of 30 mm. Incorporating a factor of safety to account for
variations in airway size between individual patients [42], we choose a maximum insertion
length of 50 mm for the outer concentric tube.

The travel requirement for the second concentric tube stage was estimated in the same
manner. We anticipate the insertion length of the second stage to be an even shorter

distance- just enough to orient the steerable needle’s workspace in the parenchyma. With a
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highly curved stage, we estimate only 10 mm of insertion is necessary to orient the flexure-
tip needle. With a safety factor, we design for 30 mm of travel length. This is a safe
upper bound for this stage, as improvements discussed more in section [3.2] enable shorter
insertion lengths of this stage due to a shorter curved section.

The travel length of the flexure-tip needle stage depends on lung anatomy and nodule
locations in a given patient. To obtain an estimate for the maximum required needle travel
length, we analyzed CT scans in 3D Slicer [43]]. To perform this analysis, we consulted
with an experienced bronchoscopist to select a number of points near the periphery of the
lung as potential targets for our system to access. For each, we asked the bronchoscopist
to identify the location he would use to exit the bronchial tree to reach that lesion location,
for which he assumed the use of a standard, 6 mm outer-diameter bronchoscope to size
the appropriate airway, shown in Figure[2.1] Anonymized CT scans of three male and two

female lungs, at full inspiration, were analyzed to characterize the required distances.

Figure 2.1: (A) axial (B) sagittal (C) coronal views of a 6 mm diameter bronchus exit
location of our system

Each measurement took into consideration the boundaries of each lobe of the lung,
since breaching pleural linings can lead to pneumothorax. The human lung consists of an
upper, middle, and lower right lobe and an upper and lower left lobe. Peripheral targets
were selected for each lobe for each patient scan, in the interest of identifying the largest

linear distance reflecting a potential trajectory of our steerable needle.
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Figure 2.2: (A) Axial view of bronchus exit (B) Planar approximation of the needle travel
to the lung periphery from the chosen bronchus exit

Using volume reconstruction of the lung to conduct the measurements enables 3D mea-
surement of a potential path within a lung lobe. A planar example measurement is shown
in Figure [2.2] (B). The straight-line approximation between each point of interest was con-
firmed to be within lobe linings, to ensure the path does not puncture the pleura, by viewing

the line approximation in orthogonal views shown in Figure [2.3|(B).

Figure 2.3: (A) Volume reconstruction of a lung with boundary targets approximated at the
outer pleura (B) planar views were used to confirmed boundary targets lied between the
fissures that separate the lobes of the lungs

An interesting finding arose from this case study of three males and two females. While

we expected a larger male lung to correspond to longer measurements, we found that
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smaller airways of female subjects limited the travel of the bronchoscope. As a result,
the distance from the airway to the outermost part of the lung corresponded to similar mea-
surements across male and female scans. While this is far from a comprehensive study on
this subject, these initial findings suggest that the steerable needle stage will require similar

insertion lengths for both male and female anatomies.
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Figure 2.4: Measurements collected to estimate the travel requirements of the steerable
needle in the lobes of the lung, with a maximum distance of 128 mm in the lower left lobe.

The graph in Figure [2.4] shows that the average distances in each lobe range from 85-
95 mm, an overall mean between all lobes is 91 mm, and a maximum measurement of
128 mm was recorded in the left lower lobe. This provides us an estimate of how long to
design for the linear travel of the needle across patient anatomies and varying geometries

of lung lobes.
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To account for potential variations in patient anatomy and the curvature of the steerable
needle path within tissue, we design for more needle travel than simply the longest linear
distance observed in our study. In prior steerable needle experiments, the radius of curva-
ture of the flexure-tip needle was found to be approximately 250 mm [44], and correlates to
a small addition of < 2 mm on the straight-line estimate. Based on these measurements and
incorporating a safety factor, we design the length of this stage to accommodate 140 mm of
travel to ensure that the lung system will be able to access all areas of the lung that may be
of interest to biopsy. The total length of the actuation unit was designed to enable 220 mm

of total travel, based off of the estimates we found for each stage.

2.3 Actuator Selection

Toward achieving compact design in the actuation unit, we used brushless DC motors
capable of high power and speed transmission, densely packaged into diameters of less
than 2 cm. We design the system’s insertion and rotation speeds practical to parenchymal
needle steering, which were estimated in prior benchtop experiments to be approximately
5 mm/s and 3.5 rad/s, respectively. We over-designed our actuators to ensure we do not
reach their stall torques during use, selecting high power (8W), high-speed (EC-max 16)
brushless DC motors (Maxon Precision Motors, Inc) with a nominal speed of 7350 rpm
and torque of 8.19 mN-m. Gearheads were selected to achieve appropriate speeds and
torque transmission for rotation and translation actuation. For translation actuation, we
used a 29:1 gearhead to increase torque and reduce the nominal speed of the output of the
shaft to 253 rpm at 237 mN-m. Driving a single-start lead screw of 1.27 mm pitch, our
system achieves nominal 3.2 mm/s insertion speeds. Anticipating higher torque and lower
speed requirements for the rotational motors to overcome loads due to torsional windup
inherent in the system, we used a gearhead of 84:1 to provide output speeds of 87.5 rpm at
687.96 mN-m, resulting in a nominal angular velocity of 9.16 rad/s.

To validate the linear actuator selection, we measured the force to puncture ex-vivo
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porcine tissue and compared it to the motor’s nominal values. Using manual insertion, a
beveled needle was attached to a hand-held force sensor to record peak forces to puncture
out of the bronchus of ex-vivo porcine lung. This average force required to puncture the
bronchus was 4.5 N, with a maximum of 5 N observed when using a large, 1.64 mm diam-
eter needle. Repeating these tests using the actuation unit to perform automated insertion
at speeds of 2 mm/s, 2.5 mm/s, and 3 mm/s, we found an average puncture force of 5.8 N.
These latter tests were performed using the flexure-tip needle, held constrained by an outer
tube to protect the flexure hinge. While using the flexure-tip needle to both puncture the
bronchus and steer through the parenchyma is a more efficient workflow, we discovered
that a sharp, stylet needle may be most appropriate to puncture the bronchial wall. Given
puncture forces of < 6 N, our linear actuator selection is appropriate in transmitting this

force. The torque 7 required to transmit force F using a leadscrew with lead L and efficiency

n is:

o FL
2w

2.1)

Our lead screw features an estimated efficiency of 40%, a lead of 0.05”, corresponding
to a required torque of 3.03 mN-m to transmit the puncture force measured above, which
is well below the nominal capabilities of our actuators.

In Chapter 2] we analyzed the clinical application to develop an initial set of functional
requirements which were used to drive the design of the robot and its respective compo-
nents. Linear travel requirements outlined in section and actuator selection discussed
in section [2.3] provide metrics for compact design of the mechanical unit. We add to this
discussion in Chapter [3| detailing the design of the tool components of the system, which

further influence the manipulation requirements of the robot.
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Chapter 3

Tool Design

So far, we have begun to define the minimum required size for our compact design by
defining the necessary linear travel of the various stages, and selecting of appropriate ac-
tuators for the system. We now elaborate on the design of the “tool”, i.e., the concentric
tubes and steerable needle themselves. Our design consists of a flexure-tip steerable nee-
dle, a wrist, a curved outer tube, and an outermost therapy delivery sheath nested in the
bronchoscope as shown in Figure[3.1] In this section, we outline developments to the end
effectors of our system, aiming to increase the tool’s overall workspace. We begin with a
look into the design of the innermost steerable needle stage, exploring ways to increase its

curvature in a composite needle design.

Figure 3.1: The complete tool assembly featuring a flexure-tip steerable needle, wrist,
curved outer tube, and therapy delivery sheath. After manual deployment of the broncho-
scope through the airway, the tools are loaded down the port of its working channel.

3.1 Flexure-Tip Needle Design

Needle insertion is a major part of minimally invasive procedures, enabling both di-

agnostic procedures through biopsy and therapeutic procedures such as ablation and drug
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delivery. Robotic needle steering has shown promise to improve needle insertions, correct
needle trajectory inside tissue, and may also enable new procedures currently not feasible
with straight needles [45, 146]]. Significant work has been done on needle steering design
and is reviewed in [47], detailing methods to induce steering via passive or active manip-
ulation. Steerable needles are aimed using the geometry of the needle’s beveled surface
[48, 49, 50, 51, 152, 53], kinked-tip designs [54, 53], flexibility in the needle shaft [S5, 56]
and more recently, through passive flexure hinge tips [27]. The passive flexure hinge tip
in [27] demonstrated its ability to achieve curvatures similar to kinked-tip needles while
reducing tissue damage and without requiring active, mechanical actuation of the hinge
[S7]. In this system, we leverage the passive flexure-tip needle steer in the lung, seeking
to increase its curvature while integrating closed-loop, robotic control of the tip. In this
section, we present developments to a new design of the flexure-tip needle and present how
parameters of the design effect curvature in porcine loin tissue.

We design the flexure-tip steerable needle for increased curvature while integrating an
electromagnetic sensor and maintaining robustness of the flexure hinge against forces in
biological lung tissue. Shown in Figure [3.2] previous designs of the flexure-tip needle pre-
sented in [27] featured adhering the needle tip to its shaft using thin nitinol wires to generate
bidirectional bending. While this design was effective in producing passive flexure motion,
it limited our ability to load an electromagnetic sensor into the tip of the needle, since the

lumen of the needle tip was utilized by the flexure hinge wires. The manufacturing process

3 nitinol wires
aligned in the XY plane

0.125 mm A
nitinol wires y ‘
4 mm
OD: 0.91 mm
ID: 0.6 mm / Bending point

1l

Figure 3.2: Previous flexure-tip designs featured hinges made from aligning nitinol strips
of wire
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was also time-intensive and consistency between needle designs proved difficult. To over-
come this, we use computer numerical control (CNC) manufacturing, as described in the
needle-sized wrist of [38]] and later used to make flexure-tip needles in [44]]. The flexure
hinge is created by milling a slot into the wall of the nitinol tube tip, thereby introducing a
preferentially weak point in the tube to create the flexure element, while leaving the lumen
open for the magnetic tracking coil and its wires.

Throughout this system we seek to mini-

mize the diameters and wall thickness of each @

stage to achieve flexible deployment through the A

bronchosocpe. Beginning at the steerable nee-

bevel tip sensor nitinol tube

dle stage, we sought methods to scale down the | _ o — . .;.
\

. ) . fl hi i
needle. The size constraint of the system is in- exurehinge - sensorwire

(0)
tegration of a 0.41 mm diameter sensor (North-

e S

ern Digital, Inc.) into the steerable needle for !
embedded sensor

closed-loop control. Selected for its small di-
Figure 3.3: (a) Flexure-tip steerable nee-

ameter and length, the 5-degree-of-freedom (5- dle prototype, (b) components of steer-
able needle, and (c) assembled needle

DoF) sensor, with 4.9 mm length, is the most with embedded electromagnetic sensor.

compact commercially available sensor to date
compatible with the Aurora electromagnetic tracking system.

We chose the location of the flexure joint to be proximal to the bevel tip and sensor, to
leverage a longer tip length of 8 mm. Previous work shows needle curvature is sensitive to
tip length, and larger tip lengths enable increased curvature in kinked-tip needles [52, 59].
Prototypes using this design yield high curvature results and increase sensing accuracy of
the needle tip position, since the larger needle tip enables the sensor to be loaded at the
distal, beveled tip of the needle. We use a larger diameter needle tip to house the sensor
and flexure hinge, while coupling to a tube of lower stiffness as the needle shaft to enable

higher curvature.
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To select the shaft of the needle, we look to reduce its stiffness while being able to
transmit force through tissue. Stiffness is defined as the resistance of an elastic body to
deflection, k, and is dependent on the elastic modulus, E, moment of inertia about the
principle axis I, and the length in bending, L of the body. Given constant E and L values
of superelastic nitinol needle shafts, we are interested in the effect of the diameter and the
wall thickness on the moment of inertia on the stiffness of the shaft, which increases to the

fourth power with diameter (outer diameter d,, inner diameter d;).

EI di—at
_3 where [= M

k=~
L3 64

3.1

We found a 0.5715 mm nitinol tube of 0.127 mm wall thickness, and resulting moment
of inertia of 0.0047 mm* provided good steering in deflated porcine lung. The resulting
needle had a tip of 0.80 mm OD, 0.62 mm ID, and shaft of 0.57 mm OD, 0.32 mm ID, and
was used in subsequent testing.

Using the slot-machined flexure-tip needle design, there are a number parameters that
can be altered to affect the performance of the needle tip: location of the flexure joint,
bevel angle, cut depth, and cut width. These parameters are highly dependent on one an-
other, and can be tuned for performance in specific tissue. To that end, we sought to test the
performance of our needle in various stiffness tissues. We used tissue samples of porcine
loin, synthetic Ballistic gel (Humimic Medical, Fort Smith, AR) #3, and Ballistic gel #5,
listed in decreasing stiffness. Testing in fresh porcine loin enabled us to compare curva-
tures of the new slotted flexure-tip needle design to past performance of the wire-hinge
flexure-tip conducted in porcine loin, while the other tissue samples of decreased stiffness
better predict the needle’s performance in less dense, inflated lung. The reason for using
these homogeneous tissues instead of lung tissue for initial needle design comparison, is
due to poor navigation and visualization ability. Without implementing path planning and
avoidance of distal bronchial airways, porcine lung proved a difficult medium to produce

comparable needle design experimental results. A more complete optimization and kine-
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matic characterization of needle performance in lung tissue will follow these comparative

tests.

Ry ,Q‘%

(A) (€

Figure 3.4: The flexure-tip needle described achieved a radius of curvature (p): (A)
84.2 mm in porcine loin, (B) 110.56 mm in Ballistic gel #3, (C) 148.04 mm Ballistic gel
#5.

Through iterative prototyping and testing, we identified the following combination of
parameters shown in Table [3.1] to produce a radius of curvature of 84 mm in porcine loin
shown in Figure[3.4](A), which is an improvement of the previous needle designs, recording
an increase of curvature from 176 mm previous tests [44]. We saw an increase in radius
of curvature in the less dense gels, with 148 mm in gel #5. These results show the current
needle parameters achieve appreciable curvature and show promise in less dense tissues.
Further fine-tuning of the flexure hinge parameters will enable optimal performance in the
fibrous, diffuse properties of inflated lung. However, the needle design parameters in Table
[3.1 show promise for increasing the steerable workspace of the needle in comparison to
original needle designs. Step-by-step instructions on manufacturing the flexure-tip needle

are included in the Appendix.

Table 3.1: Flexure-tip Design Parameters

bevel | tip length | cut width | cut depth | flexure angle | force to kink | p of curvature

10° 8mm | 0.254 mm 70% 38° 02N 84.2 mm
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3.2 Increased Aiming Ability: Integrating a Needle-Sized Wrist

We seek high curvature needles, but there will always be a curvature limit. Thus, it is
beneficial to include additional degrees of freedom to make sure that the needle is initially
aimed in the right general direction, such that the target is within the needle’s workspace.
To accomplish this, we use a tendon-actuated, bendable outer tube called a wrist in our
system. This design was first proposed for use as a distal wrist for needle-sized surgical
robots in [58]].

Manufacturing of the wrist was accomplished by machining slots to provide flexure
points in the material. A thin wire tendon is attached to the distal end of the wrist and
variable curvature is achieved by pulling on the tendon attached at the distal end of the

slotted tube.

Figure 3.5: A highly curved wrist provides local angular control of bevel tip needle launch
angle at the tip of a precurved tube.

Reducing the footprint of the tendon attachment to the distal section of the wrist is
crucial for clearance in close, concentric loading of the tool stages. This small-scale at-
tachment is achieved through laser welding the tendon wire to the distal end of the wrist.

Tested with a force sensor, we need approximately 20N of force to actuate the wrist with
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the steerable needle within its lumen. To achieve this actuation, we use Nitinol wire with
a rectangular cross sectional area to enable higher strength in tension. A rectangular pro-
file nitinol wire of dimensions 0.128 mm x 0.356 mm can withstand forces up to 67N
(calculated using ultimate tensile stress of nitinol 1070MPa). With the over-design of the
actuators presented in section [2.3] we are still well within torque capabilities to achieve
this actuation. The bendable section of the wrist is 7.43 mm long and can provide variable

bending actuation for aiming the needle stage.

Figure 3.6: Needle-sized wrist capable of actuating the flexure-tip needle at a radius of
curvature <10 mm

Described in detail in [S8], the kinematics of the wrist in free space is determined by the
number of slots machined into its wall, which act as a hard stop to its bend upon actuation of
its tendon. In our system, we limit the actuation of wrist according to a radius of curvature
of 10 mm. This curvature constraint was experimentally determined as the most that the
needle inside the wrist can withstand without introducing high friction and corresponding
torsional windup in the steerable needle. For comparison, the system of Swaney et al. [44]
featured a pre-curved tube with a curved section 27 mm long and a radius of curvature of
17.8 mm. Our new design enables localized curvature of 10 mm along a length of 7.43 mm,

and provides variable curvature through tendon actuation. The integration of this wrist as
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the second concentric stage enables superior targeting of the steerable needle, providing an

increase in the effective targeting workspace of the system.

3.3 Outer Curved Tube

Thus far, we have discussed progress toward increasing the system’s steerability through
(1) the flexure-tip steerable needle and (2) a variable-curvature wrist stage to orient the nee-
dle. Before these two stages are deployed into the parenchymal space, they need to pass
out of the airway and into the parenchyma. Consistent with the previous system, an outer
concentric tube stage is used to position the wrist prior to its deployment. Our outer tube
stage has a radius of curvature of 30 mm, which we determined as the minimum radius
of curvature achievable while avoiding plastic deformation of the nested inner tube. This
stage completes a three-stage tool assembly, using seven degrees of freedom manipulated
by the robotic unit. The tool assembly lies nested within a standard plastic clinical sheath
shown in Figure [3.1] and is manually deployed when the targeting of the steerable needle
is achieved, acting as a stationary extended working channel once the tools are removed.

In Chapter [3] we present the new designs of the flexure-tip steerable needle and wrist
stages of the system. Section [3.1] explores improving the flexure-tip steerable needle to
achieve high curvature in porcine tissue, section presents a new design for the second
concentric tube stage to increase the targeting workspace of the needle, and section [3.3|
describes the outermost stage of the system. In Chapter 4, we describe the final design
of the actuation unit, catered to the specifications in Chapter [2] and used to control the

components detailed in Chapter 3]
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Chapter 4

Actuation Unit Design

4.1 Design Description

A compact actuation system was developed to deliver and control the multi-stage trans-
bronchial concentric tube/needle device described in Chapter 3] The actuation unit, shown
in Figure [d.1] features four slim carriages, each with the ability to control the rotation and

translation of one tube or needle.

Figure 4.1: The new actuation unit design, shown coupled to the bronchoscope and
mounted on a passive arm.

As labeled in Figure[d.2] the carriage closest to the motors is fitted to provide translation
of rotation of the steerable needle stage. The middle carriages, labeled as “wrist pull wire”
and “wrist” in the figure, are coupled in rotation to prevent windup of the tendon in rotation,
but have the ability to translate independently, enabling articulation of the wrist described

in section[3.2] For this stage of the system, the robot actuates three degrees of freedom to
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achieve variable targeting. The fourth carriage supplies translation and rotation to the outer
curved tube stage. Incorporating tendon-actuation with the translation and rotation stages,

our new design features seven degrees of freedom.

Wrist
Steerable Tube

Figure 4.2: Carriages on the mechanical unit are fitted to actuate the steerable needle, wrist
tendon, wrist tube, and outer tube stages.

Motors for actuating each degree of freedom are outfitted with planetary gearsets and
optical encoders, and are mounted onto the back end of the unit. Rotational motion is
transmitted through a geared square shaft (which engages with a spur gear attached to the
tool for rotation) and translational motion is transmitted to each tool via a leadscrew (which
translates the tool carriage on low-friction linear guiderails).

The high-stiffness chassis is machined from aluminum, and the entire system can be
mounted onto a lockable arm (Noga Engineering, Israel) for passive positioning prior to or
during the procedure. The design achieves the goal of compactness at 117 long, 4” wide,
and 2.5” tall, and its lightweight aluminum chassis is easily maneuvered on a positioning
arm. In addition to achieving the design goals of compactness, this design includes a novel

coupling mechanism between tools and the transmission unit, achieving modular design.
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4.2  Quick-Connect Mechanism

A challenge in designing continuum, endoscopic robots for clinical use involves how
the tools are attached to their actuators. Approaches described in literature for attaching the
tubes to the actuation unit include gluing the tubes into the mechanism [60} 32} 33| 61]], set
screw tube adaptors [62], split clamps [34], collet mechanisms [63]], and hubs held in place
by removable retaining bars [60]. The ability to rapidly and easily interchange various
tools as desired is an important capability of this system that has not been realized in prior
systems. This modularity can be exploited to configure the system in a way that is best for
the particular lesion being targeted, as additional modules (e.g. additional concentric tubes)
can be added to increase dexterity as needed. Each tool is pre-configured with an attached

spur gear, and can be quickly inserted into or removed from its carriage.

Rolling
Connection\Ar

mmm

Hinges

Central
Mating Gear

©

Figure 4.3: Tool quick-connect mechanism: (a) before and (b) after the tool gear is in-
serted. (¢) CAD rendering of the top view of the lever mechanism with (d) showing gear
engagement.

The mechanism, shown in Figure 4.3] features two spring-loaded levers which deflect
to accept the spur gear hub, and retract to couple the gear hub between two rolling elements

(one on each lever) and the mating gear mounted on the carriage. The spur gear on the tool
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meshes with the central mating gear on the carriage, enabling the transmission of rotational

motion from the square shaft.

Figure 4.4: The pre-load of the spring-loaded levers can be adjusted with a set screw before
tool loading.

The spring tension between the levers can be adjusted, thereby altering the pre-load
as shown in Figure [4.4] between the tool gear and the mating carriage gear, to minimize

backlash.

(R) (B)

Tube and Gear

Roller Surface

Driven Gear /
-Roller Surfaces

Tube Tube Lock
Mechanism

N

Closed Open

Figure 4.5: The quick-connect mechanism depicted in closed and open configurations for
tube loading in (A), rolling contact surfaces and collet connecting the tube to the gear in

(B)

Shown in Figure 4.5] (B) as a tube lock mechanism, tubes are grasped by ShaftLoc

sleeves (SPD/SI), which carry a small, drilled adaptor to which the back end of the tube
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is adhered or press fit to. The ShaftL.oc sleeve expands into the inner lumen of the gear
while constricting onto the adaptor and tube when tightened. Mini adaptor chucks (Gyros
Precision Tools, 14 Melnick Dr, Monsey, NY 10952) adhered to the gear are used for the
smaller (0.5mm scale) tubes and enable easy replacement of the steerable needle tube. The
tool/gear design is catered towards the tubes with their attached gears being disposable,
though future work is needed on a bagging concept for the actuation unit, which may
change the interface design. This novel design enables tools to be loaded individually, or

coupled as a unit to their respective carriages.

4.3 Fail-Safe Feature

The translation of each carriage features a fail-safe feature, which has been useful in
development of the hardware. If a motor responsible for translation transmits uncontrolled
power to a carriage and a high-force collision between carriages occurs, the carriage is
suddenly disengaged from the lead screw and the responsible motor. This prevents stall or
damage to the motor from occurring. In a clinical scenario, this fail-safe feature accounts
for any unanticipated high forces transmitted from the needle to the actuation unit, causing

the actuation unit to disengage.
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Figure 4.6: CAD model featuring a transparent purple carriage and ball-nose spring
plungers used to load the red lead screw nut into the carriage. The ball-nose of the spring
plunger shown in the inset depresses at forces caused by collision, releasing the red lead
screw nut and disengaging the carriage from further translation.

The fail-safe feature is achieved by using slotted ball-nose spring plungers (McMaster-
Carr, 1901 Riverside Pkwy, Douglasville, GA) depicted in the green inset of Figure 4.6] to
load the lead screw nut (shown in red in Figure4.6) into the carriage. When a force of > 5Ib
is applied to the ball-nose spring plunger, it depresses, and the lead screw nut disengages
from the carriage assembly. The carriage is left stationary while the lead screw nut travels
forward on the lead screw. This fail-safe design enables easy reconstruction of the carriage
and lead screw assembly in the event of a high-force collision and provides additional time
to cut power to the responsible motor. This safety feature has been useful in development
and can translate into the clinical setting to protect against anything causing unanticipated

forces at the end effector end during procedure.

4.4  Incorporating Homing Sensors

The new design features optical sensing technology to ease operation. An important
aspect of making a practical robot of this type for the operating room is developing a spe-
cific technique for homing, or returning the tubes to a known location (home position) on

the robot. Since high resolution motor encoders are typically incremental, an initializa-
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tion routine is necessary for the robot to know precisely where each carriage (and hence
each tube’s home position) is in both linear insertion and axial rotation degrees of freedom.
When the robot is first turned on, this ability to establish absolute positions and orientations
of the tools is particularly useful for ease and accuracy in bench-top experimentation envi-
ronments. Additionally, added precision in tool locations lends itself to the clinical setting
during registration. Registration errors and uncompensated tool offsets can lead to false-
negative biopsy results and misdiagnoses [64], especially for small (< 10mm) peripheral
nodules. Tactile, snap-action limit switches are a viable approach [31], but require wires to
move with carriages in the actuation unit, which introduces a potential failure point. The
new design features a method for integrating optical sensors in a way that eliminates the
need for moving wires.

We designed a precise, systematic homing protocol to establish a repeatable home po-
sition for the robot using optical sensors to sense the absolute rotational and translational
configurations of each tube relative to fixed locations on the the actuation unit. Optical
photointerruptors (OPB625, TT Electronics) are responsible for translational homing, and
are built into the stationary chassis of the actuation unit, one for each carriage. Circuitry
was designed to relay the logic output of the photointerruptor to the translational motor re-
sponsible for the movement of a carriage. These trigger when a protrusion on the carriage
breaks the optical path of the sensor, indicating the “home position” has been reached.

Rotational reflective sensors (OPB608V Reflective Sensor, TT Electronics) are placed
on plastic support arms mounted to the chassis so that they align with the gear hub when
the translational sensor is triggered (Figure[4.7), and a reflective homing mark on the gear
hub indicates the rotational home position. Circuitry relays the analog signals of the reflec-
tive sensors to logic outputs directed to each rotational motor. The homing protocol, which
initiates upon system power-up, is carried out as follows: (1) each carrier is retracted until
the chassis-mounted translational sensor associated with that carriage is activated, estab-

lishing a home position on the linear axis, (2) the rotational degree of freedom is advanced
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Figure 4.7: Homing sensors: (left) front view of the actuation unit showing the placement
of the rotational and translational sensors, (right) side view of the actuation unit showing
the reflective fiducial.

unidirectionally until the chassis-mounted rotational sensor is triggered (Figure {.7|right)),
thereby establishing home position on the rotational axis.

To quantify the accuracy of the homing protocol, we conducted 12 repeatability tests
on each axis. For each test, homing was executed, and the incremental encoder readings
for translational and rotational motors were recorded once the system had arrived at its
home position. Our system’s encoders provide a linear resolution of 0.021 um and an
angular resolution of 0.0021°. Homing precision was measured to have a standard deviation
of £7.3 um (maximum difference 25.3 um) and £0.09° (maximum difference 1.67°),
for translation and rotation, respectively. Whereas previous methods of homing included
visual alignment of markers, these homing sensors provide precision in orienting our tools,
allowing for efficient, repeatable experimentation. In homing our tools stages, we are able
to achieve repeatable positions to the um level, and orientations within 1-2°.

In Chapter ff] we described the mechanical design of a compact robotic actuation unit
for peripheral lung biopsy. It is modular in the sense that the tools can be easily decoupled
from the actuation unit, and is oriented towards clinical workflow requiring quick-loading
or tool changes. Fulfilling design goals and specifications, the mechanical unit incorporates

homing sensors to enable rapid, repeatable initial positions for all stages. In Chapter [35]
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we validate the designed system with accurate closed-loop needle steering, and conduct

experiments using targets identified in preoperative imaging.
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Chapter 5

Experimental Results

The compact actuation system described in the Chapter 4] will deploy a steerable needle
and the concentric tube stages used to aim it through a bronchoscope port, with the goal of
enabling accurate and safe access to peripheral lung lesions. Our system uses electromag-
netic tracking combined with imaging information to accurately steer through lung tissue
to the physician’s desired target. To demonstrate the capabilities of our new actuation unit,
we performed accuracy targeting experiments with the steerable needle stage steered to
virtual targets in phantom tissue. We then performed a second experiment in which target

points were selected in CT images.

5.1 Closed-Loop Needle Steering: Benchtop Experiments

We have previously demonstrated steering to targets using a rapid replanning frame-
work [65] and via sliding mode control described by Rucker et al. [28]. In this system,
we use the sliding mode controller with constant insertion and rotational velocity inputs to
target a point in space. The controller dynamically regulates the insertion and orientation of
the steerable needle at each control loop by aligning the curvature plane of steerable needle
with positional error vector while inserting the needle continuously. It is a robust, effective
and computationally efficient control strategy for this application, and does not rely on any
model parameters (such as needle curvature) to reliably converge. The experimental setup
is shown in Figure[5.1] The sliding mode controller was implemented via the Robot Operat-
ing System (ROS). We used this system to target lesions embedded in phantom tissue made
from synthetic ballistics gel (Humimic Medical, Fort Smith, AR). The flexure-tip steerable
needle described in the experiments is of the design described in section featuring a

shaft of 0.57mm OD superelastic nitinol tube. The tip (in which the tracking coil was em-
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Figure 5.1: Experimental setup for closed-loop needle steering and lesion targeting, where
the inset shows an enlarged view of the fiducial markers.

bedded) was made from a short length of 0.80 mm nitinol tube with a flexure hinge and a
10° bevel tip. A 0.41mm diameter, 5-DoF magnetic tracking coil (Northern Digital Inc.,
Canada) was embedded in the steerable needle tip, and the 6th degree of freedom (rotation
about the needle axis) was inferred from needle base angle. The position and orientation
data from the sensor tip was fed into the sliding mode controller to update the current pose
at each iteration with a rate of 35 Hz for closed-loop control.

The closed-loop targeting performance of the system was verified in the ballistics gel
phantom mentioned previously. This experiment was done on the benchtop in the lab
with magnetic tracker feedback. Eight different target points within the steerable nee-
dle’s workspace were selected, and the needle was steered to each using the sliding mode
controller. As shown in Figure[5.2] the controller was able to steer the needle to the target
points successfully. The mean error between final needle tip positions and target points
was 0.46 mm £0.28 mm (maximum 0.96 mm). This accurate targeting demonstrates our
system’s ability to perform the crucial task of targeting small nodules. Note, this accuracy

will likely not reflect the final accuracy of the system, with errors expected from imaging
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Figure 5.2: Benchtop needle steering experimental needle tip paths, as measured by the
magnetic tracker embedded in the needle’s tip. The target points selected in magnetic
tracker space are indicated by red spheres. Data points in the traces above are spaced
approximately 78 um from one another, and a 25-point moving average was used to filter
sensor noise prior to plotting. The slight wobbles in the traces indicate times when the
closed loop controller re-oriented the flexure-tip needle (the tip of the bevel is plotted).

registration and intraoperative movement of the targets from breathing motions. However,
with an accuracy of half a millimeter, the combined potential of the new actuation unit

design and a steerable stages is promising.

5.2 Closed-Loop Needle Steering: In CT Scanner Experiments

After demonstrating closed-loop needle steering performance for virtual targets placed
in the phantom, the system was tested for its ability to target nodules derived from a preop-
erative CT scan. Spherical objects simulating lung lesions were embedded in the ballistics
gel phantom. The phantom was scanned using a CT scanner (Xoran Technologies, USA)
to determine the location of these lesions in CT space. Twelve fiducial markers attached
to the phantom (as shown in the inset in Figure [5.1)) were used to determine the homo-
geneous transformation matrix T € R**# between CT space and magnetic tracker space.
We segmented the spherical targets from the CT to obtain their positional coordinates, and

transformed their locations into magnetic tracker space. The steerable needle was steered
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Figure 5.3: Experimental results for the lesions targeted from pre-operative CT scan: (a)
top and side views of the reconstructed pre-operative CT scan of the phantom with the four
target lesions segmented: 9.5 mm diameter plastic spheres are shown in purple, blue, and
green, and a 13 mm diameter silicon sphere is shown in red, () top and side views of the
needle tip trajectories shown in the phantom, where each trajectory is indicated by the color
of its corresponding target lesion, (¢) an example post-operative reconstructed CT image
displaying the needle successfully reaching the far red lesion.

to hit these targets using magnetic tracker feedback (just as in the benchtop experiments)
and the final error was assessed using a post-insertion CT scan. Four simulated lesions
were targeted as shown in Figure[5.3] and all were hit successfully with the needle.

The paths followed by the needle to each lesion are shown in Figure[5.3](b). The needle
path and lesions segmented from the postoperative CT images are shown in Figure [5.3] (c)
for one of the lesions targeted. Since the target lesions used in these experiments were rigid
compared to the surrounding tissue, we did not attempt to push the needle tip inside them,
to avoid damaging the tip, instead stopping the needle at the surface of the lesion. Based on
this, we confirmed that the needles hit each desired lesion, but did not compute a final tip
accuracy in CT space. These results illustrate that the robotic system is able to accurately
target lesions identified in CT images.

These targeting experiments validate our robot’s ability to deploy the steerable needle
and accurately target lesions identified in preoperative imaging. With targeting accuracies

under 0.5mm in benchtop testing, the system has great potential in the clinical setting. The
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steerable needle targeting will be augmented with a bronchoscope, concentric tube aiming
stages, and motion planning software to yield full system deployment into the peripheral

lung.

38



Chapter 6

Future Work and Conclusions

6.1 Future Work

The combination of concentric tube, needle-sized wrist, and steerable needle technolo-
gies holds significant promise as a peripheral targeting system to extend the reach of transo-
ral bronchoscopy. The work presented in this thesis has advanced the system several steps
closer to the real-world operating room, while also identifying areas of further development

which will be useful to translate this system into the clinical setting.

6.1.1 Hardware: Steerable Needle Optimization

Improvements to the slotted flexure-tip design have enabled high curvature steering
in porcine loin and ex vivo deflated lung, but there remains room to optimize this design
for steering within perfused, inflated lung. Optimization can be performed by varying the
flexure hinge parameters: cut depth, cut width, bevel angle, location of the flexure hinge,
as well as needle shaft stiffness, all of which combine with tissue properties to define the
achievable needle curvature. While previous work on bevel-tip needles has shown that
smaller bevel angles trend toward increased curvature [53], in the case of the flexure-tip
needle, changing the bevel angle appears to have a small effect on needle curvature relative
to that of other design parameters. The cut width and cut depth parameters jointly influence
the angle and stiffness of the flexure hinge. The angle of the flexure hinge has a great effect
on the achievable curvature of the needle. If it is too small, the needle will behave as a
standard bevel-tip needle; if it becomes too large, however, it becomes impossible to steer
in tissue. This implies that there is some optimal flexure angle between 0° and 90° which
may be specific to the tissue and the other needle parameters used. The stiffness of the

flexure angle is primarily important as a design constraint; at high cut widths and depths,
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the stiffness of the joint may decrease so much that there is a risk of the tip breaking
off within the tissue. While the combination of cut depth and cut width that produces an
optimal flexure angle and stiffness for steering in perfused lung tissue remains to be found,
we have found that cut widths of approximately 25% and cut depths of 70% of the OD
of the needle tip produce flexure joints that perform well in deflated, ex vivo lung tissue.
To choose the location of the flexure hinge, we noted that needle steering performance
is sensitive to tip length. Previous work shows that larger tip lengths enable increased
curvature in kinked-tip needles [52, 159]. To this end, we chose the location of the flexure
joint to be just behind the sensor, to leverage a long tip length of 8 mm. This provides
the additional benefit of tracking the location and orientation of the needle tip, rather than
tracking a point more proximal within the shaft, which is useful for controller performance.

The flexibility constraint of the needle shaft will be identified by testing needles of re-
duced moment of inertia, with the goal of finding the least stiff needle that remains stiff
enough to avoid buckling within lung tissue, as decreasing stiffness will maximize the
achievable needle curvature during insertion. Finding needle parameters to enable high
curvature performance can be accomplished experimentally, by testing various designs
in inflated lung tissue, and measuring their curvature upon pure insertion into the tissue
through CT imaging to visualize the path of curvature. Toward optimizing for lung tis-
sue, we will further compare parameter ranges by using precise wire electric discharge
machining (EDM) manufacturing for more accurate fabrication and comparison of these
small-scale designs. The optimal stiffness of the needle shaft can first be explored using
cost-effective Nitinol wire of varying diameter, and equated to tubing of equivalent inertial

properties.

6.1.2 Hardware: Bronchoscope Loading

A minor challenge associated with this system is loading the tool assembly through the

angled tool port of the bronchoscope. Current diagnostic and therapeutic bronchoscopes
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feature a 45° bend inside the handle, which requires bending the tools with high curvature in
order to pass them into the working channel. This becomes problematic for larger diameter
or stiffer tubes, which can plastically deform when passed through the bend of the tool port.

We have addressed the challenge of bronchoscope loading in two ways throughout this
work. First, we have sought to reduce the overall stiffness of the tools passed through
the port in comparison to prior designs, which required loading the tools from the tip of
the bronchoscope to avoid plastic deformation of the tool tips [44]. As such, an objective
throughout this work has been to minimize the diameter of the needle and all tubes, subject
to the constraint that the tubes remain stiff enough to avoid buckling within lung tissue. We
have made progress toward this goal by reducing the size of the needle tip from 1.16 mm
[44] to 0.8 mm and finding methods to reduce the footprint of the tendon attachment of the
wrist in comparison to prior designs. The wrist tendon and its attachment to the wrist tube
adds to the overall diameter of the device, but precise laser welding of the tendon to the
wrist tube reduces this diameter increase in comparison to prior prototypes, which involved
looping the tendon through the distal slot of the wrist.

Second, we have altered a commercial bronchoscope to reduce the bend angle in the
tool port, allowing for easier insertion of the tools into the working channel. We demon-
strated this solution by machining the plastic port of the bronchoscope to remove some
length of the insertion channel, reducing the overall angle of the tool port, while preserv-
ing the internal tendons for tip articulation. This enabled us to achieve loading into the
bronchoscope with a 22° bend, as shown in Figure [6.1] reducing the insertion angle by
50%.

Future improvements can be made on both of these fronts in order to further reduce
the challenges of loading tools into the bronchoscope. As demonstrated by our ability to
machine the tool channel into a different angle without interfering with the functionality of
the device, the 45° bend in the working channel is not an inherent design requirement for

a tendon-actuated bronchscope. Thus, future partnerships with commercial bronchoscope

41



Figure 6.1: Machined bronchoscope loading at 22°

manufacturers can open the door to eliminate this loading problem altogether, by using
custom endoscopes with straight or nearly straight working channels. In addition, further
design optimization of each tool, coupled with the manufacturing of custom nitinol tubes,
is a promising direction for achieving tools which are flexible enough to load through the

port of a standard bronchoscope.

6.1.3 Hardware: Clinically-Ready Robot

While sterility methods were considered in the design of this robotic system, fully ad-
dressing this challenge and experimentally validating the solution is left to future work. The
quick-connect tool loading of the current design lends itself toward a workflow in which
the tools can be disposable and couple through a sterile barrier to a reusable actuation unit.
This sterility method is currently used in the da Vinci surgical system [66] and a similar
concept has been demonstrated for concentric tube robot systems designed for transnasal
surgery [67]. We see this sterility method as having promise for convenient integration into
existing clinical practices, and fabrication of this concept should be a design goal of future

prototypes.
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6.1.4 Software: Steerable Needle Controller

The system requires a method to measure or estimate the axial “roll” angle about the
needle’s tip axis, which may differ from the angle input at the needle’s base due to friction-
induced torsional windup. In the past, a 6-DoF sensor was used to provide the full needle
pose in closed-loop control [44]; however, currently available 6-DoF tracking coils are too
large in diameter to embed within the needle tips used in this work. In our experiments,
we used a small, 5-DoF magnetic tracking coil to enable closed-loop control, estimating
the roll degree of freedom by directly using the angle input by our rotational actuator at the
needle’s base. This is equivalent to assuming that the needle is torsionally rigid. While this
assumption was acceptable for initial experiments using a short-length needle, a longer nee-
dle passed through the bronchoscope will likely increase the amount of torsional windup.
To estimate this last degree of freedom without the need for a large 6-DoF sensor, we plan

to use a Kalman filtering approach [68]] or an observer-based approach [69] in the future.

6.1.5 Software: Breathing Compensation

Lastly, we will build on the steerable needle targeting experiments presented in Chapter
5] to better simulate the real clinical scenario. This system is intended for use in breathing
patients, and accounting for target motion during respiration will present new challenges to
accurate steerable needle targeting. Electromagnetic navigation systems currently exist to
measure patient breathing motion, by registering electromagnetic fiducials on the patient’s
body to instances of full inspiration and expiration lung volume. Motion from respiration
can then be measured by interpolating between fiducial movement [18]]. Similar methods to
compensate for target motion, or control breathing patterns, are being investigated in [26]
as viable avenues to solve this challenge. Future studies will feature deployment of the full
tool assembly in live animal studies to characterize the accuracy of our system as intended

in the clinical setting.
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While there remains work to be done before this system is ready for use in patients, this
thesis has identified several major areas which were left to future work by prior systems
and presented solutions which bring the platform closer to a practical clinical system. To-
wards hardware development, we have a clear path to optimize the needle for steerability
in perfused, ventilated lung tissue, and have identified solutions to enable the loading of
instruments in the working channel of the bronchoscope. The actuation unit enables rapid
tool changes which will be highly useful in a future clinical version of the robot, which
also addresses the sterility of the system. Towards software development, we have identi-
fied solutions to estimate the 6" degree of freedom for accurate steerable needle sensing,

and avenues to compensate for respiration as expected in the clinical setting.

6.2 Conclusion

In this body of work, we presented new developments to a robotic system that provides
the safety of transoral approaches with the peripheral access of percutaneous approaches.
We have taken important steps toward clinical translation of this system by creating a com-
pletely new second generation prototype. We have explored the clinical application in order
to develop a comprehensive set of functional requirements which were used to drive the de-
sign of the robot and its various components. Advances to end effector design of the robotic
system increase the effective workspace of the system through flexure-tip needle enhance-
ments, as well as the incorporation of a wrist stage, both of which improve targeting ability
in the peripheral lung. The mechanical design of the actuation unit is compact, with mod-
ular tool change capability enabling a workflow-oriented system. The actuation unit incor-
porates homing sensors to facilitate ease of use in experiments, and safety features useful to
transition into the clinical setting. Our system has the ability to achieve steerability and ob-
stacle avoidance in the lung parenchyma, while integrating smoothly with existing imaging
and navigational modalities. These are capabilities that commercially available systems do

not provide, extending the reach of bronchoscopy to small, peripheral lung nodules. With
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this system, we take important steps toward giving physicians the reach they need in order

to safely diagnose and combat cancer at its earliest stages.
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APPENDIX

Manufacturing Flexure-Tip Needles

The flexure-hinge needle tip is made through a CNC-manufacturing process detailed
in [44] used to make the needle-sized wrist. The flexure-hinge, and cutting the needle tip

segment to length, are made by milling a cross sectional slot through the wall of the tube.

1. We have found success creating the bevel tip by using a grinding wheel to file the
needle tip tube to an angled surface on a fixture block. The angled fixture block is
made by drilling a hole in the side of the block, which is positioned using angled
parallels of the desired bevel angle. We created a single fixture to make bevel angles

of 5,10,15,20,25,30°increments in testing shown in Figure|2| (A).

w2

/ 0.020" End Mill

Figure 2: (A) block used for grinding the bevel angle (B) needle tips placed bevel side down
into the fixture (C) CNC set up for machining the slots into the needle

2. After the needle tip is ground to the appropriate bevel, we glue the needle into a

fixture of approximately the same slot diameter as the needle tip. The beveled surface
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lies directly into the fixture as shown in Figure [2| (B), to result in a flexure-hinge on

the opposite side of the bevel.

3. The flexure hinge slot and the cut-off of the needle tip are then manufactured using
an end mill corresponding to the desired cut-width parameter. Figure [2] (C) shows

the CNC set up used in both the manufacturing of the needle and the wrist.

4. To release the tip out of the fixture, soak it in acetone for 20 minutes, or we have had

success removing the adhesive bind with a hot air gun

5. Integrating the sensor into the needle requires feeding the coils through the length
of the shaft before soldering the connector for the NDI system. We’ve had success
feeding the sensor wires down the shaft by means of a long guide wire that pulls the
sensor wires through the needle shaft. Place a drop of Loctite 401 on the sensor wire

ends to the guide wire, and feed it through the shaft.

6. With the sensor coil at the tip of the needle shaft, guide the machined flexure-hinge

needle tip over the sensor and fit onto the shaft, adhering it with JBWeld Epoxy.

57



	DEDICATION
	ACKNOWLEDGMENTS
	LIST OF TABLES
	LIST OF FIGURES
	Chapter
	Introduction
	Motivation
	Guided Bronchoscopy Techniques
	Robotic Bronchoscopy

	A Robotic Platform for TransBronchial Lung Biopsy
	Thesis Scope


	System Specifications
	Design Goals
	Anatomical Constraints
	Actuator Selection

	Tool Design
	Flexure-Tip Needle Design
	Increased Aiming Ability: Integrating a Needle-Sized Wrist
	Outer Curved Tube

	Actuation Unit Design
	Design Description
	Quick-Connect Mechanism
	Fail-Safe Feature
	Incorporating Homing Sensors

	Experimental Results
	Closed-Loop Needle Steering: Benchtop Experiments
	Closed-Loop Needle Steering: In CT Scanner Experiments

	Future Work and Conclusions
	Future Work
	Hardware: Steerable Needle Optimization
	Hardware: Bronchoscope Loading
	Hardware: Clinically-Ready Robot
	Software: Steerable Needle Controller
	Software: Breathing Compensation

	Conclusion

	 BIBLIOGRAPHY 
	Appendices

