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ABSTRACT

The central objective of this dissertation is to use mechanics and geometry to inform
the design of novel, less invasive, surgical robots and tools. In the human body, there are
numerous critical locations that are difficult or impossible to reach safely in a minimally-
invasive fashion using existing tools and approaches. This work presents two dexterous
needle-sized mechanisms that are integrated with robotic surgical systems for accessing
and providing therapy to these hard to reach locations in the body. The first dexterous
device developed in this work improves upon a commonly used tool for minimally-invasive
access to the body: the needle.

While traditional needles provide a minimally-invasive path into the body, their use-
fulness could be improved if given the ability to steer and correct for errors in soft tissue
through intelligent design of the needle itself. In Chapter [2] a novel type of needle is pre-
sented that uses flexures and appropriately selected needle parameters to steer through tis-
sue, thus increasing the dexterity and clinical utility of needles. This new dexterous needle
is called the flexure-tip steerable needle, and it is shown that it can achieve high curvature
while reducing tissue damage. A model is developed to describe the behavior of the device,
and experimental testing validates both the model and the design. The other dexterous tool
developed in this work also has the diameter of a needle, but instead of steering through
tissue, it was created to improve the dexterity of needlescopic manipulators.

In order to create a dexterous needlescopic tool, it is critical to utilize geometry and
mechanics in the design of the tool because the small diameter of the tool makes it diffi-
cult to use traditional mechanical linkages and joints. In Chapter |3, a miniature wrist is
presented that uses flexures to increase the distal dexterity of needle-sized manipulators,
giving surgeons the ability to perform near scarless procedures while navigating and op-
erating around sharp corners in the anatomy. The wrist achieves its bending motion via
multiple flexure joints built into an elastic tube. The geometry of the flexure joints affect

the performance of the wrist, and both kinematic and mechanics-based models are used to

vi



model the behavior. These models reveal the dexterous motion of the device and inform
design of the mechanism based on specified constraints. The models are experimentally
validated, and the utility of the wrist is illustrated in a clinical scenario. Both the flexure-tip
steerable needle and the miniature wrist use mechanics and geometry to aid in the design
of these needle-sized surgical tools, enabling minimally-invasive access to hard to reach
locations in the body.

One such location in the body that is difficult to safely reach via a minimally-invasive
approach is the lung. Lung collapse is a serious complication arising from percutaneous
needle-based procedures, yet transoral access, while safer, is currently limited by existing
surgical tools. In Chapter ] a robotic system is developed that integrates the flexure-tip
steerable needle with two other types of continuum devices to combine the accuracy and
reach of a percutaneous approach with the safety of a transoral approach. A flexible clinical
bronchoscope provides transoral access to the lung, after which a concentric tube robot is
used to increase the dexterity of the system, providing access to previously unreachable
configurations. Lastly, the flexure-tip steerable needle deploys from the tip of the concentric
tube robot to provide enhanced dexterity and accuracy to the system. Experimental results
demonstrate the accuracy and utility of the system for accessing difficult to reach targets
within the lung. Another location in the body that is difficult to access in a minimally-
invasive fashion is the skull base.

Tumors located at the skull base are difficult to remove in a minimally-invasive fash-
ion due to anatomical constraints that make the procedure difficult and limit its use. In
Chapter [5] a minimally-invasive robotic system using needle-sized concentric tube robots
is developed for removing skull base tumors through a single nostril. The surgeon oper-
ates the robotic system using a teleoperation paradigm, and an actuation unit controls the
curvilinear motion of the dexterous manipulators in the skull base. Additional dexterity is
provided to the tip of the manipulator by integrating the miniature wrist with the concen-

tric tube robot. Experimental testing of the system is performed in phantom and cadaveric
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models, and a system calibration method using robot arm collisions is explored.

In this dissertation, mechanics and geometry are used to inform the design of novel,
less invasive, surgical robots and tools. The design and modeling of these dexterous mech-
anisms provide new capabilities to needle-sized surgical tools, which are then utilized in
robotic systems developed for minimally-invasive treatment of lung and skull base can-
cers. The goal in developing these dexterous mechanisms and surgical robotic systems is
to provide physicians with better minimally-invasive tools and systems in order to improve
the treatment of their patients. The novel surgical robots and tools developed in this work
ultimately have the potential to positively impact many lives by improving the standard of

care for a multitude of procedures.
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shown being deflected to approximately 90 °. It 1s overlaid here on a penny

to provide a sense of scale. For this photograph, the tendon was tied at the

end of the wrist since the end caps made for the 1.16 mm wrist prototype

were much larger than the 0. 46 mmtube.|. . . . . . .. .. ... ... ...
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[3.14

The kinematic model 1s validated for the sub-millimetric wrist (0.46 mm

OD). These results again indicate that the constant curvature assumption 1s

a reasonable approximation. Close inspection of the wrist at high articula-

tion reveals that the small cutouts are not closing fully, preventing the wrist

from reaching the full articulation predicted by the model.[. . . . . . . . ..
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[3.15

The statics model 1s also validated for the sub-millimetric wrist (0.46 mm

53

B.16

This sequence shows the wrist bending from the tip first. In order to ac-

complish this behavior, the wrist 1s manufactured such that the most distal

cutout has the deepest cut depth, and each sequential cutout 1s shallower

than the cutout before i1t. This lowers the required actuation force for the

most distal cutout, and results in the behavior seen here.|. . . . . . . . . ..
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A1

(a) Our system combines a tendon-actuated bronchoscope, a concentric

tube robot, and a flexure-tip steerable needle to reach locations throughout

the lung transorally. (b) The deployment steps for our combined system

mvolve 1) deploying the bronchoscope to a desired site in the bronchial

tree, 2) deploying the concentric-tube robot from the bronchoscope work-

ing channel to the bronchial wall, piercing through the wall, and entering

the lung parenchyma, and 3) steering the flexure-tip needle to the target

under closed-loopcontrol.|. . . . . . ... ... .. 0L

61

%)

'The components of the three-stage steering system developed in this work

are shown. The system combines a tendon-actuated flexible bronchoscope

with a concentric tube robot and a flexure-tip steerable needle to provide

transoral access to the peripheral lung. The actuation unit controls the con-

centric tube robot and steerable needle (see [14)] for details on a similar

actuation unit), and the piercing mechanism provides access to the lung

parenchyma from the bronchial tree. Closed-loop feedback is provided by

a magnetic tracking system.|. . . . . . ... ..o L oL
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A3

Pictures of the deployment steps for our lung system are shown. (a) The

bronchoscope is deployed transorally into the bronchial tree. (b) Second,

the concentric tube robot extends from the tip of the bronchoscope to the

desired location for the opening 1n the bronchial wall. (c) The piercing nee-

dle then deploys through the concentric tube robot and creates the opening

in the bronchial wall. (d) The concentric tube robot advances over the pierc-

ing needle and through the bronchial wall and aims 1n the direction of the

target. (e) Next, the piercing needle 1s removed and the steerable needle 1s

deployed from the concentric tube robot to the target. (f) Lastly, an access

sheath 1s passed over the concentric tube robot and steerable needle to the

target, allowing for biopsy through the sheath (see Section [4.7| for more

details on the access sheath).| . . . . . . . . .. ... ... ... ...,

X!

The concentric tube robot coupled with the tendon-actuated bronchoscope

provide flexibility 1n selecting the position and orientation of the bronchial

wall opening. This added dexterity also assists with orienting the 1nitial

pose of the steerable needle. Here, the bronchoscope and concentric tube

robot are deployed 1n a clear PVC tube to a desired bronchial target on the

i3

(a) View of the piercing mechanism used to impart a rapid motion to the

piercing needle that creates a needle-sized port 1n the bronchial wall. (b)

In the piercing mechanism, the lead screw slide compresses a spring until

the collar 1s secured by the release lever. Upon triggering the release lever,

the needle holder 1s propelled forward until it contacts the lead screw slide,

controlling the depth of the piercingneedle.| . . . . .. .. ... ... ...

A6

(a) The flexibility provided by the concentric tube robot and tendon-actuated

bronchoscope when selecting the position and orientation of the bronchial

wall opening and 1nitial pose of the steerable needle is 1llustrated. (b) The

concentric tube robot 1s useful for directing the steerable needle so that the

target nodule 1s within the needle’s reachable workspace. An example of

adjusting the inner-most concentric tube to redirect the nitial alignment of

the needle 1n order to reach the target 1s illustrated.| . . . . ... ... ...

a7

The use of non-annular concentric tubes prevents torsional windup along

the long transmission lengths of the concentric tube robot by locking the

relative rotation of the tubes, thereby preventing elastic instability of the

robot) . . .. e e

A3

The experimental setup used for the system feasibility and accuracy ex-

periments as described 1n Sec. |4.6.1| consisted of a phantom bronchial tree

(made from plastic tubes) that was embedded 1in phantom parenchyma (gelatin).

The 1nset shows the bronchoscope handle and the sharp bend 1n the working

channel, which 1s discussed further in Sec.4.7l|. . . . . . . . .. ... ...

71

Ao

(a) Phantom targeting experimental results of 21 insertions as described

in Sec. 4.6.1. (b) The 21 targeting trials are overlaid on the experimental

setup. Trials 1 and 2 are explicitly shownin(c)and (d).| . . . . . .. .. ..
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#.10

(a) Ex vivo porcine bronchial tissue was wrapped around a PVC tube rep-

resenting a bronchial tube. The piercing mechanism was used to fire the

piercing needle through the tissue, as shown here. This created a port 1n the

bronchial wall for the concentric tube robot and steerable needle to deploy

through. (b) The piercing mechanism was also tested 1n whole samples of

porcine lung, shownhere.| . . . . . . . ... ... ... 0 L.
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A1l

The three needles used for the ex vivo porcine lung insertion experiments

with results presented in Table|4.2| (a) The 45° pre-bent needle. (b,c) The

two flexure-tip needles. The flexure-tip needle shown 1n (c) produced paths

with the smallest radius of curvature, and a representative path generated

by the same needle 1s shownin(d). | . . ... ... ... ... .. .....
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A1z

Patient case studies in which our proposed system would be particularly

valuable. Patient 1 (a) A suspicious nodule was located centrally in the

lung, away from both the bronchial tree and the lung surface. We seg-

mented the bronchial tree and the nodule, and built a phantom to model the

anatomy. (b) The segmented anatomy 1s overlaid on the phantom model. In

three trials, the nodule was targeted with an average of 1.33 mm tip error.

Patient 2 (c) A suspicious nodule was located 1n the periphery of the lung,

far from the bronchial tree. The bronchial anatomy was segmented, and a

phantom model built based on the anatomy. (d) The segmented model 1s

overlaid on the phantom model, and 1n three trials the nodule was targeted

with an average of 2.02 mm tip error. The inset shows the 90° bend 1n the

bronchus that our system traversed.| . . . . .. ... .. ... ... .....

76

13

A preliminary 1nvestigation into the use of a guide sheath for biopsy 1s

shown. (a) First, a PI'FE guide sheath was passed over a flexure-tip steer-

able needle that had reached the target, (b) the needle was removed through

the sheath, creating a path to the target, (c) then a flexible biopsy tool was

mserted through the guide sheath and used to obtain core samples of the

gelatin target.| . . . . . . .. L

[5.1 Photograph of a needle-diameter concentric tube robot with grasping for-

ceps attached. The inset figure shows the six degrees of freedom of this

robot arm. Our system introduces four of these robot arms through a single

nostril for skull base surgery.| . . . . . ... ... .o o 0oL

52

Endonasal approach to the pituitary gland using a straight tool. The nasal

cavity has to be prepared in order to gain access through the sphenoid sinus.

Regions where tuberculum sellae meningiomas occur are almost inaccessi-

ble endonasally with current surgical tools.|. . . . ... .. ... ... ...
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Conceptual drawing of the quadramanual system with a surgeon’s console

showing the tools 1n the skull base and the cannula paths through the nasal

CAVILY. . o o v o e e e e e e e e e e

54

The maximum surgical workspace through a single nostril for endonasal

skull base surgery of an average sized human 1s shown. All dimensions are

XViil



55

Prototype bimanual concentric tube actuation unit. (1) Concentric tube

robot with gripper. (2) Actuation module for one concentric tube robot.

(3) Carrier associated with one tube. (4) Lead screw for translation of the

carriers. (5) Collet closure for grasping a tube. (6) Guideraal.|. . . . . . . .

90

5.6

(a) CAD drawing of the quadramanual system with (b) one arm removed

from the main body and (c) an overhead view of all tubes exiting the robot

within the anatomical nostril constraint. (d) Photograph of the complete

quadramanual actuation unit showing the modular design and 80/20 back-

bone. A close-up of the concentric tube robots shows the various end ef-

fectors we envision for our endonasal system (ring curette, gripper, suction,

and chip tip camera with light source).| . . . . . ... ... ... ... ...

91

5.7

Single-tube stage assembly. Exploded view with (1) cannula holder assem-

bly, (2) sleeve bearing, (3) thrust bearings, (4) jam nuts, (5) acme nut, (6)

rotation motor and bracket, (/) cable carrier mounting holes, (8) cannula

stage body, (9) motor timing pulley, (10) timing belt, (11) stage mounting

bracket, and (12) carriage.|. . . . . . . . . ... ... ... ..
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538

a) Photograph of a single manipulator module, b) a close up view of con-

centric tube robot tip and c) a single tube stage.| . . . . ... ... ... ..

5.0

The ability to rotate the ring curette axially while the robot arm remains

stationary 1s 1llustrated in this 1image via a semitransparent overlay of a

second configuration of the curette.| . . . . . .. .. ... ... ... ....

5.10

(a) A miniature chip tip camera was attached to a rapid prototyped housing

along with two LED light sources to illustrate the use of a camera at the end

of a concentric tube robot. (b) We utilize a miniature biopsy gripper located

at the end of a concentric tube robot for retraction. (c) The concentric tube

robot can also be used to provide suction and/or 1rrigation to the surgical

5.1

The experimental setup used for the pick and place task 1s shown. The goal

was to transfer the six rings from the right side of the peg board to the left

side as quickly as possible without dropping any rings.| . . . . .. ... ..

5.12

Experimental setup for phantom tumor resection experiments using the

5.13

Percentage removal and time to complete removal are shown for all 20

removals using the Phantom Omni. The average percentage removal and

average time for removal are overlaid on the data, and the trials are listed

mn order of completion.| . . . . .. ... L L oL

5.14

(a) Photograph of our wrist integrated directly into the inner-most tube of

the concentric tube robot, with an inset showing a closer view of the wrist

and surgical curette attached to the wrist. The diameter of the wrist 1s

1.16 mm. (b) Here, an endoscope view shows the concentric tube robot

with integrated wrist being used to remove a gelatin tumor from a skull

base phantommodel.| . . . .. ... o oo o oo
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5.15

Proof of concept cadaver study. (a) System setup in cadaver head study.

(b) The two concentric tube robots enter through one nostril. (c¢) Sagittal

view onto surgical site. The endoscope and the two robot arms are shown

approaching the frontal wall of the pituitary gland. (d) Intraoperative endo-

scope view onto the pituitary gland 1n cadaveric study.f. . . . . . . ... ..

100

5.16

(a) An 1llustration of two concentric tube robots colliding 1s shown. We re-

fer to the left robot as robot 1 and the right robot as robot 2 throughout. The

parameters we seek to estimate |15, 7y, 77,60y, 0y,0;,k1,1,k2,1,kl,2,k2,7] in

our simulation are shown here, as are the available output measurements

Is1,s2] of the system. (b) An example of a two arm concentric tube robot

system colliding 1s shown.| . . . . . ... ... ... ... ... ...

5.17

The calibrated norm tip error of robot 1 and robot 2 and the condition num-

ber of the regressor matrix 1s shown on the left and right, respectively, for

an 1ncreasing number of collisions for calibration of the 10 parameters de-

scribed 1n Table|5.3| For each group of collisions, we ran the simulation 25

times and took the mean of the norm tip error, which 1s what we report here.

'The norm tip error and condition number decrease with increasing number

of collisions, as would be expected. The bumps 1n the plots are likely due

5.18

(a) This 1s an example configuration of the actual and pre-calibrated sys-

tems. The norm error between the tips of the actual and pre-calibrated

robots 1s 3.8 mm for robot 1 and 19.0 mm for robot 2. (b) This shows

the same configuration, but with the post-calibrated system plotted over

the actual system. The norm error between the tips of the actual and post-

corresponds to relative errors of 0.5% and 0.8%, respectively, when nor-

malized by the total robot backbone lengths for this configuration (98.1

mm for robot 1 and 128.5 mm forrobot2).|. . . . . . . . .. ... ... ..

111

5.19

The calibrated norm tip error of robot | and robot 2 and the condition num-

ber of the regressor matrix 1s shown on the left and right, respectively, for an

increasing number of collisions for calibration of the 10 parameters found

in Table|5.3[and 6 additional parameters. The additional calibrated param-

eters are the total lengths of each tube as well as the straight lengths of the

mner tubes. For each group of collisions, we ran the simulation 25 times

and took the mean of the norm tip error, which 1s what we report here.| . .

. 112

5.20

(a) This 1s an example configuration of the actual and pre-calibrated sys-

tems when 16 parameters are calibrated. The norm error between the tips

of the actual and pre-calibrated robots 1s 14.0 mm for robot 1 and 28.9

mm for robot 2. (b) This shows the same configuration, but with the post-

calibrated system plotted over the actual system. The norm error between

the tips of the actual and post-calibrated robots 1s 0.6 mm for robot 1 and

1.1 mm for robot 2. This corresponds to relative errors of 0.6% and 1.0%,

respectively, when normalized by the total robot backbone lengths for this

configuration (98.2 mm for robot 1 and 111.8 mm for robot2).| . . . . . ..
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521

The calibrated norm tip error of robot 1 and robot 2 and the condition num-

ber of the regressor matrix 1s shown on the left and right, respectively, for

the 10 parameter calibration using 51 4 57 as the output measurement. For

each group of collisions, we ran the stmulation 25 times and took the mean

of the norm tip error, which 1s what we report here.| . . . . ... ... ...

5.22

(a) This 1s an example configuration of the actual and pre-calibrated sys-

tems using s| + s> as the output measurement. The norm error between the

tips of the actual and pre-calibrated robots 1s 2.2 mm for robot 1 and 17.9

mm for robot 2. (b) This shows the same configuration, but with the post-

calibrated system plotted over the actual system. The norm error between

the tips of the actual and post-calibrated robots 1s 0.38 mm for robot 1 and

0.87 mm for robot 2. This corresponds to relative errors of 0.6% and 0.9%,

respectively, when normalized by the total robot backbone lengths for this

configuration (98.6 mm for robot 1 and 116.6 mm forrobot2).[ . . . . . ..
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Chapter 1

Introduction

1.1 Motivation

There was a time not long ago when just the mention of a robot in the operating room
would seem absurd, with people imagining C-3PO from Star Wars or the T-800 robot from
The Terminator performing surgery. However, in the 30 short years since the first robot was
used to perform a neurosurgical biopsy in 1985 [15], an entire subfield of robotics has been
created that centers around robots in the operating room. There are now multiple com-
mercial companies selling surgical robot systems, with over 2 million robotic procedures
performed to date. Commercially available surgical robots are used for assisting with bone
drilling [[16]], placement of surgical instruments in the brain [[17], steerable catheters [18],
and robotically-assisted laparoscopic and endoscopic systems [19} 20, 21] (see Fig. [L.]
for images of several commercial surgical robotic systems). There has even been a set
of guidelines developed for how to best integrate surgical robots into the operating room
[22]], making it clear that surgical robots are here to stay. Robotic surgical systems offer a

multitude of benefits to the surgeon, including:

1. better dexterity when compared with existing non-wristed laparoscopic instruments,
2. the ability to restore correct hand-eye coordination of the surgical instruments,
3. increased precision of the tools, and

4. the potential for improved ergonomics,

among others. In the end, these benefits provide physicians with better minimally-invasive

tools and systems in order to improve the treatment of patients.



Figure 1.1: (a) The RIO orthopedic surgical robot. ©2015 Mako Surgical Corp. (b) The Sen-
sei robotic catheter system ©2015 Hansen Medical (c) The Pathfinder neurosurgical robot ©2012
Prosurgics, Inc. (d) The da Vinci laparoscopic surgical robot. ©2015 Intuitive Surgical, Inc.

To date, the most successful surgical robot is the da Vinci surgical system, which uses
robotic arms to control laparoscopic tools with wristed end effectors [21]]. While the da
Vinci is by far the most successful commercial system and provides both patients and sur-
geons with the benefits listed above, it is not without its shortcomings. For example, the
diameter (8 mm) of the tools combined with the rigid nature of the tool shafts limit the
areas in the body where the system can safely be used. While the size of the tools and
the rigid tool shafts are not problematic when operating within an insufflated abdomen, it
becomes a major challenge to use the da Vinci when attempting to safely maneuver in tight

anatomical spaces such as the brain or the lungs. Fortunately, the surgical robotics research



community has set out to address these shortcomings with the next generation of surgical

robots.

1.2 Dexterous Continuum Devices

A major push in surgical robotics research is the creation of systems that are smaller,
inherently safe, and provide access to locations that rigid instruments and devices cannot
access. These systems often employ flexible, curved tool shafts that enable surgeons to
access and operate in hard to reach locations, providing alternative routes to the target
that utilize natural orifices or small incisions. The use of continuously flexible robots (i.e.,
“continuum robots”) in medicine is aimed at improving dexterity while minimizing the size
of the tools (see e.g., [23} 24} 23]).

One example of such a system is the Hansen Medical Sensei robotic catheter. This
dexterous continuum device is comprised of a controllable guide sheath and a robotic
catheter that uses tendons to actuate a flexible distal tip [18]. The steerable catheter is
4.8 mm in diameter and is controlled by a surgeon using a teleoperated master device. The
use of robotics in this application allows the surgeon to intuitively control the catheter tip
while employing tools such as motion scaling and force feedback. Researchers have also
used multiple constrained continuum backbones operated in a push-pull manner to create
a 4.2 mm dexterous, flexible robot for use in throat surgery [26] and single port abdom-
inal surgery [27]. In [28], a 10 mm dexterous continuum manipulator is described that
uses many rigid cylindrical links connected by cables, allowing the device to deploy in a
follow-the-leader approach in 3D space. The device was originally investigated for cardiac
procedures, but has now been commercialized for use in transoral throat surgery [29]. A
common theme among each of these continuum devices is that they make intelligent use of
geometric constraints to provide surgeons with additional dexterity at a small scale.

Steerable needles and concentric tube manipulators are two other types of small contin-

uum devices that can be made more dexterous through the use of geometry and mechanics,



enabling usage in critical locations inside the body. In the sections that follows, work re-
lated to the design and modeling of these small dexterous mechanisms is reviewed. Exist-
ing robotic approaches for the treatment of lung and skull base diseases are also reviewed,
as these are the two clinical applications targeted in this dissertation using the dexterous

mechanisms developed.

1.3 Design of Steerable Needles

Researchers have used different design approaches to cause needles to move in a pre-
defined way, effectively creating a dexterous steering tool that can improve accuracy and
curve around obstacles. One example is the use of shape-memory actuators (SMA) to
change the needle shape and direction upon insertion into soft tissue using both one [30]
and two discrete active bending joints (see Fig.[1.2J(a)) [1]]. While both of these designs can
actively change their shape in a predefined way, the time response and heat generation of
the shape memory actuator used to alter the needle shape may be challenging in clinical
use. Another approach for needle articulation is the use of tendons to actuate the tip of a
needle (see Fig.[I.2|b)) that is connected to the needle shaft with a ball joint [2]. This cre-
ates a dexterous needle tip but comes at the expense of simplicity, since multiple tendons
must be carefully constrained to create controllable actuation of the tip. Another approach
to actively change the needle shape involves geometrically constrained interlocking fibers
that change the shape of the needle when translated with respect to one another [31]. While
each of these approaches provide added dexterity, in this dissertation a simpler approach
to achieve the same steering objectives will be sought. A simpler design will facilitate
manufacturability and enable fabrication at smaller sizes.

One such approach that has previously been suggested is bevel-tip steered needles,
which use the geometry of their asymmetric tip to create lateral forces that cause a flexible
needle shaft to bend in a predictable direction when inserted into tissue. The bend direction

can be changed by axially rotating the needle shaft, enabling 3D control using only two
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Figure 1.2: (a) A dexterous steerable needle that uses discretely actuated shape-memory actuators
[L]. (b) A steerable needle with an active needle tip controlled using tendons [2]]. (c) The clinically
available Osseoflex Steerable Needle is a 10 gauge needle that uses a tendon-actuated distal tip for
vertebral augmentation surgery [3]]. (d) The PneumRx needle could actively change its shape using
push pull actuation of flexible nitinol tendons [4].

inputs. This creates a simple yet dexterous needle in which the curved shape of the needle
shaft remains unchanged as the tip of the needle moves forward through tissue (i.e. “follow-
the-leader” deployment).

Bevel-tip steered needles have achieved the greatest interest from the research commu-
nity as it pertains to tip steered needles (see Fig. [I.3]for examples). The motion of bevel-tip
steerable needles is often modeled using a simple nonholonomic unicycle or bicycle model
[32]], though others have included additional effects such as the complex needle-tissue in-
teraction forces [33) 34] and torsion experienced along the needle shaft [35, 36]. In order
to maximize the utility of bevel-tip steerable needles though, researchers have sought to
increase their workspace by increasing the achievable curvature of the needles.

The simplest approach to increase needle curvature is to use a kinked bevel-tip needle
design which will be more fully described in Chapter 2] This design takes advantage of the
geometry of the kinked needle tip to create even greater tip forces than bevel-tip needles,
thus increasing the curvature of the needle [37]. However, these needle designs have two
significant drawbacks. First, the geometry of kinked bevel-tip tips cut large helical tracks
in tissue when the needle is axially rotated during insertion, which is required to steer
it to a desired location. Second, the rigid nature of the kinked tip make it difficult or

impossible to deploy with a clinical coaxial needle system. Thus, these drawbacks limit



—
—_—

it

Figure 1.3: (a) A simulated needle path around obstacles is shown with a bevel-tip needle [5]]. (b) A
steerable needle path through gelatin shows the needle achieving appreciable curvature [6]. (c) An
X-ray image shows a steerable needle after insertion into an ex vivo kidney [[7].

the clinical usefulness of existing high curvature bevel-tip steerable needles. In Chapter 2]
a novel type of steerable needle is presented that increases the dexterity and clinical utility
of the needle, while also reducing tissue damage when compared with kinked bevel-tip
needles. The new steerable needle utilizes geometry and mechanics to inform the design
of a passively actuated flexure joint, whose elastic nature motivates the creation of a new
kinematic model that accounts for motion of the flexible needle tip to better predict the
behavior of the needle. In Chapter 3] the same geometry and mechanics principles are
applied to the design of needle-sized wrists for teleoperated surgical robots. The following

subsection provides the background for these devices.

1.3.1 Dexterous Mechanisms for Needle-sized Manipulators

Due to the small diameter of needle-sized manipulators such as needlescopic instru-
ments (<3 mm) and concentric tube robots (typically <2 mm), the use of traditional ar-
ticulating wrist-like mechanisms (e.g., [38] [39] for reviews) is challenging and often im-
possible. Based on this researchers have sought to use continuum structures that are made
from elastic materials, where intelligent use of mechanics and geometrical designs cause
the structures to bend in a predetermined manner. In [8]], a dexterous device was developed
that used mechanics to enable motion of multiple continuum structures comprised of flat

springs arranged in a circle around the shaft of the device (see Fig. [I.4(a)). The springs



Figure 1.4: (a) a dexterous device comprised of multiple continuum structures arranged around
the shaft of the device [8]. (b) A continuum mechanism made using a ring of cables sandwiched
between two coil springs provides high tip dexterity [9]. (c) A distal dexterity mechanism made
from an elastic nitinol tube that has been laser machined in a specific pattern [10].

were actuated using a rigid link attached to the springs by a pin joint. In [9], a dexterous
continuum device is made using a ring of cables that is geometrically constrained axially
along the tool shaft between an outer and inner set of coil springs [9]]. By pulling the cables
on one side of the device and releasing the cables on the other, the continuum mechanism
bends in an arc (see Fig.[T.4(b)).

The use of multiple flexible backbones routed through a series of spacer discs has also
been shown to provide added dexterity in a continuum structure [40], as has a flexible tubu-
lar nitinol structure design that is actuated with multiple tendons [41]]. In [42], a tendon-
driven flexible catheter is studied and detailed mechanics based models are developed for
the dexterous catheter. Another modeling approach for continuum robots and mechanisms
is to use a constant curvature approximation, due to the simplifications this assumption
enables in kinematic modeling. For a review of several different continuum modeling ap-
proaches that utilize the piecewise constant curvature assumption, see [43]. An example
continuum mechanism that uses the constant curvature assumption is the hybrid style par-
allel continuum robot developed in [44]. While the designs presented above all improve the

dexterity of surgical devices, those that utilize the fewest components are most desirable



for miniaturizability and manufacturability for needle-sized manipulators.

One method for achieving a dexterous continuum mechanism with the minimum num-
ber of components is to create a compliant bending region in an elastic member, often
utilizing geometric patterns to constrain the motion of the device. For example, one group
developed a 10 mm tool for endoscopic camera steering using a nitinol tube (see Fig.[I.4{c))
with an intricate geometric pattern laser-machined into the tube [[10]. Another group used
a similar concept to create a 6 mm tendon-actuated tool for arthroscopy [45]. Others have
created dexterous continuum mechanisms for use with catheters by laser-machining springs
into an elastic backbone and using hydraulic suction for actuation [46], while another group
created a 3.8 mm dexterous catheter tip using a laser-machined elastic member actuated
with a tendon and a restoring spring [47].

Although each of the designs above feature a dexterous manipulator, this work set out
to create a device that was truly needle-sized yet simple to manufacture and actuate using
the fewest number of tendons, while also providing the largest possible lever arm over
which the tendon can act for a tube of a given diameter. In Chapter 3] a compliant bending
region is designed into an elastic tube by cutting away a predetermined geometric shape
from the tube, thus creating a dexterous, needle-sized wrist actuated using a single tendon.
The shape of the compliant bending region and the mechanics of actuating the wrist are
coupled with a piece-wise constant curvature assumption to model the behavior of the
wrist, informing an appropriate design for the desired task. By utilizing geometry and
mechanics to aid design, both the flexure-tip steerable needle and the miniature wrist can
be integrated with robotic systems to provide minimally-invasive, dexterous access to hard

to reach locations in the body.

1.3.2 Systems for Treating Lung Cancer

Although lung cancer is the deadliest form of cancer in the United States [48], there

have been few robotic systems developed to treat it. Perhaps one of the main reasons why



there has been limited work toward a robotic system for treating lung cancer is the difficult
anatomy such a system would have to navigate. Unlike laparoscopic procedures in the
abdomen that use insufflation to enlarge the abdominal cavity, there is no large, cavernous
space in the lung in which to maneuver. This places a premium on small dexterous devices.
Additionally, the tortuous path through the bronchial tree and the fragility of lung tissue
make lung collapse a real danger and necessitate a robotic system that can perform follow-
the-leader motion through lung tissue while being deployed transorally.

Robotic stereotactic radiosurgery has been performed using the Cyberknife System (see
Fig.[1.5(a), Accuray Incorporated, USA) on patients who are unfit to undergo lung tumor
resection. The Cyberknife approach uses a large robotic arm to precisely aim a radiation
beam at the tumor from many different positions, effectively targeting the tumor while
leaving the surrounding tissue with only a small dose of radiation [49]. The system also
has the benefit of being able to compensate for breathing motion. Downsides to the system
include the large space required to house it and the high cost of the system, meaning that
only high volume centers will likely be able to provide such treatment. Researchers have
also developed a robotic system for implanting radioactive seeds directly into the lung
to treat tumors that are difficult to reach [S0]. Such a system provides the surgeon with
precise manipulation of the brachytherapy needle, thereby increasing the accuracy of seed
placement, while also reducing the radiation dose to the surgeon. While promising, this
system does pose a serious risk of lung collapse during placement of the radioactive seeds,
as the outer membrane of the lung must be cut to access the tumor.

The combination of image-guidance and existing surgical tools (e.g., bronchoscopes
and needles) has resulted in different types of systems aimed at increasing the efficacy of
lung biopsy. Two commercial systems have been developed that utilize a bronchoscope
and electromagnetic guidance to assist with the navigation of small, magnetically-tracked
instruments deployed through the bronchoscope (see Fig. [1.5(b), [51}[52]]). These systems

allow the physician to navigate deeper into the bronchial tree to reach suspicious nodules



Figure 1.5: (a) The CyberKnife robotic stereotactic radiosurgery system ©2016 Accuray Inc. (b)
The superDimension electromagnetically tracked bronchoscope system ©2016 Medtronic (c) A
patient-mounted image-guided robotic system developed for percutaneous interventions [11].

for biopsy. Unfortunately, these systems have limited diagnostic yield for smaller nodules,
and they are still only intended to navigate within the bronchial tree using a bronchoscope.
Image-guided robotic systems have also been developed for percutaneous lung access, in-
cluding the use of an industrial robot manipulator to drive a rigid needle toward a target
under CT-guidance [53]. A custom patient-mounted robotic system was developed to con-
trol a needle in a scanner without imaging artifacts (see Fig. [I.5(c), [L1]]), and a similar ap-
proach was taken in [4] but included control of a tendon-actuated steerable needle. While
these robotic systems all provided accurate targeting through the integration of needles and
image-guidance, they all pose a serious risk of lung collapse since the needles must cut
through the outer membrane to reach the lung.

In this work, we set out to create a robotic system that could combine the safety of
a transoral approach with the efficacy of a percutaneous approach. Toward this end, the
surgical system presented in Chapter ] couples a flexible bronchoscope with a new dis-
tal dexterity mechanism for concentric tube robots and the dexterous flexure-tip steerable
needle developed in Chapter 2] The system deploys transorally to maneuver through the
bronchial tree and then operates as a steerable needle when deployed into the soft lung
tissue, accurately reaching the target via a transoral approach. Another critical location in

the body that is difficult to access in a minimally-invasive fashion is the skull base.
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1.3.3 Systems for Treating Skull Base Tumors

The skull base is located at the approximate center of the head, and it is here that 15-
20% of all primary brain tumors arise, making it a critical location to reach [54]]. Safely
removing tumors from the skull base using a minimally-invasive, endonasal approach re-
quires passing multiple tools through a single nostril where they must traverse a long, con-
strained corridor to reach the surgical site. Visualization must also be provided through
this same anatomical corridor, adding to the complexity of an already difficult procedure.
The need for controlling so many tools through a single nostril necessitates the use of at
least one other surgeon or assistant to help maneuver all the tools, further increasing the
complexity of the procedure. Once at the skull base, there are the additional challenges of
providing dexterity to the surgical tools through constrained anatomy and accurately know-
ing where each tool is located with respect to the others. Due to all of these challenges,
pituitary tumors are often still removed using open, extremely invasive approaches.

To address one or more of the above challenges, there have been a few robotic sys-
tems designed to operate at the skull base through either a transnasal or transoral approach.
Surgeons have attempted to use the da Vinci surgical system to access and operate at the
skull base with limited success (see Fig. [I.6[a), [12]). Rather than approach the skull base
through the nostril, which provides good access to the skull base, the large diameter of the
da Vinci’s robotic arms require an invasive transoral approach. This approach limits the
net benefit to the patient, and indicates that a smaller, more dexterous system is needed. A
new clinical system has been proposed for endoscopic skull base surgery that uses multiple
continuum segments deployed in an inchworm-like fashion to snake a flexible endoscope
through the body to the surgical site, after which two end effectors are deployed from the
tip of the endoscope (see Fig. [I.6(b), [13]). While this system shows the benefit of us-
ing flexible, continuum structures to provide dexterity when operating in tight anatomical
spaces, the large diameter of the system requires an invasive transoral approach similar to

the da Vinci. Systems have also been developed that provide the surgeon with a robotically
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Figure 1.6: (a) The da Vinci system has been attempted for skull base surgery, but the tools re-
quire an invasive transoral approach rather than the endonasal approach [[12]. (b) A new snake-like
continuum robot has been investigated for skull base surgery, but the diameter again prevents an
endonasal approach [[13].

controlled endoscope for the skull base [55}56,/57]]. While these systems do offset the bur-
den of controlling the endoscope from the surgeon, they do not provide flexible, dexterous
tools that can assist the surgeon with removing the tumors.

In Chapter [ a minimally-invasive robotic system using needle-sized concentric tube
robots is developed for removing skull base tumors through a single nostril. The surgeon
operates the robotic system using a teleoperation paradigm, and an actuation unit controls
the curvilinear motion of the dexterous manipulators in the skull base. Additional dexterity
is provided to the tip of the manipulator by integrating the miniature dexterous wrist de-
veloped in Chapter [3| with the concentric tube robot. Experimental testing of the system is
performed in phantom and cadaveric models, and a system calibration method using robot

arm collisions is explored.

1.4 Dissertation Overview and Contributions

The goal of this dissertation is to improve surgery (and thereby eventually patient care)
through the development of needle-sized surgical tools and robotic systems that incorporate
novel distal dexterity mechanisms. The use of mechanics and geometry to inform design re-

sults in a novel steerable needle and miniature wrist, which are then integrated into robotic
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systems developed for minimally-invasive treatment of lung and skull base cancers. This
body of work aims, in the longer term, to improve patient care by enabling minimally-
invasive treatment of diseases found deep within the body using new surgical robots and
dexterous tools. It is intended that the work presented herein will leave a lasting impact
on healthcare as others continue to build upon these results and push the boundary of what
is possible in the operating room. The chief contributions of this work are summarized

below:

1.4.1 Design

In this dissertation, the basic concepts of mechanics and geometry are coupled to design
novel distal dexterity mechanisms. Using these ideas, it is possible to selectively alter the
bending stiffness of a device along its length or constrain a device to move in a predefined
way, resulting in changes to the overall device performance. Design examples found in
this dissertation include a steerable needle that incorporates a flexure element located be-
tween the needle tip and shaft (Chapter [2] [6]), a miniature wrist integrated into an elastic
tube that uses cutout sections of tube to decrease bending stiffness and create a dexterous
device (Chapter [3| [S8]), and a non-annular concentric tube robot that uses geometry to
enable previously unreachable robot configurations and prevent elastic instability (Chapter
[S9]]). All of these designs use elastic materials, and the key to each device is that me-
chanics and geometry have informed the design in such a way as to enable desired motion

and performance of the device.

1.4.2 Modeling

The modeling contributions of this dissertation are the kinematic and mechanics-based
models that describe the behavior of the aforementioned needle-sized distal dexterity mech-
anisms. When modeling miniature elastic devices such as these it is often necessary to

analyze both the kinematics and mechanics of the devices in order to predict the over-
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all behavior of the device. For example, modeling the interaction of the tissue force and
spring-like flexure element to determine the behavior of the flexure-tip needle and its tra-
jectory through tissue requires both kinematic and mechanics-based modeling as described
in Chapter [2| [[60]. Similarly, modeling the miniature cutout wrist in Chapter 3| takes into
account the geometry of the wrist and subsequent kinematic motion as well as the forces
required to actuate the wrist in order to inform an appropriate design for the task at hand

[S8].

1.4.3 Systems

The design and modeling of distal dexterity mechanisms outlined above are incorpo-
rated into two surgical robotic systems in this dissertation. The first system, described in
Chapter [}, provides transoral access to difficult or impossible to reach locations in the lung
for biopsy of suspicious nodules [61]. The robotic lung system incorporates three contin-
uum devices that have never been combined before to enable the accuracy of a percutaneous
approach with the safety of a transoral approach. Our system sequentially deploys the fol-
lowing devices: a tendon-actuated bronchoscope, a concentric tube robot, and a flexure-
tip steerable needle. The lung system incorporates the flexure-tip steerable needle with a
previously developed needle steering controller to accurately reach the target. The second
system, detailed in Chapter[3] is designed to provide a minimally-invasive robotic approach
to endonasal tumor removal and delivers four concentric tube robot arms through a single
nostril to the skull base under teleoperated surgeon control [62]. Because the approach to
the skull base is through a long and narrow corridor, the use of the miniature wrist provides
added dexterity to the endonasal system at the surgical site. With the endonasal system
deploying multiple concentric tube robot arms to a delicate location in the body, a system

procedure for calibration of multiple robot arms using collisions is also presented.
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Chapter 2

Flexure-Tip Steerable Needle

2.1 Chapter Overview

In the quest to design higher curvature bevel-steered needles, kinked bevel-tips have
been one of the most successful approaches yet proposed. However, the price to be paid
for enhancing steerability in this way has been increased tissue damage, since the pre-bent
tip cuts a local helical path into tissue when axially rotated. This is problematic when
closed-loop control is desired, because the controller will typically require the needle to
rotate rapidly. It is also difficult or impossible to use kinked bevel-tip needles in a clinical
coaxial needle system because the kinked tip cannot pass through a tightly toleranced coax-
ial introducer needle. In this chapter we present a new type of steerable needle called the
flexure-tip needle that overcomes these challenges. The flexure-tip needle design provides
the enhanced steerability of kinked bevel-tip needles, while simultaneously minimizing
tissue damage, and the needle can also be deployed through a coaxial introducer needle.
The curvature of the flexure-tip needle is compared with a kinked bevel-tip needle and
shown to be similar, and the reduced tissue damage of the flexure-tip needle is illustrated.
A model predicting the behavior of the dexterous flexure tip is derived and experimen-
tally tested, opening the door for integration of the flexure-tip needle with existing needle
steering planners. The flexure-tip needle described in this Chapter was published in IEEE
Transactions on Biomedical Engineering [6] and the modeling results are in preparation for
submission to IEEE Transactions on Robotics [60]. The needle design has been patented
(US 14/208,508) and we are in active discussions with a large medical device company
to commercialize the needle as a hand-held device for correcting misalignment of coaxial

biopsy needles.
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2.2 Introduction

Needles are one of the least invasive tools available to reach sites requiring diagnoses
or interventions in the human body. Many different procedures can be performed with
needles including biopsy, thermal ablation (using either heat or cold), brachytherapy, and
drug delivery, among others [63]. The efficacy of these needle-based procedures typically
relies heavily upon the accuracy with which the needle tip reaches the desired location
specified by the physician on medical images. However, there are numerous factors that
contribute to needle placement inaccuracy, including tissue deformation, registration error,
and (in the case of hand-held needles), the surgeon’s hand-eye coordination. There are
also situations where a straight-line path to the surgical site is not possible because of
anatomical constraints. Examples include deep brain stimulation, where certain targets
can be obstructed by eloquent brain tissue [64] and transperineal prostate brachytherapy,
where the pubic arch can sometimes obstruct a portion of the prostate [65]. It may also be
desirable to reach multiple sites within the target area without full retraction of the needle
[64].

Steerable needles have recently received a great deal of interest in the medical robotics
community (see [63) 166] for reviews), because they have the potential to address both
accuracy enhancement and obstacle avoidance. In this chapter we consider only the subset
of steerable needle research that addresses flexible needles that harness asymmetric tip
forces (often combined with rotation of the needle shaft) to guide the needle through curved
paths to reach a target. These needles, which typically feature a bevel tip, are able to
enhance accuracy by enabling closed-loop control [67, 68], and can also enable the needle
to steer around obstacles [64,69]] using pre-planned trajectories.

While there has been a great deal of recent progress on needle modeling and control
(see e.g. [[70, 166k 67, [71, [72, [73]], among many others), comparatively little attention has
been paid to needle design. One noteworthy design is a hand-held steering device that

deflects a traditional biopsy needle through a curved path by varying the exposed length of
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a precurved stylet [[74]. Another uses two interlocking shaft halves that can be extended
relative to one another to steer the needle [75]. With bevel-tip needles, design studies have
investigated the effects of bevel angles on curvature and bevel-tissue interaction parameters
and needle curvature [70, [/6]. The effects of kinked tips have been studied to enhance
needle curvature [37], and tips that are larger than the needle shaft and are kinked [72]] have
also been used for this purpose.

Thus, much prior steerable needle work has considered a beveled or a kinked and
beveled tip, with the latter enabling higher curvature and thus better steerability. An ap-
proach for adjusting the curvature of such a needle during insertion is duty-cycling [[72],
which is achieved by interspersing short periods of rapid axial rotation with short periods
of a fixed axial angle during insertion. Using a kinked bevel-tip needle with duty-cycling
yields high curvature capability with real-time curvature adjustment. However, a kinked
bevel-tip that is rapidly rotated during insertion cuts a helical path through the tissue larger
than the needle’s shaft, due to the rigid nature of the kinked tip. The desire for high curva-
ture steerable needles that do not cut helical paths through tissue motivated the design of a
new type of steerable needle.

In this chapter, we present a new bevel-tip steerable needle design that incorporates a
flexure. The flexure enables the needle to act like a kinked bevel-tip needle when inserted,
while at the same time acting like a traditional bevel-tip needle when axially rotated. A
kinematic model is developed for the flexure-tip needle in order to predict the behavior of
the flexure and the influence it has on the overall needle trajectory. The flexure-tip needle
design is able to provide high steerability with less tissue damage while still being able to

pass through a coaxial introducer needle.

2.3 Flexure-Tip Needle Design

The flexure-tip needle consists of three parts: a flexible straight needle shaft, a beveled

tip, and a flexure joint. During insertion into tissue, the bevel tip produces a transverse load
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Figure 2.1: Flexure-tip needle design. The nitinol wires that comprise the flexure joint bend at the
gap between the needle shaft and the tip as forces are applied to the bevel tip by tissue. (a) A CAD
drawing of the flexure-tip needle concept with dimensions shown. (b) A close-up of the flexure-tip
prototype. The nitinol wires are held in place by a cold weld epoxy in both the bevel tip and the
needle shaft, which begin as tubes. (c) The flexure-tip bends in the direction of the bevel when
inserted into tissue due to reaction forces on the bevel that cause the nitinol wires to deflect, thus
kinking the tip of the needle.

which causes the needle to bend at the flexure (see Fig.[2.1(c)). As will be shown shortly,
during pure insertion, this causes the needle to behave like a kinked bevel-tip needle (the
fact that it has the same shape can be seen in Fig. [2.1|c)). However, during pure rotation,
the flexure enables the needle to stay in place while spinning to reorient the bevel, without
tearing through tissue.

The prototype needle used for the experiments presented in Section [2.4] has a flexible
shaft (made from nitinol, see Fig. @b)) with an outer diameter (OD) of 0.91 mm and an
inner diameter (ID) of 0.60 mm. The beveled tip section has the same OD as the shaft, is
4.0 mm long at its longest point, and features a 10 ° bevel angle. The flexure joint that con-
nects the needle shaft and the tip section is made of three 0.125 mm diameter nitinol wires
laid side by side in the middle of the needle, and oriented so that their least stiff direction
is the one in which the bevel would naturally make the needle bend during tissue insertion
(see Fig. 2.1[@)). The gap between the tip section and the needle shaft is approximately
0.15 mm, which allows the tip to flex to a maximum angle of roughly 22 °. To attach the
wires to both the shaft and tip section, cold weld epoxy (J-B Weld, USA) was used. For a
detailed step-by-step manufacturing process for the needle, see Appendix [A]

The in-plane stiffness of the flexure joint (i.e., movement of the tip in the XZ plane
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Figure 2.2: Experimental flexure stiffness test setup.

in Figure[2.1|(a)) was determined experimentally by hanging weights from the beveled tip
using a drop of glue and a hook (see Fig.[2.2)) in 5 g increments. The resulting stiffness for
the flexure was approximately 3.6 mNm/rad. The out-of-plane stiffness was determined to

be 16.5 mNm/rad using the same experimental procedure.

2.4 Needle Characterization

To determine if the flexure-tip needle could accomplish the goals of high curvature and
reduced tissue damage, we began by determining whether we could achieve curvatures
similar to the kinked bevel-tip design we sought to replace. We then investigated whether

duty-cycling was possible with the new needle, before lastly exploring tissue damage.

2.4.1 Curvature Comparison to Kinked Bevel-Tip Needle

We constructed a kinked bevel-tip needle using as the shaft the same nitinol tube used
to make our flexure-tip needle (0.91 mm OD x 0.6 mm ID). We constructed a kinked tip
from a stainless steel wire with a 0.91 mm OD, a bevel angle of 15°, and a kink angle of
approximately 25 © at a point 4 mm from the tip. When inserted into a tissue phantom made
from 10% by weight Knox Gelatin (Kraft Foods Global Inc., USA), the flexure-tip needle

is able to achieve a comparable curvature to the kinked bevel-tip needle (see Fig.[2.3).
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Figure 2.3: Curvature comparison of kinked bevel-tip needle and flexure-tip needle.

2.4.2 Feasibility of Duty-Cycling to Adjust Curvature

As proposed by Minhas et al. [72]], duty-cycling adjusts needle curvature by alternating
between periods of insertion without rotation, and insertion while constantly spinning the
needle. To explore whether our flexure-tip needle was capable of providing adjustable
curvature via duty-cycling, we performed the following experiment.

Two tissues were prepared: a 10% by weight Knox Gelatin tissue phantom, and ex vivo
pork loin. The flexure-tip needle was inserted into these tissues with a constant insertion
velocity of 0.5 cm/sec, and constant rotational velocity (during the periods of the duty-cycle
when axial rotation occurs) of 4 rev/sec. Insertions were performed with duty-cycle ratios
of 0%,20%,33%,50%,66%,80%, and 100% in phantom tissue, and 0%,25%,50%,75%, and
100% in pork loin, with 0% indicating no axial rotation, and 100% indicating constant ax-
ial rotation. When not axially rotating, the bevel orientation was always the same, such
that the needle paths were all in the same plane. Fig. shows superimposed images
of several flexure-tip needle insertions into both tissue types. The radius of curvature for
each duty-cycle ratio was determined by visually fitting a circle to the needle paths. Fig-
ure [2.4(c) shows the curvature with respect to the duty-cycle ratio in phantom tissue. The

linear fit agrees with the results obtained in [[72]] using a kinked bevel-tip needle. The max-
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Figure 2.4: Achievable needle curvatures in phantom and biological tissue. (a) Superimposed in-
sertions into phantom tissue. (b) Superimposed insertions into ex vivo pork loin. (c) Curvatures
achieved for varying duty-cycle ratios in phantom tissue.

imum nominal radius of curvature of the flexure-tip needle (0% duty-cycle) was 12.1 cm in

phantom tissue, and 17.6 cm in ex vivo pork loin.

2.4.3 Tissue Damage

While duty-cycling is a good method for adjusting the curvature of a steerable needle
during insertion, it can cause damage to the tissue surrounding the needle. For a qualitative
assessment of tissue damage caused by needle insertion using duty-cycling, we inserted the
kinked bevel-tip needle, a clinical bevel-tip needle, and the flexure-tip needle (described in
Sec.[2.4.2) into phantom tissue (10% by weight Knox gelatin). The clinical bevel-tip needle
(Becton Dickinson & Co., USA) was a 20 gauge spinal needle (OD 0.91 mm) with an 18 °
bevel angle. Each needle was inserted with a constant velocity of 0.5 cm/sec, and constant
axial velocity of 4 rev/sec (that is, a duty-cycle of 100%). After insertion, the needle was
retracted using the same parameters with the intent of having its tip follow the same path as
during insertion. Liquid dye was then injected into the insertion hole to visualize the needle
path (see Fig.[2.5). As one can see in Fig. [2.5] because of the spinning of the kinked bevel-
tip, the needle slices through the tissue in a local helical pattern during insertion. Note
however, that the flexure-tip needle’s tissue damage under these conditions is comparable
to the path created by the clinical bevel-tip needle and the flexure-tip needle does not cause

the helical insertion path created by the kinked bevel-tip.
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Figure 2.5: Tissue damage comparison of kinked bevel-tip needle, clinical bevel-tip needle, and
flexure-tip needle.

2.5 Modeling the Flexure-Tip Needle

In this section, a kinematic model is developed in order to predict the behavior of the
flexure and the influence it has on the overall needle trajectory. The kinematics of a flexure-
tip needle are modeled with states that represent the needle orientation R, € SO(3), the
flexure tip pose orientation R; € SO(3), and the needle position p,, € R?. The matrices, R,

and R;, are packed as

Ry = |:wn Yn zn:| R, = [mt Yt zt:| 2.1)

and are illustrated in Fig. 2.6

The differential equation governing the behavior of the flexure-tip system is given by

R, = &WnR, (2.2)

Rt - L/Jth (23)

) c1zn+ (1 —c1)z¢
Pn = % 2.4)
" lerzn+ (1—cp) 2|

where w,, € R? and w¢ € R3 are the angular velocities of the needle shaft and the flexure

tip, respectively, and ~ maps R3 to SO(3) and is a skew-symmetric matrix. The inputs are
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Figure 2.6: The coordinate systems used for the kinematic model. The inputs to the model are the
shaft forward velocity v and shaft rotational velocity @ applied to the base of the needle during
insertion.

the shaft forward velocity v and shaft rotational velocity  applied to the base of the needle
during insertion. The scalar ¢; incorporates tissue and needle geometry properties (e.g.,
flexure-tip length) that influence what proportion of the needle base velocity is parallel to
the z,, and z; directions.

We approximate the tissue as a viscous fluid acting on the needle shaft with no friction
in the 2, direction and coefficient of friction b in every other direction, so that the needle
shaft angular velocity wy, is linearly related to a torque 75 caused by the flexure tip moving
through tissue and the component of the shaft angular velocity in the shaft direction z,, is

equal to the shaft rotation velocity @. The shaft angular velocity is approximated as
wn, = Ry KpR, 75 + 02, (2.5)

where

Tf = C2Zn X Z¢V. (2.6)

The scalar ¢; incorporates tissue and needle properties (e.g., tissue stiffness, flexure length,
etc.) and K, = diag(b,b, 1).

The flexure tip angular velocity wy is approximated as linearly related to the total torque
applied to the flexure through no tissue friction in the tip direction z; and friction coeffi-

cient b in every other direction. The torque acting on the flexure tip consists of a spring-
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like torque 74, applied by the flexure hinge, a torque 73 caused by the flexure tip’s bevel,
an inverted-pendulum-like torque 7 caused by the flexure tip’s shaft translating through
tissue, and a torque 17 created when the flexure tip reaches it’s bend limit. The flexure tip

angular velocity is approximated as

wt:RleRt_l (Th+Tb+Tt+Tl) (27)
where
Th = RiK R, (2t % 20) + RK R, (4 X ) (2.8)
Tp = C3 (Zn . zt):zztv (29)
Tt = C42Zn X 2tV (2.10)
Cs (zn X zt)

= 2.11)

||Zn X zt||2 - Sin2 emax

The matrix Ky, = diag(ksy,kpy,0) is the flexure-hinge’s stiffness matrix packed with the
hinge stiffnesses in the x,, and y,, directions, which are denoted by k¢, and kf,. Ky, =
diag(0,0,ky,) is the flexure-hinge’s stiffness matrix in the z,, direction with stiffness k..
The stiffness matrices Kr,, and Ky, are diagonal in the needle tip frame.

The scalar c3 incorporates tissue and geometric properties of the needle (e.g., bevel
angle). The torque 7 makes the kinematics of the flexure tip very similar to a trailer
being pushed in reverse (Fig.[2.7). The scalar c4 incorporates tissue and is proportional
to the length ¢ of the flexure tip. The scalar cs is the stiffness of the flexure tip limit.
The flexure-limit torque is approximated with a barrier function that approaches a
vertical asymptote as the bend angle approaches the maximum bend angle 6p,.x permitted

by the flexure limit.
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Figure 2.7: When inserted with spatial velocity v only, the behavior of a flexure-tip needle exhibits
a “fold-over” effect that can be approximately modeled as a rear-driven trailer of length £.

2.6 Experiments

The flexure-tip needle used to validate the kinematic model presented in Sec. [2.5] is
shown in Fig.[2.8(a) and was made from a nitinol tube with an outer diameter (OD) of
1.65mm and an inner diameter (ID) of 1.35mm. In order to utilize magnetic tracking
sensors inside of the needle to validate the model, a different flexure-tip needle design was
used. Rather than using nitinol wires and epoxy to create the flexure joint, in this section the

flexure joint was made by cutting out a portion of the nitinol tube with a rectangular cross

(a) Flexure-tip Needle (b) Experimental Setup
OD 1.65 mm l«— flexure-tip (10 mm )| actuation )
- T l tissue
= phantom
\4
6-DOF sensor (proximal) 5-DOF sensor (distal)

= WE >

magnetic
tracker

sensor

Figure 2.8: (a) The flexure-tip needle used for the experimental model validation is shown. The
position of the embedded magnetic tracking sensors in the needle is illustrated, and the sensors are
shown overlaid on top of a penny for scale. The flexure hinge is created by cutting out a portion of
the nitinol tube near the bevel tip. (b) The experimental setup used for tracking the flexure-tip needle
under various insertion trajectories is shown. A robotic actuation unit controlled the insertion and
rotation velocity of the needle into a tissue phantom, while a magnetic tracking system recorded the
position of the sensors in the needle.
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section (width of 0.635 mm and a cut depth of 1.32 mm) using a square end mill (the same
approach is described in [77]). The rectangular cutout resulted in a flexure with a maximum
bend angle of approximately 32 °. The length of the flexure tip was selected to be 10 mm in
order to fit a magnetic tracking sensor in the tip. Two magnetic tracking sensors, a 6-DOF
sensor and 5-DOF sensor, were placed on the proximal and distal side of the flexure hinge,
respectively. They were positioned in the needle as illustrated by Fig.[2.8[a). Both sensors
are shown in the inset of Fig.[2.8(a). A bevel was ground into the flexure tip with an angle
of approximately 10 °.

An actuation unit (derived from [[14]) was used to rotate and insert the flexure-tip needle
into a tissue phantom made from 10% by weight Knox gelatin (Kraft Foods Global Inc.,
USA). An NDI tabletop field generator (NDI Medical, Ontario, Canada) was used to track
both magnetic sensors as the needle was inserted into the tissue phantom. The experimental

setup is shown in Fig.[2.8|b).

2.6.1 Kinematic Model Calibration

The flexure-tip model parameters were calibrated by selecting the parameters that min-
imized the error between a set of actual needle trajectories (with known input insertion and
rotation velocities) and the corresponding trajectories predicted by the flexure-tip model.
The tissue friction cannot be identified from the other parameters because it always appears
in the model equations (2.5)-(2.11)) as a ratio with the other parameters, therefore, we iden-
tified the other parameters by setting k;, = 1. The flexure hinge stiffnesses k7, and k¢, tend
to be much stiffer than the stiffness kr, and have a small effect on the measured trajecto-
ries, making them poorly identifiable from the data. Therefore, we set ks, = 100k, and
kf, = 300k, and identified only the stiffness k.. We also found that the data is insensitive
to the flexure-angle limit parameter cs that determines the flexure-limit stiffness, so we set

c5 = 0.1, which tends to match experimental results.
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The identifiable parameters are packed in the vector

n=[ci 2 c3 cs kp]” (2.12)

and were found by minimizing the error between a set of actual needle trajectories (with
known input insertion and rotation velocities) and the trajectories predicted by the flexure-

tip model. The error at time 7 is computed as

e(t,u(t)) = [pm(t,n,u(t) — ps(t, u())|, (2.13)

where p; is the position reported by the proximal magnetic tracker sensor and py, is the
position predicted by the kinematic model with parameters 7, computed by integrating
(2.3)-(2.4) using the measured initial conditions obtained from the corresponding experi-
mental trajectory.

The calibrated parameters solve the problem

min ) |le;(t,u;(1)]]*, V¢ >0 (2.14)
n -

1

for all valid time, where w;(¢) are the known inputs for each trajectory (delimited by i) used
in the calibration. We calibrated the needle parameters using two experimental trajectories
with five trials each (i.e., a total of 10 trajectories). The experimental trajectories and
their known inputs are presented in the next section. The calibration results are shown
in Table[2.T] and the accuracy of the flexure-tip model with the calibrated parameters is

analyzed in the next section.

2.6.2 Experimental Results

We evaluated the flexure-tip model presented in Sec. 2.5 by inserting the needle into

the tissue phantom using two insertion/rotation-input trajectories. In the first trajectory, the
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Value | Units Value Units
c1 | 049 n/a kp 1 1/ (N-m-s)
cr | 14.98 N-s kpe | 1.09 N-m
c3 | 401.0 N-s kg, | 109 N-m
c4 | 2016.5 | N-s ke, | 327 N-m
Cs5 0.1 N-m

Table 2.1: Calibrated flexure-tip model parameters.

needle is inserted at a constant speed of 6.5 mm/s without rotation, while in the second
trajectory, the needle is inserted at the same constant speed but is periodically rotated at
a rate of 1.1rad/s for 5s. Note that due to torsional compliance of the needle tube and
tissue friction, torsional wind-up causes the input applied to the flexure tip to not be the
same as that applied by the actuation unit. Some work has modeled these effects (e.g.,
[35136]), but for simplicity, we measure the inputs applied at the flexure tip using the 6-
DOF proximal magnetic sensor. Due to compliance, friction, and sensor noise, there is
uncertainty in the input at the flexure tip. Fig.[2.9(a) shows the mean measured input and
one-standard-deviation interval for n = 5 trials of both trajectories.

Fig.2.9(b) shows two views of the average tracked needle’s path obtained from the
proximal magnetic sensor for n = 5 trials for each trajectory. A one-standard-deviation vol-
ume, obtained from the position covariance at every time along the path, is also shown. For
comparison, the average path and one-standard-deviation volume predicted by the flexure-
tip model is also shown for both trajectories with n = 5 trials. The predicted flexure-tip
model path is computed using the corresponding initial state conditions for each trial. Much
of the uncertainty comes from sensor noise and experimental variation in the initial condi-
tions.

For additional comparison, Fig.[2.9(b) also shows the average path (and the one-standard-

deviation volume) that would have been followed if we had modeled the flexure-tip needle

28



Trajectory 1 Trajectory 2

(a) Input velocity measured at the proximal magnetic tracking sensor.
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(b) Top and side views of the flexure-tip model, kinked bevel-tip model, and actual trajectories.
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(d) Angle 0 between needle body and the flexure tip for flexure-tip model and actual trajectories.
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Figure 2.9: Experimental testing of the kinematics for the flexure-tip needle. Trajectory 1 and 2
were each run 5 times, and the mean data is presented here. The shaded areas in the plots represent
one standard deviation interval for the data.

as if it were a kinked bevel-tip needle by simplifying the flexure-tip model so that

R, = R, efmce1 (2.15)

Wi = Wn, (2.16)
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using the same initial conditions for each of the n = 5 trials. This simplification was used
in [78]] and ultimately turns the kinked bevel-tip model into the standard unicycle model
[32].

Fig.[2.9(c) shows the average error along with one-standard-deviation interval between
the flexure-tip model, the kinked bevel-tip model, and the actual measurements. The error
is defined at every time 7 by (2.13)). For the first trajectory (left-hand side of Fig.[2.9(c)),
the flexure-tip and kinked bevel-tip models approximate the measured trajectory equally
well with an average final error of 12 mm, which corresponds to 11.5% error when nor-
malized by the total insertion depth (104 mm). For the second trajectory (right-hand side
of Fig.2.9(c)), the flexure-tip and kinked bevel-tip models approximate the measured tra-
jectory with final errors of 8 mm and 17 mm that correspond to relative errors of 4.1% and
8.9%, respectively, when normalized by the total insertion depth (190 mm). For this trajec-
tory, the flexure-tip model is substantially more accurate than the kinked bevel-tip model,
with an improvement in error of 47.1%.

The distinguishing factor between flexure-tip needles and all other steerable needles is
the flexure hinge that can bend continuously until it reaches its hard-stop. Fig.[2.9(d) show
the flexure angle 6 between the needle axis z,, and the tip axis z; as a function of time. In
the first trajectory shown, the flexure-hinge hits the hard-stop at approximately 9.5 s with
a limiting angle of Oyax = 0.56 rad after traveling 61.8 mm. In the second trajectory, the
flexure-hinge never reaches its hard-stop. Comparing Figs.[2.9(a) and 2.9(d) shows that
the flexure angle increases while the rotation velocity of the needle is held at Orad/s and
rapidly decreases when the needle is rotated. This effect was observed in [6] and is a
unique property of needles with flexure tips. In general, the flexure-tip model follows the
same behavior as the actual needle.

In [6], Swaney et al. report that flexure-tip needles tend to straighten their flexure
hinge when continuously rotated. This is advantageous as the flexure-tip needle can be

steered along a straight path by continuous rotation without substantially damaging tissue.
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(a) Input velocities (b) Modeled flexure angle 6 vs. actual
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Figure 2.10: When a deflected flexure-tip needle (i.e., the flexure is already bent) is inserted and
rotated with constant velocity into tissue, the flexure angle between the tip and the needle shaft
decreases toward zero as shown here. This effect enables straight trajectories with reduced tissue
damage as described in [6].

Fig.[2.10] demonstrates the flexure-tip needle’s tendency to straighten the hinge by plotting
the flexure angle when the needle is rotated at a constant target angular velocity of 1.5 rad/s
and inserted at a constant velocity of 5.5 mm/s as plotted in Fig.[2.10(a). Fig.[2.10(b) shows
that the flexure angle rapidly drops to a steady-state angle of 0.15 rad after 7.5s. This be-
havior is also predicted by the flexure-tip model as shown in Fig.[2.10(b). The error between
the model and actual approaches a steady state of 0.11 rad after 7.5 s. We expect that some
of the steady-state error can be attributed to misalignment of the distal-most sensor inside

the flexure tip.

2.7 Discussion

The flexure-tip needle presented in this chapter solves the problem of existing high
curvature steerable needles cutting helical paths through tissue during rotation. It also ad-
dresses the difficulty with using existing high curvature steerable needles through a coaxial
introducer needle. These goals are accomplished through the use of geometry and mechan-
ics to inform the design of the flexure joint. One additional benefit of the flexure-tip design
is that the needle curvature can be controlled using duty cycling, which is one possible con-
trol strategy for steerable needles. The model developed in this chapter for predicting the

behavior of flexure-tip needles provides insight into the kinematics of the needle design,
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and can be directly applied to existing motion planners [/8, [79], potentially improving
the accuracy of motion planning results when using the flexure-tip needle as in [61, [79].
The question of when to use the flexure-tip needle model with these motion planners is an
interesting one.

Fig.[2.9)shows that a simplified kinked bevel-tip model can predict a flexure-tip needle’s
actual behavior some of the time (e.g., when inserting the needle with little to no rotation
velocity as in the first trajectory). The key contribution of the flexure-tip model presented in
Sec.[2.5]is to predict the transient behavior of the flexure tip when the flexure angle is within
the hard-stop. We expect that the kinked bevel-tip and flexure-tip models predicted the
needle’s actual behavior equally well for the first trajectory of Fig.[2.9|because the needle’s
configuration is within the transient regime for a much smaller amount of time compared
to the second trajectory (the flexure angle does not reach the hard-stop limit during the
entirety of the second trajectory). Since the flexure-tip model presented in Sec.[2.5]is more
complex than the standard unicycle/bicycle models, determining when a simpler model
could be used to predict a flexure-tip needle’s behavior is an important consideration. This
is especially true for motion planning applications where the model is heavily used and
complexity matters [[78, [79]]. In general, a simple model can be used when the flexure-tip
needle is expected to spend little time in the transient regime, otherwise the full flexure-tip
model will be substantially more accurate.

The kinematic model developed here for the flexure-tip needle provides a good approx-
imation of the behavior of the needle during insertion, although several unmodeled effects
likely influence the overall accuracy of the model. For example, the model does not account
for buckling of the cutout flexure joint. Buckling of the flexure can change the stiffness of
the flexure joint and potentially lead to plastic deformation of the flexure joint, creating a
bias in the needle trajectory. However, the use of nitinol wires to create the flexure joint as
in Sec. [2.3] will likely remove this unmodeled effect. Manufacturing tolerances, whether

the width and depth of the flexure cutout or the alignment and spacing of the nitinol wires
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used to make the flexure joint, will also affect the trajectory of the needle in tissue. Re-
gardless of the flexure-tip needle design used, there are clinical questions that should also
be investigated for the flexure-tip needle.

While we note that initial anecdotal phantom tissue histological images provided in this
chapter show little apparent tissue damage when using the flexure-tip needle, more in-depth
histological evaluations in living biological tissues are needed to quantitatively verify re-
duced tissue damage. It will also be useful to verify that the tissue damage incurred by any
of these needle tip designs (including the kinked bevel-tip needle) is clinically significant.
To adapt this needle to carry specific interventional payloads (e.g., biopsy, therapy deliv-
ery, brachytherapy, and others), similar to prior bevel-tip steerable needles, the flexure-tip
needle can serve as a guide-wire to the region of interest, with a sheath advanced over the
needle after the tip has reached the desired location. This concept is experimentally shown
in Sec. We hope that the reduced tissue damage of the flexure-tip needle and the ability
to use the needle as a guide-wire for accurate targeting will help to facilitate clinical trans-
lation of flexible tip-steerable needles sooner rather than later. Toward this end, we have
engaged in numerous discussions with medical device companies and are in active discus-
sions with a large medical device company to translate the flexure-tip needle to clinical use.
Some results from this commercialization effort are presented below.

We envision that the flexure-tip needle could be deployed by hand in a clinical setting
to correct for tip error due to misalignment or deflection of the needle during insertion.
Toward clinical adoption and commercialization of the flexure-tip needle, we have built
multiple variations of the flexure-tip needle to test the performance of the needles under
various conditions and in various tissue mediums. We have built flexure-tip needles with
stainless steel hypodermic tubing in place of nitinol for the needle shaft, showing that the
stainless steel still provides appreciable curvature with the benefit of reduced cost. We have
also built flexure-tip needles with different numbers of nitinol flexure wires, and have even

used a thin piece of nitinol strip to make the flexure in order to show how the curvature
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Figure 2.11: Multiple variations of the flexure-tip needle and corresponding insertions into a gelatin
phantom. Note that needle paths shown to the right were all achieved by inserting the needle by
hand, one of the deployment methods envisioned for clinical use. (a) 19 gauge stainless steel coaxial
needle with a 21 gauge flexure-tip stylet. The flexure-tip stylet is made using a nitinol shaft, and
three 0.125 mm nitinol wires make up the flexure joint. (b) 18 gauge nitinol shaft flexure-tip needle
with a three wire flexure joint. (c) 20 gauge nitinol shaft flexure-tip needle with a two wire flexure
joint. (d) 19 gauge stainless steel coaxial needle with a 21 gauge flexure-tip stylet made with a
stainless steel shaft and a three wire flexure joint. (e) Flexure-tip incorporated into a clinical core
biopsy gun. The flexure-tip is made with a three wire flexure joint.

of the needle can be altered by changing the geometry of the flexure. Lastly, we have
integrated the flexure-tip needle into clinical biopsy needle systems. We built a flexure-
tip needle that could pass through a coaxial introducer needle, and were able to vary the
maximum bend angle of the flexure-tip by changing the length of the needle tip exposed
from the introducer needle. This approach may be useful for correcting for misalignment
or errors when targeting locations using standard tri-bevel needles that are intended to go
straight and cannot steer. We also displayed the ability to steer core biopsy needles by
adding a flexure-tip needle onto the end of a core biopsy needle gun. This collection of

needles, built to illustrate the clinical application and usefulness of the flexure-tip needle,

can be seen in Fig. 2.11]
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Chapter 3

Miniature Wrists for Surgical Robots

3.1 Chapter Overview

Existing needle-sized surgical tools have limited tip dexterity due to the small diameter
of the tools and rigid tool shafts. Our goal is to create a device that increases the dexterity
of needle-sized tools while using a simple actuation scheme and a straightforward method
for integration with existing tools. If given the ability to navigate around sharp corners
in the anatomy, physicians could perform procedures that are not even attempted today
with existing rigid needle-sized tools. This chapter presents a miniature wrist that can
be integrated into needle-sized surgical instruments and provides dexterity to the tip of
needle-sized surgical tools. The wrist consists of a nitinol tube with asymmetric cutouts
that is actuated by a single tendon to provide significant distal curvature. We derive and
experimentally validate kinematic and static models for the wrist, and describe several
prototype wrists, illustrating the straightforward fabrication and scalability of the design.
We also experimentally investigate fatigue life and the concept of tip-first bending. The
work described in this Chapter is in review in the ASME Journal of Medical Devices [58]]
and was presented at the International Conference on Robotics and Automation in 2015

[777]. We have also filed a patent application for the wrist design.

3.2 Introduction

Minimally invasive surgery is constantly being redefined by surgeons and engineers as
surgical devices continue to decrease in size. With smaller devices come benefits such as
reduced scarring and patient pain, and needle-sized devices have even been used to perform
near scarless procedures [80] and present exciting opportunities for use in the pediatric pop-

ulation [81]. However, as the diameter of these devices decrease, it becomes increasingly
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difficult to create dexterous surgical instruments. Consequently, existing needle-sized de-
vices have a limited number of degrees of freedom, preventing them from turning sharp
corners in the anatomy as would be encountered at the skull base [82], in the middle ear
[83]], and in the ankle [[84]]. Additionally, the lack of a wrist on needle-sized devices greatly
limits the ability of surgeons to perform other dexterous tasks, such as suturing and tissue
resection. Lastly, the small size of the tools make it difficult to use complex mechanisms
or actuation schemes in the tool design. Therefore, the goal of this work is to create a de-
vice that provides additional degrees of freedom and dexterity to needle-sized surgical tools
while employing a simple actuation scheme and straightforward integration with existing
needle-sized tools.

There have been a number of different wrist designs presented in the literature, includ-
ing designs based on traditional mechanical linkages such as ball joints [85], universal
joints [86]], cables and pulleys [87, 88, [89]], lead screws [90, 91]], serial chains in parallel
[92]], and flexures [8, 93]. The outer diameter of these designs range from 2.4 to 15 mm.
While it may be possible to downscale each of these designs to some extent, continuum
structures are often more easily miniaturized than mechanical linkages.

Multiple forms of continuum wrists and dexterous structures have also been designed,
including a unique cable-ring design [9]], a rolling variable neutral-line mechanism [94],
interlocking fiber designs [31} 95], a flexible multi-backbone design [40], a compliant
rolling-contact design [96], and a flexible tubular nitinol structure [41], among others. For
a thorough review of joints used in existing bendable surgical instruments, see [38]]. In gen-
eral, designs with fewer components have shown better scalability, and thus designs that
involve machining the wrist into the shaft of the manipulator itself are appealing.

Manufacturing a region of compliant bending in nitinol tubing has been investigated
by several groups. Kutzer et al. created a 6-mm tool for arthroscopy that used rectangular,
symmetric cutouts [45]. Wei et al. used triangular cuts that were made in nitinol tube

to create a similar manipulator [97]. A 10-mm tool used for endoscopic camera steering
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was developed by Fischer et al. [10]. Various finite element analyses were undertaken by
several groups to aid the design of compliant bending regions in nitinol tubes [98, 99, [100].
Catheters with bendable nitinol tips were made by both Haga et al. and Bell et al. [46, 47],
and a steerable needle tip was created using a machined nitinol tube by Ryu et al. [101].

In this work, we have created a miniature wrist for needle-sized surgical instruments
that is made using asymmetric, rectangular cutouts in a nitinol tube, forming a compliant
bending region that is actuated with a single tendon. The wrist can be outfitted with vari-
ous surgical end effectors for delivering treatment in tight spaces (see Fig. [3.1)). Our wrist
most closely resembles the catheter and needle designs of [46, 47, [101]], but operates by a
simpler principle and can bend more tightly. Our wrist is straightforward to manufacture
and does not employ the intricate spring cutout design nor hydraulic actuation of the active
catheter of [46], it is small enough for use on needle-sized devices and does not require a
nitinol restoring spring like the active catheter design of [47], and it is able to achieve a
larger deflection over a smaller radius of curvature compared with the active needle design
of [101]. Our wrist is actuated with a single tendon and can be prototyped using inexpen-
sive manufacturing methods. The design is scalable, and most importantly, the wrist can
be easily integrated into needle-sized surgical tools. One example of such a tool is the
concentric tube robot.

Concentric tube robots are needle-sized robotic manipulators that are comprised of a se-
ries of precurved, superelastic nitinol tubes, often less than 2 mm in diameter, that are often
designed for medical applications [102]]. The tubes are independently translated and rotated
with respect to one another, creating a controllable tentacle-like motion of the manipulator.
Mechanics-based models of concentric tube robots have been derived [[103, 104/, and these
devices have been investigated for use in prostate removal [105], cardiac applications [[106],
endonasal skull base surgery [107], and prostate brachytherapy [108]. Providing needle-
sized instruments such as the concentric tube robot with a wrist may enable new surgical

approaches and techniques that are currently impossible with existing rigid needle-sized
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Figure 3.1: Our wrist can be outfitted with various surgical tools. (a) A curette is attached to the
end of the wrist and is affixed to a wire that runs the length of the tube, allowing for rotation of the
curette. (b) A gripper is shown attached to the wrist. Note that this gripper was modified from a
commercial biopsy tool and is unactuated, but is shown here for illustrative purposes. (c) A laser
fiber is deployed through the wrist, illustrating the use of the wrist to aim a laser.

tools.

The contributions of this chapter include the derivation and validation of kinematic
and statics models for asymmetric cutout wrists, a low-cost manufacturing process, a de-
sign method to achieve preferential bending of the wrist, and experimental validation of
the fatigue life and scalability of the wrist. A preliminary version of some results in this
manuscript can be found in [[77]. Additions and enhancements in this archival manuscript
include model validation using a scaled micro-wrist, a method for designing the wrist ge-
ometry to achieve tip-first bending of the wrist, a new tendon-attachment design, and fa-

tigue testing of the wrist.

3.3 Design Concept

The wrist is composed of a series of asymmetric cuts made into a nitinol tube (see
Fig.[3.1). The cutouts selectively modify the bending stiffness along the tube tip and enable
actuation of the wrist using a single tendon. While symmetric cutouts have been investi-
gated in a variety of devices [10, 43, O8]}, the asymmetric cutout geometry offers several

advantages over the symmetric cutout design (Fig. [3.2). Using an asymmetric cutout cre-
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Figure 3.2: The difference between a symmetric cutout design (left) and an asymmetric design
(right) is shown. Note the significantly longer moment arm and reduced tendon force required to
actuate the asymmetric design.

ates a larger moment arm between the tendon and the neutral bending plane, resulting in
a lower actuation force requirement. Additionally, actuation of the asymmetric design re-
quires only one tendon, simplifying the tendon routing compared with symmetric designs
and improving scalability of the design. Lastly, the offset neutral bending plane of the
asymmetric design results in a tighter radius of curvature about the centerline of the wrist.
While the asymmetric design can only bend in one direction, this is not a major concern so
long as the entire device can be rotated.

Another key feature of our miniature wrist is the ease of integration with needle-sized
tools, which is achieved by machining the wrist directly into the needle shaft itself. This
prevents the need to affix the wrist onto the end of a millimeter scale tube using adhesives or
other mechanical fasteners. Other wrist designs require a connection between the wrist and
the tool shaft (see [90, 93], among others), which could ultimately prove problematic at the
millimeter scale, where there is often insufficient surface area for adhesives and mechanical

fasteners are not available.

3.4 Kinematic Model

To model the kinematics of the wrist, we first consider a single cutout. We assume that

all bending takes place in the cutout sections, and that these sections deform in circular
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Figure 3.3: Arc parameters and relevant kinematic values for a single cutout are shown. Cut height
is denoted by A while the chord, ¢, followed by the tendon is equal to &2 — Al, where Al is the tendon
displacement. The angle y defines the angle the tendon must navigate at each corner and is used to
calculate the friction on the tendon in Section

arcs. Following [109], we map tendon displacement (actuator space) to arc parameters
(configuration space), and then we map arc parameters to task space. The arc parameters
we seek are curvature (k) and arc length (s), as shown in Fig. and we begin by finding
the neutral bending plane of the cutout.

The neutral bending plane is the region of a member that experiences no longitudinal
strain during bending. For our wrist, the neutral bending plane, y, intersects the centroids of
the axial cross sections of the cutout portions of the tube (see section view A-A in Fig.[3.4).
The location of the neutral bending plane, y, in the cutout portion of the wrist largely
determines the actuator space to configuration space mapping of the wrist. Its location is

dependent on the depth of cut g and the inner and outer radii of the tube (r; and r, shown

in Fig. and is given by:

— }701‘0 yil\i
== —-—— 3.1
y L, — A, 3.1

where A, and A; are the areas defined in Figure[3.4] 7, and y; are their respective centroids,
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Figure 3.4: The geometric parameters that the designer is free to choose include the uncut section
height c, the cutout height £, the cut depth g, and the outer and inner tube radius r, and r;. Section
view A-A illustrates the areas A; and A, used to calculate the neutral bending plane location.

and the angles ¢, and ¢; are the central angles of areas A, and A;. They are given by:

_ Ar,sin’(50,) _ drysin’ (309)
Y7 3(9, —sing,) Y7 3(gi—singy)
4, — oo 2sin(¢o)) PR —Zsin(fl)i)) (3.2)

¢, =2arccos((g—r,)/ro) @i =2arccos((g—ro)/ri)

which are valid for cuts that are at least as deep as the outer radius of the tube.
The mapping from curvature to tendon displacement Al can now be found using y, the

chord function, and arc geometry (see Fig.[3.3):

Al =h—t

(3.3)
1 . Kh
Al=h-2 (;-I’}) S (m)

Since we want the mapping of tendon displacement to curvature, we need to invert (3.3).
Since it has no analytic inverse, numerical techniques can be used, or, for small angles, we

can use a first-order approximation to yield x, and then solve for the arc s:

Al
K ———— 34
h(ri+y) —Aly CH
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h
S =
14+yx

(3.5)

Once the arc parameters kK and s are known, the homogeneous transformation between

frames j and j+ 1 (as defined in Fig. can be found using:

1 0 0 0

Tjo _ 0 cos(ks) —sin(ks) (cos(ks)—1)/k 3.6)
0 sin(xs) cos(ks) sin(ks)/x
0 0 0 1

Due to the rectangular cutout geometry of the wrist, the kinematic transformation from
the base of the wrist to the tip is obtained by repeatedly applying the transformation (3.6}
in conjunction with translations along the z;;1 axis to account for the uncut portions of
the wrist that do not bend. In addition, the angle of rotation of each section can be found

explicitly as:

h
6,(k) = (1+y—;<) K 3.7)

And thus the maximum angle of rotation for a single cutout is given by:

h
0 max = 9]'(1/}’0) = — 3.8)
0

Two important wrist characteristics, maximum bending angle and minimum radius of cur-
vature (an approximation of a circular arc passing through the fully deflected wrist), as

shown in Fig.[3.5] can be calculated as:

n
Opnax = ];) 9j7max = nro e (3.9
—1
Pin 7 1o 1 (3.10)

The wrist kinematics are experimentally validated in Section [3.6.2
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Figure 3.5: Wrist schematic showing wrist going from unactuated to fully actuated with kinematic
frames defined. The maximum bending angle and minimum radius of curvature are both labeled.

3.5 Statics Model

In order to model the static behavior of the wrist, we begin by looking at the strain in
the deformed, cutout sections. Based on the constant curvature assumption, strain along the
length of the wrist varies in a cross section of the portion of the tube in bending according
to:

_kK(y—y)

e(y, k) = Tk (3.11)

and thus is linearly distributed about the neutral bending plane. This assumed relationship
between the geometry and the material deformation allows for a simple computation of
the strain energy, after which we use Castigliano’s first theorem to determine the reaction
force at the tendon. In general, the behavior of nitinol under applied stresses is complex
and highly nonlinear, and depends on thermomechanical history [110]. In this work we
assume a simplified material model that represents the stress-strain behavior of nitinol as a

piecewise linear stress-strain curve, so that the stress may be written as a function of strain
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as:
.

o), €<0p,/E

o(¢)=\Ee 0,/E<e<0y,/E (3.12)

Oup €>0yp/E
\

where 07, is the lower plateau stress (corresponding to compression), G, is the upper
plateau stress (corresponding to tension), and E is Young’s modulus. Since we are model-
ing the material deformation as one-dimensional stretching and compression of axial fibers,

the strain energy density is the area under the stress-strain curve, given by the integral:
€
W (e) :/ o(e)de (3.13)
0

The total strain energy stored in the wrist as a function of the curvature k of a single
cutout is given by:

U (k) :n/V\W(s(y, ) dV (3.14)

where V. is the volume defined by the “Top View Cut” cross section of Fig. 3.4 and cutout
height h. We use Castigliano’s first theorem to find the relationship between rotation 6 of

the wrist and force F applied by the tendon to the wrist tip:

=M=FL (3.15)

where L is the moment arm length and 8 = nskx. When the tendon is looped around the top
flexure as shown in Fig.|3.4] the moment arm has length L = (%5%) + 3.

Due to friction, the force the tendon applies to the tip of the wrist will be less than the
actuator force applied to the tendon. Friction between the tendon and the tube wall becomes
increasingly significant as cut height and angle of bending increase. To model this effect,
we first find the angle y (shown in Fig. that the tendon is required to navigate at a

single corner of a cutout section at a given angle of deflection. We assume that the friction
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that occurs at these corners dominates friction elsewhere along the tendon path. Writing
the static balance equations for a single corner, with u; as the static friction coefficient, we

find that:
sin(7/2) — s cos(7/2)

Sin(1/2) + pscos(y/2) <" 510

F = nEendon =

where 11 < 1 accounts for the force lost due to friction at a corner. We can substitute (3.16)
into (3.15)) to yield:

1 JU(k)
n*L 0d0

(3.17)

Ftendon =

where 2n is included to account for the two corners encountered at each cutout. This
expression can be evaluated numerically using a finite difference method to relate Fiendon

and 6. This statics model is experimentally validated in Section |3.6.2

3.6 Wrist Fabrication and Testing

For the prototype shown in Fig. a nitinol tube with an outer diameter (OD) of
1.16mm and an inner diameter (ID) of 0.86mm was used. The cut depth selected for
this prototype was g = 0.965 mm, which corresponds to a maximum outer-fiber strain of
approximately 10.4% ﬂ We selected a cut height of 7 = 0.51 mm, spacing between cuts
of ¢ = 0.51 mm, and n = 5 cuts in order to achieve at least 90° of bending. These choices
resulted in a wrist with a maximum angle of rotation 6,,,, of 138 ° and a minimum radius
of curvature p,;,;, of 1.42mm. This wrist was used to validate the kinematic and statics
models below, and the wrist was fabricated using a computer numerical control (CNC)
milling process.

To create the wrist using CNC milling we first make a fixture (Fig. by machining
a slot into an aluminum block. The slot width and depth equaled the OD of the nitinol

tube. We used a MicroProto Systems MicroMill 2000 CNC mill (a small, relatively low-

"Note that this is slightly higher than the 8-10% recoverable strain typically quoted for nitinol, but that
we have found it to work well in practice, since only a small amount of the material at the outermost edge of
the wrist undergoes this strain, and then only at maximum articulation.
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Figure 3.6: A wrist with a curette at the tip is shown bending from 0 to 90°. The sequence order is
in the top left of each image. Note that the curette is also being rotated while the wrist is actuated.

cost tabletop CNC) to end mill the slot. The nitinol tube was attached to the fixture using
cyanoacrylate adhesive. After creating the fixture, the cutouts in the nitinol tube were
machined with the same CNC machine and aluminum titanium nitride coated, two flute,
carbide, long flute square end mills. An example of a wrist made with this process can be
seen in Fig. [3.6] and a detailed view of the wrist (after removal of the chips) showing the
surface finish can be seen in Fig. [3.8|(a).

We also fabricated wrists with wire electrical discharge machining (EDM) that are
nearly identical to the CNC wrists, with the main exception being the rounded corners
found on the wire EDM wrist cutouts (see Fig. [3.8(b)). These rounded corners are created
by the wire that makes the cutouts, and the radius of these rounded corners is determined by
the diameter of EDM wire used. From a basic strength of materials standpoint, the rounded
corners should result in lower stress concentrations during actuation in comparison to the
square cutout design. However, the heat of the wire EDM process may induce unwanted
material characteristics into the wrist. A comparison of the fatigue life for the CNC wrist

and the wire EDM wrist is performed in Section [3.6.3]
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Figure 3.7: The fixturing setup used for the CNC manufacturing process. The slotted aluminum
fixture used to make the wrists, with a nitinol tube glued into the fixture, is held in place by the
CNC vise.

3.6.1 Tendon Attachment Methods

Actuation of the wrist is performed with a single tendon, and we have explored several
tendon attachment methods to rigidly hold the tendon at the tip of the wrist. First, the
tendon was looped around the tip of the wrist and passed through the most distal cutout
and back to the base of the wrist [77]. A knot at the end of the tendon wire was also used
(see Fig. [3.13). The method used for the work presented here was to secure the tendon

to an end cap that was located at the tip of the wrist (see Fig.[3.9). The end cap has two

(a)

Figure 3.8: (a) Shown is a detailed view of the wrist manufactured using the low-cost CNC milling
method. Note the square corners of the cutout made by the square end mill. (b) This wrist was
manufactured using wire EDM, and the rounded corners caused by the wire can be seen clearly in
the inset.
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Figure 3.9: The use of an end cap to attach the tendon to the tip of the wrist is shown. This is the
tendon attachment method used in this work.

holes in it, located at the outer wall of the tube, and the tendon is looped through one
hole and back through the other before being terminated in the tip of the wrist. This sharp
bend in the tendon plus the friction between the tendon and the end cap rigidly hold the
tendon in place. This method helps to reduce the frictional effects on the tendon, ultimately
lowering the actuation forces required to articulate the wrist compared with the looping
tendon attachment method [[77]]. It also results in full articulation of the wrist, since none
of the cutouts are held open by the looped wire as in [[/7]. Lastly, the use of a single tendon
increases the available space inside the tube for additional wires to actuate an end effector

or perform a task.

3.6.2 Model Validation

We performed an experiment to explore the accuracy of both the kinematic (3.6) and
statics relationship concurrently. A linear slide (Velmex A2512Q2-S2.5) with 0.01 mm
resolution was used to displace the tendon and a force sensor (ATI Nano 17) with 3.125 mN
resolution measured the force required to actuate the wrist. The force sensor was mounted
to the linear slide, and a collet holder attached to the end of the slide held the wrist. An

acrylic plate was mounted to the front of the force sensor, and the tendon was fixed to
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Figure 3.10: The experimental setup used for the kinematics and statics experiment is shown. The
wrist was placed directly below a microscope and was held in place using a collet. The tendon was
then affixed to a force sensor that was mounted to a linear slide. This allowed for simultaneous
collection of force and displacement data.

this plate. The tendon was fixed at the end of the wrist using the end cap. The wrist was
deflected by increments of 0.2 mm in tendon displacement, and a microscope with camera
attachment captured an image of the deflected wrist at each point (see Fig. [3.10). Each
image was processed manually in order to determine the tip position of the wrist, and com-
parison with the kinematic model is shown in Fig.[3.11}

The experimental comparison with the statics model is shown in Fig. [3.12] For the
material properties, note that nitinol has an asymmetric stress strain relationship in tension
and compression. We assume plateau stresses of 0y, = —750MPa and o, = 500 MPa and
a Young’s modulus of £ = 60GPa, which fall within ranges reported by the manufacturer
and in the literature [110, 111]]. A coefficient of friction of 0.2 was selected to account
for the frictional losses experienced by the tendon when passing over the sharp corners of
the cutouts. Using a sensitivity analysis, it was determined that the statics model is most
sensitive to the cut depth, with a 1% change in the cut depth resulting in an over 11%
change in the required actuation force. Conversely, a 1% change to Young’s modulus, the
plateau stresses, and the coefficient of friction each resulted in less than a 1% change in the
required actuation force. Due to the sensitivity of the model to cut depth and uncertainty
in machining tolerances, we fit the cut depth to the model. The fitted cut depth used for

the model shown in Fig. [3.12] is 0.988 mm, which provided the best agreement with the
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Figure 3.11: The kinematic model predicted and experimental wrist tip spatial trajectory is shown.
The wrist starts at top of the figure and rotates counterclockwise from 0 to 140°. These results show
that the constant curvature assumption is a reasonable approximation for this geometry, since the
wrist tip closely follows the path predicted by the model. It also validates the predicted maximum
angle of rotation (138 °) of the wrist.

Tendon force vs. wrist rotation
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Figure 3.12: The statics model predicted and experimental results shown here correspond to the
tendon force required to actuate the wrist. Note that the model captures the superelastic material
behavior, as seen by the change in slope at about 8 = 0.5rad.

experimental data. Note that the superelastic, nonlinear behavior of the material is clearly
captured by the model. The tail at the end of the experimental data likely corresponds to

elastic deformation of the portion of the nitinol tube that has transformed into martensite
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[112], which is not captured by the model.

3.6.3 Fatigue Test

We performed an experiment to test the fatigue life of the wrist to ensure that the design
would be safe for use in surgical applications, where the wrist may be deflected hundreds
of times during a procedure. In order to test the fatigue life, we built a motorized setup that
would repeatedly actuate the wrist between 0 and 90 ° of bending while simultaneously
measuring the actuation force of the tendon in order to determine when the wrist broke.
The CNC wrist failed after a total of 8397 cycles, while the wire EDM wrist failed after
a total of 8121 cycles. We also fatigue tested the CNC tip-first bending wrist described in
Section which broke after 5858 cycles (note that the cutout geometry of this wrist
resulted in a maximum articulation angle of 84°). Given that the wrist is intended to be
used as a disposable or limited use instrument (similar to the da Vinci tools), the number

of cycles to failure is more than adequate to provide a reasonable factor of safety.

3.7 Scalability and Tip-First Bending

Two benefits of the wrist design presented in this work are the ease with which it can
be scaled down due to the limited number of mechanical components and simple actuation

scheme, and the ability to selectively alter the stiffness of the device along its length.

3.7.1 Scalability of Wrist

By creating the wrist from a single nitinol tube and actuating the wrist with a single
tendon, it can theoretically be scaled down to the smallest diameter nitinol tube available
(0.178 mm as of this writing [[113]). One surgical application for such a small wristed tool
is retinal surgery, where the tools used are often less than 0.5mm in diameter [114]]. The

physicians often must choose between straight and pre-bent tools for retinal surgery, and
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0.46 mm OD |

Figure 3.13: A 0.46 mm OD wrist was made using wire EDM manufacturing, and is shown being
deflected to approximately 90 °. It is overlaid here on a penny to provide a sense of scale. For this
photograph, the tendon was tied at the end of the wrist since the end caps made for the 1.16 mm
wrist prototype were much larger than the 0.46 mm tube.

thus the ability to selectively deflect the tool would be beneficial. To validate the scalability
of our design, we manufactured a micro-wrist from a 0.46 mm OD, 0.28 mm ID nitinol tube
using wire EDM machining (see Fig.[3.13). The wrist was designed using 5 cutouts with
a 0.33mm depth of cut, a 0.15mm cut height, and a 0.15mm spacing between cuts. We
experimentally tested the wrist using the same procedure as described in Section[3.6.2]and
compared the motion of the wrist and the force required to actuate it with the models of
(3.6) and (3.17). The nitinol properties used were the same as in Section [3.6.2] and the
depth of cut was again fit to the data to provide the best agreement. The experimental
results can be seen in Figs. [3.14] and [3.15] and indicate that our model can be used for

varying wrist geometries.

3.7.2 Tip-First Bending of the Wrist

The ability to bend the tip section first is often desirable when space is limited, as it
allows for the tightest radius of curvature for each bending angle. This motion, in which the
most distal cutout bends first, followed by the next most distal cutout, and so on, is opposite
to the performance of most other tendon-actuated devices, such as steerable catheters. With

our wrist, we are able to create tip-first bending by varying the cut height of each cutout
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Figure 3.14: The kinematic model is validated for the sub-millimetric wrist (0.46 mm OD). These
results again indicate that the constant curvature assumption is a reasonable approximation. Close
inspection of the wrist at high articulation reveals that the small cutouts are not closing fully, pre-
venting the wrist from reaching the full articulation predicted by the model.

Tendon force vs. wrist rotation
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Figure 3.15: The statics model is also validated for the sub-millimetric wrist (0.46 mm OD).

such that the distal-most cutout has the deepest cut depth and thus the lowest actuation

force, and the more proximal cutouts have an increasingly shallower depth of cut.

In order to achieve tip-first bending, we first select the number of cutouts n and cut

height /4 of the cutouts in order to specify the bending radius of the wrist. We then determine

the cut depth for the most proximal cutout, as we want this cutout to require the greatest
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actuation force and bend last. The cut depth of the proximal cutout is chosen such that

the uncut region experiences the largest allowable material strain at full bending, given

by Enax = €(ro,1/10) = :23: We use this equation along with Egs. |b and (3.2) to
determine the maximum allowable cut depth for the proximal section, g,. We then select
the cut depth of the most distal cutout to be g; = r, + r;, which corresponds to the lowest
allowable actuation force and material strain. Lastly, we linearly select the remaining cut

8d—8
n—1

depths using g; = 2 where g; corresponds to the increase in cut depth of each remaining
cutout, starting from the most proximal cutout and moving to the most distal cutout.
Tip-first bending can be seen in Fig. [3.16] where the proximal cutout had a depth of
0.965 mm, the middle cutout had a depth of 0.985 mm, and the distal cutout had a depth of
1.005mm. The nitinol tube used to make this wrist had an OD of 1.16 mm and an ID of

0.86mm. The wrist was manufactured using the CNC method described in Section [3.6]

3.8 Discussion

The aim of this work was to provide additional degrees of freedom and dexterity to
needle-diameter surgical tools while incorporating a simple actuation scheme and integra-
tion with existing tools. The wrist presented in this chapter accomplishes these goals. The
wrist provides increased distal dexterity through the use of asymmetric cutouts in a nitinol

tube, it is actuated using a single tendon, and the wrist is manufactured into the tool shaft

(D ) ) (4)
| Tip F irstﬁ ‘ i g

—
1 mm  Bending

Figure 3.16: This sequence shows the wrist bending from the tip first. In order to accomplish this
behavior, the wrist is manufactured such that the most distal cutout has the deepest cut depth, and
each sequential cutout is shallower than the cutout before it. This lowers the required actuation
force for the most distal cutout, and results in the behavior seen here.
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itself making integration with current rigid needlescopic tools straightforward. The mod-
eling results predict the behavior of the device and enable design of the wrist for specific
surgical tasks. The wrist is straightforward and low-cost to manufacture, and the design is
scalable. The wrist design presented here may enable surgical approaches that are currently
impossible using existing rigid needlescopic tools.

Despite the simplicity of the design, there remains a large design space for varying the
wrist performance. In this work, we restrict our attention to analyzing rectangular-shaped
cutouts, which can be inexpensively manufactured using conventional micro-milling tech-
niques. Using a rectangular cutout profile, the designer is able to select the height, depth,
and spacing between the cuts, in addition to the number of cutouts and the outer and inner
radii of the tube. Using the models and design principles in this work, the user can create
a wrist that has desired performance characteristics such as minimum radius of curvature,
maximum bending angle, and maximum tendon actuation force.

The two most important features of the wrist are the tube radii and the depth of cut, as
they determine the location of the neutral bending plane, which consequently affects the
kinematics, the strain in the portion of nitinol in bending, and the actuation force. The cut
height is not as critical as the cut depth at determining the wrist performance, but it does
affect the bending radius of the wrist and care must be taken not to make the cut height too
large, or else the risk of buckling will increase and the constant curvature assumption will
no longer hold. Decreasing the spacing between the cuts decreases the radius of curvature
of the wrist, so one should select the smallest spacing that is able to withstand the required
actuation forces without breaking. The use of non-uniform cut depths also affects the
performance of the wrist, as illustrated in Sec. and this capability may prove useful
for certain anatomical scenarios or tasks. While it is not possible with the tip-first bending
design to prevent some actuation of the proximal sections, the method for tip-first bending
described in Sec. [3.7.2] provides a good approximation for tip-first bending of the wrist.

A potential source of error in the models is the implicit assumption in (3.11) that cross
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sections do not deform during bending, which is a common assumption in beam bend-
ing analysis. However, because the wrist will ultimately be controlled under direct visual
feedback by the physician, these uncaptured effects can easily be corrected by the human-
in-the-loop. This also holds true for any discrepancies between the kinematic model and
the experimental data. Furthermore, the fact that the experimental actuation force at ex-
treme rotation angles is higher than the model prediction allows for a simple maximum
force limit for safety.

One interesting observation from the fatigue test is that the CNC machined wrist had
more cycles to failure than the wire EDM wrist. Given the rounded corners of the wire
EDM cutout, one might expect these rounded corners to improve the fatigue life of the
wrist, but the opposite was shown here. One possible reason for this may be additional
heating of the nitinol tube due to the wire EDM manufacturing process, which could alter
the material properties of the nitinol and change the performance of the wrist. Additional
fatigue tests can help investigate the difference between the number of cycles to failure for
the two manufacturing methods. It is also worth noting that the coefficient of friction, an
unknown parameter that was selected for agreement between the model and the experimen-
tal data, depends on factors such as surface finish and geometry.

In this chapter, a needle-sized wrist that increases the dexterity of needle-sized tools
while using a simple actuation scheme and a straightforward method for integration with
existing tools was described. The wrist consists of a nitinol tube with asymmetric cutouts
that is actuated by a single tendon in order to provide significant distal curvature. Kinematic
and statics models were derived and experimentally validated, and several prototypes of the
wrist were presented and tested. The additional dexterity provided by the needle-sized wrist
may one day enable surgeons to perform new scarless procedures while also navigating and

operating around sharp corners in the anatomy.
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Chapter 4

Toward Transoral Peripheral Lung Access:

Combining Continuum Robots and Steerable Needles

4.1 Chapter Overview

Lung cancer is the most deadly form of cancer in part because of the challenges as-
sociated with accessing nodules for diagnosis and therapy. The two main approaches for
accessing suspicious nodules today are a percutaneous needle approach and a transoral
bronchoscopic approach. While the percutaneous needle approach is accurate, it has a high
risk of lung collapse. Therefore, transoral access is preferred due to the lower risk of lung
collapse; however, many sites are currently unreachable transorally due to limitations with
current bronchoscopic instruments. What is needed is a system that provides the safety of
a transoral approach with the efficacy of a percutaneous approach. In order to directly ad-
dress the problem of safely and accurately accessing lung nodules throughout the lung, we
have developed a transoral robotic image-guided system. The system uses a bronchoscope
to navigate in the airway and bronchial tubes to a site near the desired target, a concen-
tric tube robot to move through the bronchial wall and aim at the target, and the dexterous
flexure-tip needle developed in Chapter 2]to accurately maneuver through lung tissue to the
target under closed-loop control. In this chapter, we illustrate the workflow of our system
and show accurate targeting in phantom experiments. Ex vivo porcine lung experiments
show that the flexure-tip steerable needle can be tuned to achieve appreciable curvature
in lung tissue. Lastly, we present targeting results with our system using two scenarios
based on patient cases. In these experiments, phantoms were created from patient-specific
computed tomography (CT) information and our system was used to target the locations
of suspicious nodules, illustrating the ability of our system to accurately reach sites that

are traditionally inaccessible transorally. The results found in Chapter [ are in press in the
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Journal of Medical Robotics Research [61] and have been presented at the IEEE Interna-
tional Conference on Robotics and Automation in 2015 [115]. The system shows promise
at accessing hard or impossible to reach nodules for biopsy, and we believe treatment may

one day be delivered concurrently with diagnosis using our system.

4.2 Introduction

More lives are lost to lung cancer in the US than any other type of cancer (~160,000 in
2014) [48], and early diagnosis is critical to survival. Patients diagnosed with lung cancer
in Stage I have an 88% 10-year survival rate [116]], while Stage III or IV patients have
only a 15% 5-year survival rate [117]. In order to obtain a definitive diagnosis, a biopsy is
required for suspicious nodules identified in CT scans. Unfortunately, nodules (which may
or may not be cancerous) often develop in the peripheral regions of the lung and are difficult
to access for biopsy, leaving some patients with no safe option for definitive diagnosis.

The two most common biopsy procedures used to attempt to reach these suspicious
nodules are a percutaneous approach and a transoral bronchoscopic approach. Percuta-
neous transthoracic needle biopsy is a well-established method with high diagnostic yield
for large nodules, but it requires puncturing the pleura (the membrane surrounding the
lung). Thus, it carries a significant risk of pneumothorax (lung collapse), a severe and pos-
sibly deadly complication that develops in up to 25% of percutaneous biopsies [118]]. Other
reported complications include pulmonary hemorrhage, pleuritic chest pain, and vasovagal
reaction [[119]]. In addition to these complications, percutaneous biopsy has a low diagnos-
tic yield (<52%) for small nodules under 1.5 cm in diameter [[120].

In contrast to percutaneous needle biopsy, bronchoscopic approaches are less inva-
sive, carry a significantly lower risk of pneumothorax (bronchoscopes do not puncture the
pleura), and may be the only biopsy option for patients with co-morbidities such as chronic
obstructive pulmonary disease. Bronchoscopes are standard medical devices that are de-

ployed transorally. They are typically made with a flexible shaft and a tendon-driven tip
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that bends when the tendons are actuated using levers on the handle, steering the tip of the
bronchoscope [121]. The main drawback of bronchoscopic biopsy is that the bronchoscope
can only move through the lung’s bronchial tree, and even then, only in the larger bronchi
due to the bronchoscope’s diameter. This limits the number of nodules that can be biopsied
to those within the larger bronchi or in close proximity to them. Furthermore, the diagnos-
tic yield of bronchoscopy falls off significantly the further the nodule is located from the
entrance to the lung (82%, 61%, and 53% for central, intermediate, and peripheral nod-
ules, respectively), and the diagnostic yield for small nodules (<2cm) is only 23% [122].
Although bronchoscopic biopsy is safer and less invasive for the patient, these limitations
curb the use of bronchoscopy and make it clear that a better transoral approach is needed.
Recently, groups have augmented bronchoscopes with image-guidance, attempting to
improve bronchoscopic biopsy (see [123] for a review). The three main approaches are vir-
tual bronchoscopy, eletromagnetic (EM) guidance, and endobronchial ultrasound (EBUS).
Virtual bronchoscopy displays a virtual model of the airway that is segmented from pre-
operative CT images and registered to the live image feed of the bronchoscope, enabling
navigational cues to be overlaid on the model [124]. However, even with the benefit of
navigational guidance, this approach presents some of the same access limitations as tradi-
tional bronchoscopy, notably the inability to travel outside of the bronchi. In EM guidance,
small magnetically-tracked instruments are deployed through the bronchoscope and travel
further through the bronchial tree than standard bronchoscopes [51,152]]. Nonetheless, these
devices are still only intended to move through the bronchial tree and access nodules that
are located within the bronchi or in close proximity to them. Furthermore, the diagnostic
yield of these systems is only 63%—74% for nodules averaging 2.3 cm [[125, 126} 127, 128]]
(it is also worth noting that these statistics do not include nodules for which no attempt is
made due to difficulty of access). One group has recently used a bronchoscopically de-
ployed needle and tunneling sheath under fluoroscopic guidance to create a path to nodules

located outside of the bronchial tree [[129]. However, the authors note that the device is lim-
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ited to nodules that are reachable by an obstacle-free (i.e., avoiding critical blood vessels
and other sensitive structures) straight-line path. Another promising emerging technology
is EBUS in which ultrasound is used to either locally guide the placement of a guide sheath
for biopsy [130] or provide image feedback for the deployment of a straight needle from the
tip of a bronchoscope [123]]. Since our system can, in principle, be used with any guidance
modality that can provide the locations of both the target and needle tip, it could potentially
be used in conjunction with EBUS in the future to provide steerability to EBUS-guided
needles.

Our robotic solution for a better transoral lung system uses concentric tube robots and
bevel steered needles to increase the capabilities of standard bronchoscopes (see Fig. [@.1).
Concentric tube robots are made from a series of precurved, superelastic tubes that translate
and rotate inside one another to create curvilinear motion. Concentric tube devices were
some of the first devices made from nitinol during the 1980s [[131]. Originally thought of
exclusively as needles, in 2006 they were proposed as needle-scale manipulators [132}133],
kicking off a period of active modeling research that resulted in the model typically used
today [103,104]]. These robots have been applied in a variety of surgical contexts including
endonasal surgery [[107], cardiac procedures [106]], prostate resection and brachytherapy
[105, [134]], and retinal vein cannulation [[135]]. In the lung, there has been work done on
planning obstacle-free paths through the bronchi using only concentric tube robots [[136].
It has also been shown that concentric tube robots can augment the dexterity of both rigid
[105] and flexible [137/]] endoscopes. In our system, we use this added dexterity to orient
and deploy a bevel-tip steerable needle.

Bevel steered needles are made using a flexible needle shaft and an asymmetric tip
that causes the needle to bend in a controllable fashion upon insertion into tissue [32].
The field of needle steering has been active for over ten years and has seen numerous
advancements including motion controllers, motion planning, and needle tip design (see

[138] and [139] for reviews). With our system, we use bevel-tip needle steering for its
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Figure 4.1: (a) Our system combines a tendon-actuated bronchoscope, a concentric tube robot, and
a flexure-tip steerable needle to reach locations throughout the lung transorally. (b) The deploy-
ment steps for our combined system involve 1) deploying the bronchoscope to a desired site in the
bronchial tree, 2) deploying the concentric-tube robot from the bronchoscope working channel to
the bronchial wall, piercing through the wall, and entering the lung parenchyma, and 3) steering the
flexure-tip needle to the target under closed-loop control.

simplicity and feasibility when deployed through a long, thin pathway. We also incorporate
the flexure-tip needle [[6] developed in Chapter 2] due to its ability to achieve high curvature
while reducing tissue damage when compared to other high-curvature tip designs (e.g.,
kinked bevel-tip needles [6]). The flexure-tip needle can also deploy through a narrow
working channel, something that is difficult or impossible for kinked bevel-tip needles.
This chapter makes a number of contributions to the state of the art. Perhaps most
important is our overall system concept in which three kinds of continuum devices are
unified to provide a way to access the peripheral lung transorally. This is the first system
where concentric tube robots have been used to deploy bevel-tip steerable needles, two
ideas that have previously been studied extensively individually. It is also the first system
to physically deploy concentric tube robots from a bronchoscope, which is needed to en-

able practical application of prior simulation and planning algorithms for concentric tube
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robots in the lung (140, [141]. Experimental contributions include validating that the slid-
ing mode controller of [142]] works with the flexure-tip needle of [6] (the controller had
previously been used only with traditional bevel-tip needles), and experiments validating
aspects of our system using anatomical patient data and ex vivo tissue. Preliminary ver-
sions of some results described in this manuscript have appeared previously in conference
form [143] 159, [115]. Here, we provide an archival unification of these results, and ex-
tend them with additional phantom targeting experiments (Section §.6.1), a new ex vivo
bronchial puncture experiment (Section 4.6.2)), a demonstration that a flexure-tip needle
can achieve appreciable curvature in ex vivo lung tissue (Section 4.6.3)), and a new set of

phantom experiments replicating real patient cases (Section [4.6.4)).

4.3 System Overview and Workflow

Our system (Fig.[.I[(a)) aims to expand the capabilities of a transoral approach by
adding the ability to reach nodules located far from the bronchi through the integration of a
concentric tube robot and a bevel-tip steerable needle with a standard tendon-actuated bron-
choscope. In our system, the physician first inserts a tendon-actuated bronchoscope to an
accessible location en route to the nodule. A concentric tube robot then deploys through the
bronchoscope and passes through the bronchial wall, providing access to nodules located
in the lung parenchyma (the tissue surrounding the bronchi). Lastly, a steerable needle
deploys through the concentric tube robot and drives through the lung tissue to the nodule.
Our system will enable access to nodules located in the parenchyma of the lung with less
risk of pneumothorax, since the approach does not involve crossing the pleura surrounding
the lung. A prototype of our system is shown in Fig. and the deployment of the three
stages of the device is illustrated in Fig. .3] The intended insertion workflow is detailed

below:

(1) The surgeon deploys the bronchoscope transorally using standard practices. An

Olympus BF 1T30 (Olympus, USA) bronchoscope was used for this work.
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Figure 4.2: The components of the three-stage steering system developed in this work are shown.
The system combines a tendon-actuated flexible bronchoscope with a concentric tube robot and a
flexure-tip steerable needle to provide transoral access to the peripheral lung. The actuation unit
controls the concentric tube robot and steerable needle (see [14] for details on a similar actuation
unit), and the piercing mechanism provides access to the lung parenchyma from the bronchial tree.
Closed-loop feedback is provided by a magnetic tracking system.

2)

3)

“4)

®)

(6)

The concentric tube robot extends from the tip of the bronchoscope and moves toward

the bronchial wall.

A sharp nitinol wire, which we will henceforth refer to as the “piercing needle,” de-
ploys through the concentric tube robot and creates an opening in the bronchial wall
using a spring-loaded piercing mechanism. The concentric tube robot is advanced
over the piercing needle and through the bronchial wall, and the piercing needle is

then removed.

The concentric tube robot aims its tip approximately toward the target nodule.

The steerable needle deploys through the concentric tube robot and is guided under

closed-loop control to the desired target.

The surgeon advances a coaxial access sheath through the bronchoscope and over the
concentric tube robot and steerable needle, creating an access channel to the target

through which a biopsy can be collected or a therapeutic agent can be injected.

We foresee this surgical workflow being performed with the help of image-guidance in

a future clinical version of the system described in this chapter. There are two potential
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Figure 4.3: Pictures of the deployment steps for our lung system are shown. (a) The bronchoscope is
deployed transorally into the bronchial tree. (b) Second, the concentric tube robot extends from the
tip of the bronchoscope to the desired location for the opening in the bronchial wall. (c) The piercing
needle then deploys through the concentric tube robot and creates the opening in the bronchial wall.
(d) The concentric tube robot advances over the piercing needle and through the bronchial wall and
aims in the direction of the target. (e) Next, the piercing needle is removed and the steerable needle
is deployed from the concentric tube robot to the target. (f) Lastly, an access sheath is passed over
the concentric tube robot and steerable needle to the target, allowing for biopsy through the sheath
(see Sectionfor more details on the access sheath).

imaging approaches that could be used. The first involves taking a preoperative scan of
the lung that will be used to identify the target nodule and plan the location of the opening
in the bronchial wall and the desired needle path. This preoperative information would
then be coupled with intraoperative magnetic tracking feedback for closed-loop control.
This approach will require registration between the preoperative and intraoperative data,
which is already done in current image-guided lung systems [51}, 52]]. The other potential
approach is to perform the whole deployment with intraoperative imaging such as real-time
CT (CT Fluoroscopy) or MRI. In addition to visualizing the system and target during the
procedure, this approach would also allow us to see obstacles and critical structures along
the deployment path in real time. We believe that our system could be used with either of
these imaging approaches. We will now discuss in more detail the devices that are deployed
from the bronchoscope and enable our system to reach nodules located in the parenchyma

without puncturing the pleura.
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4.4 Concentric Tube Robot Subsystem

After the bronchoscope is guided by the physician to the desired site in the bronchial
tree (step 1 in Sec. §.3)), the concentric tube robot is deployed out from the bronchoscope
tool port. We utilize the concentric tube robot for three important purposes in our system.
First, the concentric tube robot enables our system to approach the bronchial wall in a
direction as close to perpendicular as possible, aiding with piercing the bronchial wall
(step 2 in Sec.[4.3). Second, the concentric tube robot is used to deliver a piercing needle to
the bronchial wall (step 3 in Sec.[4.3), creating an access port in the wall for our system to
travel through. Lastly, the concentric tube robot is used to align the steerable needle such
that the target nodule lies within the reachable workspace of the needle (step 4 in Sec. [4.3).
The position of the concentric tube robot can be tracked using the same magnetic tracking
coil in the steerable needle since the needle is inside the concentric tubes. The geometric
parameters of the concentric tube robot used in this work can be found in Table Each
tube is comprised of a straight section followed by a precurved section at the distal end
of the tube. For each tube, the length of each section and the radius of curvature of the

precurved section is provided in Table

Table 4.1: Concentric Tube Robot Parameters

Outer Tube | Inner Tube
Outside Diameter (mm) 1.38 1.14
Inside Diameter (mm) 1.29 0.97
Radius of Curvature (mm) 254 17.8
Curved Length (mm) 55 27
Straight Length (mm) 735 833

4.4.1 Deploying from the Bronchoscope to the Bronchial Wall

The added dexterity of the concentric tube robot coupled with the tendon-actuated bron-

choscope helps bring the piercing needle from the bronchoscope tip to the bronchial wall
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Clear PVC Tube

Figure 4.4: The concentric tube robot coupled with the tendon-actuated bronchoscope provide flex-
ibility in selecting the position and orientation of the bronchial wall opening. This added dexterity
also assists with orienting the initial pose of the steerable needle. Here, the bronchoscope and con-
centric tube robot are deployed in a clear PVC tube to a desired bronchial target on the wall of the
tube.

(step 2 in Sec.[d.3). In order to assist with creating the opening in the bronchial wall using
the piercing needle, it is useful to approach the wall in as nearly a perpendicular direction as
possible. We use the concentric tube robot to accomplish this (see Fig. [4.4]for an example).
The kinematics used to guide the concentric tube robot are given in [[103,[104]. Depending
on the desired location of the bronchial wall opening and desired orientation, the physician
may choose to deploy one or both concentric tubes from the bronchoscope to the bronchial

wall.

4.4.2 Piercing the Bronchial Wall

After reaching the desired site in the bronchial wall with the concentric tube robot,
the piercing needle (a 0.78 mm diameter nitinol wire with a sharp conical tip) is deployed
through the concentric tube robot (step 3 in Sec. 4.3). Due to the muscular tissue and
cartilage rings that make up the bronchi, an impulse is needed to pierce the wall. In order
to deliver this impulse to the piercing needle, a spring-loaded piercing mechanism was
designed and is shown in Fig. .5] It should be noted that creating a hole in the bronchial
wall for parenchyma access and nodule targeting has been shown to be safe in initial human
trials [129]], and that the piercing depth of our mechanism can be set according to the

physician’s depth specifications to prevent piercing too deep. Upon piercing the bronchial
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holder

Figure 4.5: (a) View of the piercing mechanism used to impart a rapid motion to the piercing needle
that creates a needle-sized port in the bronchial wall. (b) In the piercing mechanism, the lead screw
slide compresses a spring until the collar is secured by the release lever. Upon triggering the release
lever, the needle holder is propelled forward until it contacts the lead screw slide, controlling the
depth of the piercing needle.

wall, the concentric tube robot is advanced over the piercing needle and through the opening
in the bronchial wall. The piercing needle is then removed, and the concentric tube robot

can now deploy the steerable needle to the target.

4.4.3 Aiming the Steerable Needle

The concentric tube robot (and potentially the tendon-actuated bronchoscope, if addi-
tional dexterity is needed) now orient the initial pose of the steerable needle that passes
through the inner concentric tube toward the target (step 4 in Sec. 4.3). The ideal align-
ment of the steerable needle is pointing directly toward the nodule, as this provides both
the minimum length to the target and the maximum steerability to correct for disturbances
and avoid obstacles along the path. If obstacles prevent this ideal path, the concentric tube
robot can position and orient the initial alignment of the steerable needle such that the tar-

get still lies within the “trumpet shaped” workspace of the steerable needle. The needle
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Figure 4.6: (a) The flexibility provided by the concentric tube robot and tendon-actuated broncho-
scope when selecting the position and orientation of the bronchial wall opening and initial pose of
the steerable needle is illustrated. (b) The concentric tube robot is useful for directing the steerable
needle so that the target nodule is within the needle’s reachable workspace. An example of adjusting
the inner-most concentric tube to redirect the initial alignment of the needle in order to reach the
target is illustrated.

can then drive to the target while steering to avoid obstacles along the way. An illustration
of aligning a bevel steered needle with a concentric tube robot can be seen in Fig. 4.6
Now that the steerable needle is aligned toward the target, our system delivers the steerable

needle to the target using the methods described in Section [4.3]

4.4.4 Non-annular Concentric Tubes

One challenge when deploying the concentric tube robot through the bronchoscope is
the torsional windup experienced by the tubes, which can lead to elastic instabilities, and
limit the tubes’ workspace [144145]. However, we have described how one can eliminate
the possibility of elastic instability using non-annular (e.g., oval or hexagonal cross-section)
concentric tube profiles to lock the relative rotation of the tubes with respect to one another
(see Fig. .7 and [59] for more details). By locking the relative rotation of the tubes, the
tubes can be deployed toward the target nodule without the risk of elastic instability, and

without the workspace reductions imposed by it.
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Figure 4.7: The use of non-annular concentric tubes prevents torsional windup along the long trans-
mission lengths of the concentric tube robot by locking the relative rotation of the tubes, thereby
preventing elastic instability of the robot.

4.5 Steerable Needle Subsystem

The steerable needle used in our system is the dexterous flexure-tip needle developed
in Chapter [2]that consists of a beveled needle tip, a flexible needle shaft, and a flexure joint
(see Fig. [d.1p and [[6] for further information on this tip design). All three components are
made from nitinol. When inserted into tissue, the asymmetric bevel-tip creates a force that
bends the flexure and causes the needle to travel in a curved trajectory through the tissue.
When no load is applied to the tip, the flexure joint straightens and the needle can easily
pass through the concentric tube robot. The flexure joint also straightens when axially
rotated while in tissue, minimizing tissue damage when a straight trajectory is implemented
via continuous axial rotation during insertion.

The flexure-tip needle we used in our system and for the phantom and anatomical val-

idation experiments in Secs. [.6.1] and {.6.4] has a needle shaft with an outside diameter

(OD) of 0.8 mm and an inside diameter (ID) of 0.6 mm. The bevel-tip has an OD of
1.16 mm in order to house a six degree-of-freedom magnetic tracking sensor (NDI Aurora,

Canada). The bevel tip itself has a length of 4 mm and a bevel angle of 15°. The flexure
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joint is comprised of three 0.125 mm diameter nitinol wires positioned side by side within
the needle shaft (see [6] for additional illustrations of the flexure joint), and the maximum
angle the flexure tip can bend is 20°. The length of the entire needle is 1.21 m.

In order to accurately deliver the steerable needle through the parenchyma to the target,
we use the sliding mode controller developed by Rucker et al. [142]. Magnetic tracking
sensors provide closed-loop feedback of the needle tip pose to the controller. In [[142], the
controller was validated in the context of reaching target points, trajectory following, and
targeting objects that are moving or deforming within the tissue, perhaps due to respiration.
In [142]], the controller was tested with a traditional bevel-tip needle, so a novel contribution
of the experiments in this chapter is verifying that the controller also works for the high

curvature and tissue-sparing flexure-tip needle design.

4.6 Experiments

In this section, we validate our robotic solution through a series of experiments. The
first set of experiments we performed tested the ability of our system to maneuver in a
bronchial tree and deploy the concentric tube robot from the bronchoscope. We then vali-
dated the use of the sliding mode controller with the flexure-tip steerable needle and tested
the accuracy of our system at delivering the steerable needle to a selected target in a phan-
tom model. After testing the basic deployment concept and targeting accuracy of our sys-
tem, we experimented with our system in biological and anatomical models to verify use

of the system when interacting with realistic tissue and anatomy.

4.6.1 System Feasibility & Accuracy Experiments

In order to test the ability of our system to maneuver in the bronchi and deploy the
concentric tube robot, we constructed a phantom bronchial tree model using PVC plastic
tubes. Each successive bronchial tube is smaller than the one it extends from, mimicking

the structure of the human bronchi. An access hole was cut into the side of the PVC
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Figure 4.8: The experimental setup used for the system feasibility and accuracy experiments as
described in Sec. [4.6.1] consisted of a phantom bronchial tree (made from plastic tubes) that was
embedded in phantom parenchyma (gelatin). The inset shows the bronchoscope handle and the
sharp bend in the working channel, which is discussed further in Sec. @

in the third bronchial tube to allow the concentric tubes and steerable needle to exit the
phantom. The bronchial tree model was then embedded in gelatin to simulate the support
structure of the lung, including the parenchyma (see Fig. {.8] for experimental setup). The
gelatin was made from 10% by weight Knox gelatin (Kraft Foods Global, Inc., USA).
The bronchoscope, with the concentric tube robot passing through the working channel,
was then deployed through the phantom bronchial tree to a site roughly 1 cm from the
access hole. The concentic tube robot was then extended from the bronchoscope up to
the gelatin, confirming the system’s ability to deploy a concentric tube robot through the
flexible bronchoscope as described in Sec. 4.3
After deploying the bronchoscope and concentric tube robot through the phantom bronchial

tree, we validated the use of the sliding mode controller with the flexure-tip steerable nee-
dle described in Sec. [d.5] testing the accuracy of our system at delivering the steerable
needle to a selected target. The flexure-tip needle with the six degree-of-freedom track-
ing coil embedded in its tip was loaded into the system, passing through the concentric
tube robot and bronchoscope. The concentric tube robot was positioned in the gelatin such
that the steerable needle was aiming in the general direction of the target. The flexure-
tip steerable needle was then controlled through the gelatin to the target using the sliding

mode controller with magnetic tracker feedback. A total of 21 targeting experiments were
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Figure 4.9: (a) Phantom targeting experimental results of 21 insertions as described in Sec. m
(b) The 21 targeting trials are overlaid on the experimental setup. Trials 1 and 2 are explicitly shown
in (¢) and (d).

performed. The targeting results can be seen in Fig. [4.9]

4.6.2 Bronchial Wall Piercing of ex vivo Porcine Tissue

In order to verify the ability of our piercing mechanism to perform its intended task,
we excised a section of bronchial tube from a porcine lung (=~ 1.50 mm wall thickness)
and affixed the tissue sample over the access hole in the plastic phantom bronchial tree
using cyanoacrylate glue. The bronchoscope and concentric tube robot were deployed to
the bronchial wall as described in Section and the piercing mechanism then fired the
piercing needle to create an access hole in the bronchial tissue. The result of this experiment
can be seen in Fig. B.10(a). Various thicknesses (between 1.15-2.5 mm wall thickness) of

in situ porcine lung bronchi were successfully pierced (see Fig. b) for an example).

4.6.3 Needle Deflection in ex vivo Porcine Tissue

Another important feature of our system is the ability to steer the flexure-tip needle
through the parenchyma. It is commonly assumed in the bevel-tip needle steering literature
that one can match needle properties (bevel angle, shaft stiffness, etc.) to any biological
tissue of interest in order to achieve appreciable curvature. While examples do exist of

needles that have achieved appreciable curvature in brain [146], liver [7], kidney [7]], and
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Figure 4.10: (a) Ex vivo porcine bronchial tissue was wrapped around a PVC tube representing a
bronchial tube. The piercing mechanism was used to fire the piercing needle through the tissue, as
shown here. This created a port in the bronchial wall for the concentric tube robot and steerable
needle to deploy through. (b) The piercing mechanism was also tested in whole samples of porcine
lung, shown here.

muscle [32], designing a needle for a new tissue type is not trivial. It requires substantial
iterative experimentation, since curvature is sensitive to a variety of needle design parame-
ters. Thus, rather than leave to future work verification that a needle design exists that can
achieve appreciable curvature in lung, we set out to find a needle design that could achieve
curvatures that provide a reasonable needle workspace (see Fig. {.6(b)).

To confirm that we can design such a flexure-tip needle, we performed a series of open-
loop ex vivo experiments. In the first set of experiments, we constructed two pre-bent
nitinol needles (i.e. needles where the flexure hinge has been replaced by a permanent
bend [7]) with fixed tip angles of 25° and 45° (the 45° needle is shown in Fig.{.T1(a)).
Each needle was inserted into the porcine lung sample five times. The measured radius
of curvature (RC) and standard deviation (SD) are reported in Table[d.2[(a). The results
indicate that a tip angle of 45° produces a smaller radius of curvature than the same needle
with 25°.

Using the results of the pre-bent needles as a coarse guide, we constructed two new
flexure-tip needles with varying geometry (see Figs. {.1T(b) and [d.11|(c)) that each had a

maximum flexure angle of 45°. These new needles employed the same basic flexure design

as the needle used in Secs. {4.6.1) and 4.6.4] but with different needle parameters (e.g.,

number of flexure wires and tip diameter) selected for lung tissue, in contrast to the gelatin
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Figure 4.11: The three needles used for the ex vivo porcine lung insertion experiments with results
presented in Table@ (a) The 45° pre-bent needle. (b,c) The two flexure-tip needles. The flexure-
tip needle shown in (c) produced paths with the smallest radius of curvature, and a representative
path generated by the same needle is shown in (d).

(a) Pre-bent Needle (Fig. a))
Wire Dia. Tip Angle Tip Len.

0.558 mm 733.4mm 109.2 mm
0.558 mm 45° 2.9mm 268.1mm 164.6 mm

(b) Flexure-tip Tube Needle 1 (Fig. b))
Tube O.D.  Tube L.D. Tip Len. RC SD
0.8 mm 0.6 mm 4.2 mm
Bev. Angle Max Angle Flex. Wires [RBWIRE 1 i REZXRE 11
10° 45° 3

(c) Flexure-tip Wire Needle 1 (Fig.
Wire Dia. Tip Dia. Tip Len.
0.51 mm 1.16 mm 3.0 mm

1 11]o)
RC

STOAVAN el G\ V@AV T CRR I O @I 255.0mm 66.2 mm
30° 45° 2

Table 4.2: Measured radius of curvature (RC) in porcine parenchyma. The average RC and standard
deviation (SD) of n = 5 open-loop needle insertion trials into ex vivo porcine lung for (a) two pre-
bent needles, and (b), (c) two flexure-tip needles (shown in Fig.@[). The wire diameter (Wire Dia.)
measures the external diameter of the shaft wire, the bevel angle (Bev. Angle) measures the angle of
the bevel tip relative to the longitudinal axis of the shaft, the tip length (7ip Len.) measures the length
of the needle tip after the pre-bend in the shaft or the length of the flexure-tip after the flexure, the
tip diameter measures the external diameter of the tip flexure joint assembly, the maximum angle
(Max Angle) measures the maximum angle the flexure tip can deflect, and the number of flexure
joint wires (Flex. Wires) describe the number of 0.125 mm diameter nitinol wires used to create the
flexure joint.

used prior. The results of five open-loop insertion trials are presented in Table[.2(b) and

(c) for these flexure-tip needles. The smallest radius of curvature achieved in the porcine
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lung sample was 255.0 mm, which was obtained by the needle whose results are presented

in Table[d.2{c) and shown in Fig.}.TT|c). A representative path produced by this needle is

shown in Fig. 4. T1[(d).

4.6.4 Anatomical Case Studies

Lastly, to illustrate the benefits of our system at reaching targets that are difficult or
impossible to reach transorally, we present two phantom models based on actual clinical
cases of patients with suspicious lung nodules treated at Vanderbilt University Medical
Center. Based on their experience, the clinicians in both cases determined that the nodules
could not be safely reached via a transoral bronchoscopic approach. The decisions were
made based on the location of the nodule, the condition of the patient, and other factors.
De-identified CT scans of the patients were used to create phantom anatomical models.
We segmented the bronchial tree and nodule for each patient, and plastic PVC phantom
bronchial trees were created (in the same manner as Section [4.6.1)) to approximately (as
near as could be judged by eye, when hand-gluing tube sections together) replicate the
geometry of the segmented bronchial structure. The bronchial phantoms were set in gelatin
and three target locations were selected for each phantom. The target locations in the
gelatin phantom were approximated using the relative location of the nodule centroid with

respect to the bronchial tree in the CT scans. The two clinical scenarios are as follows.

Patient 1 - Centrally-located nodule

Patient 1 is a 72 year old former smoker with a right upper lobe nodule that was suspected
of being malignant (see Fig. [#.12[(a)). This patient underwent traditional bronchoscopy as
well as a percutaneous CT-guided biopsy. Both attempts were unsuccessful at accurately
reaching the nodule, since the nodule was located too far away from an access bronchial
tube for bronchoscopy and was too deep for accurate localization using a percutaneous

approach. This scenario motivates our system, since it can target nodules that are not
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Patient 2

Figure 4.12: Patient case studies in which our proposed system would be particularly valuable.
Patient 1 (a) A suspicious nodule was located centrally in the lung, away from both the bronchial
tree and the lung surface. We segmented the bronchial tree and the nodule, and built a phantom to
model the anatomy. (b) The segmented anatomy is overlaid on the phantom model. In three trials,
the nodule was targeted with an average of 1.33 mm tip error. Patient 2 (c) A suspicious nodule
was located in the periphery of the lung, far from the bronchial tree. The bronchial anatomy was
segmented, and a phantom model built based on the anatomy. (d) The segmented model is overlaid
on the phantom model, and in three trials the nodule was targeted with an average of 2.02 mm tip
error. The inset shows the 90° bend in the bronchus that our system traversed.

immediately adjacent to an access bronchi without puncturing the pleura and the associated
risk of pneumothorax. In our anatomical model, we targeted the phantom nodule location

three times with an average tip error of 1.33 mm (see Fig. 4.12b) for an experimental run).

Patient 2 - Peripherally located nodule

Patient 2 is a 68 year old current smoker with chronic obstructive pulmonary disease
(COPD) and a suspicious pleural-based pulmonary nodule located in the periphery of the
left lower lobe (see Fig. {.12(c)). This nodule was not able to be accessed with a tradi-
tional bronchoscope because of its peripheral location in the lung. While this nodule was
relatively easy to access using a percutaneous approach, the patient’s COPD increases the
risk of a biopsy-induced pneumothorax. In this scenario, it would be safer if the biopsy
were performed with the bronchoscopic approach we propose, eliminating the need for a
pleural puncture. Note that we selected this case as an example of one that would be chal-
lenging for our system, due to the 90° bend the bronchoscope was required to navigate (see
Fig. B.12(d)). Yet even in this challenging case, our system was able to target the phantom

nodule three times with an average tip error of 2.02 mm.
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4.7 Discussion

The robotic system and workflow presented in this chapter for targeting suspicious lung
nodules provides the safety of a transoral approach with the efficacy of a percutaneous ap-
proach. Our system has the potential to save lives by enabling earlier stage diagnosis via
accurate targeting and minimizing the risk of pneumothorax (lung collapse). While healthy
patients usually recover from pneumothorax, it is a serious complication for all patients,
and is potentially life threatening for patients with comorbidities or reduced lung func-
tion. We anticipate that our system will have a higher yield rate than existing percutaneous
and transoral approaches because our biopsy needle is both steerable and controllable in
a closed-loop manner, which we expect will result in more accurate targeting (which is
particularly important for small nodules). Our approach also has an added benefit over
current augmented bronchoscopic approaches in that we anticipate it will enable nodules
that are in the periphery of the lung to be targeted transorally, thus broadening the reach of
bronchoscopic methods. In this chapter we have demonstrated accurate targeting in gelatin
phantoms, as well as successful piercing of porcine bronchial wall and needle deflection
in porcine lung tissue. While this work aims to show the feasibility of our combined sys-
tem and approach, there are also a number of challenges to overcome and opportunities for
future research.

One challenge we encountered related to the process of inserting the concentric tube
robot and steerable needle through the bronchoscope. The bronchoscope’s working chan-
nel had a sharp bend in the handle, which makes it challenging to guide tubes through it
(see inset in Fig. [4.8). To overcome this, we inserted a thin-walled polytetrafluoroethylene
(PTFE) sheath through the working channel, and then inserted our concentric tube robot
and steerable needle through this. Even with this sheath, the bend in the handle was suffi-
ciently sharp that it caused mild plastic deformation of the tubes. Since this is only prob-
lematic if the deformation occurs at the tip of the tubes, we loaded the concentric tube robot

and steerable needle from the tip of the bronchoscope before inserting it into the bronchial
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tree. In future work, it may be useful to partner with a bronchoscope manufacturer to create
a bronchoscope with a straighter working channel to alleviate this challenge.

Since we ultimately intend to use a guide sheath passed over the concentric tube robot
and steerable needle to perform a biopsy and/or deliver therapy, we can use the same PTFE
guide sheath we passed through the bronchoscope for this purpose. Towards this end, we
performed a simple validation experiment in which we passed a PTFE sheath over the
flexure-tip steerable needle once it had reached the desired target site. We then removed
the steerable needle, leaving the guide sheath in place, and inserted a flexible biopsy tool
through the sheath to obtain core samples of the gelatin target. The result of this preliminary
study can be seen in Figure [d.13]

Another more minor challenge we overcame in this research is that the concentric tube
robot and steerable needle can stiffen the tip of the bronchoscope. Even though the tendons
can overcome this and still deflect the tip, doing so will require more force on the bron-
choscope control levers. Thus, so that the bronchoscope feels to the operator like it does
in current clinical practice, we retracted the tubes and needle past the bending tip of the
bronchoscope before deploying it through the bronchi. Also, due to the long length of the
bronchoscope, our steerable needle shaft must be long (121 cm), and torsional windup due
to friction between the tubes can become a problem. In order to alleviate this, we used a
six degree-of-freedom magnetic tracking sensor, providing the full needle-tip pose to the
sliding mode controller. This enables us to ignore the torsional windup of the needle shaft
and gives us accurate steering results.

The system we present in this work utilizes the bronchoscope, concentric tube robot,
and steerable needle to achieve accurate targeting. We note that in some instances under
ideal conditions, it may be possible for the bronchoscope and steerable needle alone to
accomplish the procedure. In anatomically favorable cases, one or both concentric tubes
could potentially be removed, simplifying the system. Additionally, under ideal conditions,

it may be possible to use the bronchoscope and the concentric tube robot to reach the target.
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Figure 4.13: A preliminary investigation into the use of a guide sheath for biopsy is shown. (a) First,
a PTFE guide sheath was passed over a flexure-tip steerable needle that had reached the target, (b)
the needle was removed through the sheath, creating a path to the target, (c) then a flexible biopsy
tool was inserted through the guide sheath and used to obtain core samples of the gelatin target.

While concentric tube robots have been shown to be able to achieve follow-the-leader de-
ployment with appropriately selected tube precurvatures and deployment sequences [147]],
the long transmission lengths required to pass the concentric tube robot through the bron-
choscope will make it difficult to keep the concentric tubes stable. Non-annular concentric
tubes can help overcome this instability [59], but concentric tube robots deployed in a
“follow-the-leader” manner may have trouble correcting for misalignment or unmodeled
deflection of the tubes. Ultimately, the use of the bronchoscope, concentric tube robot, and
steerable needle together provide redundancy that is useful for targeting nodules through-
out the lung, especially in the presence of modeling uncertainty, tissue deformation, and

breathing.
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Chapter 5

An Endonasal Approach to Tumor Removal Using Concentric Tube Robots

5.1 Chapter Overview

Tumors located at the most inferior part of the skull, called the skull base, are common.
In order to reach the skull base, the traditional approaches involve creating an invasive,
traumatic opening in either the skull (transcranial) or the cheek bone (transfacial) in order
to fully expose the surgical site. Due to the high risks associated with these invasive ap-
proaches, surgeons have developed a minimally invasive approach to the skull base. This
state of the art approach, called the endoscopic endonasal approach, sees surgeons deploy
an endoscope and multiple thin, rigid tools through the nostril to treat tumors at the skull
base. Unfortunately, this approach is technically challenging with only a handful of cen-
ters of excellence practicing it, and the approach itself has limitations. This means that
many patients still must go through traumatic transcranial or transfacial skull base surgery.
Clearly, a better approach is needed that makes endonasal surgery the standard of care for
accessing and treating skull base tumors. In order to accomplish this, the proposed sys-
tem must be straightforward to operate, provide surgeons with the necessary surgical tools
at the surgical site, and enable surgeons to remove clinically relevant amounts of tumor.
Toward that end, we have developed a teleoperated robotic system that uses concentric
tube robots to achieve these goals. In this work, we describe the medical motivation for
an endonasal surgical robot featuring concentric tubes, illustrate our system concept of a
teleoperated robot, and detail the evolution of the system. Two actuation units developed
for manipulating the concentric tubes are presented, and custom end effectors that mimic
existing skull base tools are developed. The system was experimentally tested to illustrate
the ease of use and utility of the system with a laparoscopic training task, a phantom tumor

resection experiment, and a cadaver study. Toward ensuring safe operation of our system
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in the skull, we have developed a novel system calibration method using collisions of the
robot arms. This body of work represents the development of our endonasal surgical sys-
tem beginning from initial concept to a physically realized system. The results presented
in this Chapter have been published in the Journal of Neurological Surgery [148, 62]] and

IEEE Transactions on Mechatronics [107]].

5.2 Introduction

As medical technology advances, surgical approaches to the skull base have become
less invasive. Where once large, painful, and disfiguring routes (transfacial, translabial,
and transseptal incisions) with extensive mucosal dissection were required to reach these
areas, the enhanced view provided by rigid endoscopes and high-definition cameras has
allowed surgeons to access the skull base via endonasal approaches [[149, 150, 151} [152].
These approaches have improved visualization [149, [150, 153} 1154} [155], decreased sur-
gical morbidity [149, [156], decreased operative time [156} 157, [158]], decreased intensive
care unit and overall hospital length of stay [149} 153} 154} 1155} [157], decreased compli-
cations [150} 156,157, 158,159, 1160], and lessened the patient discomfort [[149, (151} 153,
1541 1155, 1158, [161]] associated with skull base surgery while maintaining a similar degree
of resection and equal endocrinologic and visual outcomes [150} (155} [157, 162]. How-
ever, these transnasal endoscopic methods have their limitations. The surgery has many
challenges due to the confined spaces involved, and the lack of dexterity (see [163, [164])
of current rigid surgical tools, which lack wrists or other means of controllable deflection.
Furthermore, there is limited workspace within the nasal cavity, which multiple instruments
must share without colliding and without obstructing one another, increasing the complex-
ity of the procedure. Finally, rigid endoscopes, though available with various angled lenses
[150,1154,1165] are still limited in their views and vantage points by their rigid and straight
shafts [|166].

To improve surgical dexterity and simplify the complexity of the procedure while main-
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taining noninvasive access to the skull base, we have developed a robotic system for transnasal
endoscopic skull base surgery. Our system is motivated by a number of recent attempts to
use the da Vinci system for surgical procedures in the head and neck [[167, 168, 169, pri-
marily using transoral access. The skull base has even been accessed transorally [[170,171].
However, use of the da Vinci to access the skull base through the mouth violates the “key-
hole” principle in surgery (i.e. that the smallest and least invasive entry channel that permits
adequate access should be employed), because the nose is the most direct and least invasive
natural orifice through which skull base access is possible. Nevertheless, these results are a
testament to the ingenuity of surgeons in adapting robots for applications never foreseen by
robot designers. They also clearly underscore the need for new purpose-designed systems
for accessing the skull base, such as the one we describe in this chapter.

There have been a number of robotic systems developed for natural orifice surgery
(e.g. [172, 123 1173]) and single port abdominal surgery (e.g. [[174, 175} (176]), but few sys-
tems have been specially designed for endonasal surgery. One possible reason for this is
the limited workspace the nostril provides compared with other natural orifices such as the
throat or single abdominal ports. Robotic systems have been used to aid with the initial
bone drilling needed to reach the surgical site [[177, [178, [179], where surgeons must drill
through both the anterior and posterior walls of the sphenoid sinus in order to expose the
surgical site. Additionally, others have used robots to assist with maneuvering the endo-
scope [55,157], as the current endonasal approach requires an additional surgeon or resident
to manipulate the scope during surgery. One group has also outfitted a 4 mm continuum
robot with a chip-tip camera for steering through the sinus cavity for visual inspection
[180]. All of these prior results are complementary to our current system, which is de-
signed to be deployed after the access channel has been created by bone drilling or other
manual procedures, and can work in conjunction with an endoscope or chip-tip camera.

For endonasal surgical robots, the limited space available in the nostril opening, com-

bined with the need to work dexterously within the cavities in the head, implies that instru-
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ment shafts must be small in diameter while enabling dexterous motions of the instrument
tips. These requirements are well suited for the use of concentric tube robots (see Fig.[5.1)),
which is why we selected this type of robot for our endonasal system. Concentric tube
robots are needle-sized manipulators comprised of a series of nested, precurved tubes that
translate and rotate inside one another to create tentacle-like motion of the manipulator
[181) [182]. Mechanics-based models for them have been derived [103, [104]], and these
robots have been applied in a variety of surgical contexts including cardiac procedures
[106], neurosurgery [183], lung interventions [61} 140], and retinal vein cannulation [1335]].

In our system, the surgeon controls the concentric tube robots using a master-slave tele-
operation paradigm [184]]. This approach allows the robotic system to handle complex tasks
such as determining the rigid transformation that maps motion of the user interface to mo-
tion of the robot end effectors, freeing the surgeon from having to mentally reconstruct this
transformation as is currently required with rigid tools viewed endoscopically. Our system
aims to provide increased dexterity and better visualization to expand the role of transnasal
endoscopic surgery to larger and more challenging lesions while simultaneously lowering
the technical challenges on the surgeon associated with endoscopic endonasal surgery. In
this chapter, we describe the system concept and motivation for our endonasal surgical

robot. The development of two versions of our endonasal surgical robot is presented, in-

Figure 5.1: Photograph of a needle-diameter concentric tube robot with grasping forceps attached.
The inset figure shows the six degrees of freedom of this robot arm. Our system introduces four of
these robot arms through a single nostril for skull base surgery.
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cluding workspace characterization, tube selection, actuation units, and end effector design.
The system is experimentally tested using a number of tasks and the results are reported.
Lastly, a system method for calibration of multiple concentric tube robots using collisions

is developed.

5.3 Medical Motivation and System Concept

Tumors arising at the skull base are common. For example, pituitary tumors account
for 15-20% of all primary brain tumors [54], but are fortunately almost always benign. The
American Brain Tumor Association even states that 10-20% of the general population have
a pituitary tumor [54]], though many may not even realize it because these are slow-growing
tumors. However, depending on their size and location, these tumors can cause headaches,
visual impairment or loss, and hormonal abnormalaties, and surgical resection of the tumor
in these cases is performed.

Endonasal skull base surgery requires tools that can work dexterously at the skull base,
reaching around protrusions of bone, to access tumors and other structures. Existing sur-
gical tools are rigid and straight, limiting their effectiveness and increasing the complexity
of the procedure, while making minimally invasive endonasal access to certain other areas
and tumors incredibly difficult. One such disease is tuberculum sellae meningiomas (see
Fig.[5.2) which are located above and in front of the pituitary gland at the skull base. Only a
few experimental procedures have been performed endonasally by expert surgeons in care-
fully selected patients [185]. If surgeons had access to more dexterous surgical tools and
visualization, these tumors could potentially be removed endonasally, preventing the need
for large traumatic incisions. We believe that the use of tentacle-like concentric tube robots
will provide less invasive access to the skull base with increased dexterity at the surgical
site.

Toward this end, we developed a robotic system conceptually similar to the da Vinci

robot [[184], in which the surgeon is seated at a master console, controlling a remote slave
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Figure 5.2: Endonasal approach to the pituitary gland using a straight tool. The nasal cavity has to
be prepared in order to gain access through the sphenoid sinus. Regions where tuberculum sellae
meningiomas occur are almost inaccessible endonasally with current surgical tools.

that manipulates instruments that enter the patient and perform surgery under physician
control (see Figure[5.3). For endonasal skull base surgery, such a system requires a camera
for visual feedback and one or more surgical instruments, as well as suction/irrigation. In
our system, we chose to include a camera and three surgical instruments to enable simulta-
neous use of two surgical tools with suction/irrigation and a camera for visual guidance. All
of these tools are mounted at the tip of concentric tube manipulators, including the camera,
enabling the surgeon to control view angles and visualize areas that may be occluded from
the view of a traditional straight endoscope.

In addition to providing enhanced surgical dexterity at the skull base, such a system
can also assist with existing clinical challenges such as tool management, where surgeons
must be careful not to collide the tools with one another when deployed through the nostril.
Preventing inadvertent collisions between instruments (a.k.a. the “sword fighting” effect)
could enable surgery to proceed more safely, smoothly, and rapidly. It would also reduce
the surgeon’s cognitive load, enabling him/her to be concerned only with the tips of instru-

ments, without having to maintain a mental 3D model of the entire shaft of all instruments
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Figure 5.3: Conceptual drawing of the quadramanual system with a surgeon’s console showing the
tools in the skull base and the cannula paths through the nasal cavity.

at all times. The robotic system can also be integrated into existing image-guidance sys-
tems, often used in neurosurgical procedures, to assist the surgeon with localization and
navigation [107]. Finally, a teleoperated robotic system can improve the ergonomics of
the surgeon. Currently, surgeons must stand at the patient’s side and lean over the operat-
ing table to manipulate multiple tools through the nostril, leading to fatigue and possibly
long term neck and back problems. By moving the surgeon to a seated console, his or her

ergonomics can be drastically improved and fatigue can be reduced.

5.4 System Design

The design of a concentric tube robotic system for endonasal skull base surgery includes
many different considerations such as the available anatomical workspace and the design
of the concentric tubes themselves, actuation of the tubes, how to deliver therapy with the
tubes, among others. In this section, we look at the anatomical workspace available to the

system, the actuation unit that controls the tubes, and the end effectors of the robot.
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Figure 5.4: The maximum surgical workspace through a single nostril for endonasal skull base
surgery of an average sized human is shown. All dimensions are in millimeters.

5.4.1 Workspace Characterization and Tube Design Considerations

In order to characterize the workspace available in pituitary surgery, in [186] we began
by manually segmenting preoperative computed-tomography (CT) images of an average
adult skull base surgery patient seen at the Vanderbilt University Medical Center. The
results of this segmentation are shown in Fig.[5.4] The available space includes a nostril
opening of approximately 16 mm x 35 mm, followed by a passage that grows larger as it ap-
proaches the pituitary gland at the rear of the workspace (past the sphenoid sinus). The total
distance from the nostril entrance to the pituitary is approximately 100 mm. The anatom-
ical site where pituitary tumor removal is performed, called the sella turcia, is roughly
ellipsoidal with a 8.5 mm major radius and 6 mm minor radius for healthy patients, and is
typically much larger for patients with a pituitary tumor.

The resulting volume of this segmentation can be seen in Fig. [5.4] This patient scan
was selected by experienced physicians as a representative anatomical example. All surgi-
cal instruments must enter through the nostril opening, and they must be sufficiently long

to access the rear wall of the cavity and remove tumor tissue there. The actuation unit
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Table 5.1: Optimized tube parameters.

Tube 1 Tube 2 Tube 3

Straight Length (mm) 100 1209 1644
Curved Length (mm) 0 60.2 60.6
Curvature (mm™!) 0 0.0084 0.0185
Inner Diameter (mm) 2.8 2.04 1.4
Outer Diameter (mm)  3.05 2.29 1.65

prototypes described in subsequent sections are designed such that travel lengths of each
concentric tube manipulator can be adjusted without changing the overall design concept.

When selecting concentric tubes for use in a concentric tube robot, there are a number
of parameters that can be customized to meet specific workspace and application require-
ments. Parameters that may be adjusted include the number of tubes, the tube diameters
and stiffnesses, the precurved shape of each tube, the lengths of the tubes, and the material
of the tubes. Changes in these parameters can drastically affect the overall workspace of the
robot, and there has been recent work in task-specific design strategies (see [187/]] for a re-
view). These tube parameters also affect the relative stability of the robot, and recent work
has provided design constraints to prevent elastic instability throughout the workspace of
the robot [[144]. Additionally, the use of multiple sets of concentric tubes during a single
procedure has been investigated [188]. By changing the tubes during a procedure, one can
alter the workspace and performance of the system intraoperatively. To date, the tubes used
to make concentric tube robots have been predominantly made from nitinol. However,
there is preliminary work investigating the use of plastic tubes [189}[190]. For tube design
of an endonasal system, an optimized set of tubes was found in [[186] that provided the best
coverage of the surgical site shown in Fig. The set of optimized tube parameters is
shown in Table 5.1l

With all of these tube parameter choices available, it is important to design the actu-
ation units that control the tubes appropriately. The actuation units should provide good

performance to the surgeon (e.g., responsive manipulation of the tubes) while being flexi-
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ble enough to accommodate the wide variety of tube designs that may be selected. In the
following section, we describe two prototype actuation units that were built for endonasal
skull base surgery and allowed us to test our system concept in multiple environments with

various concentric tube robot designs.

5.4.2 Actuation Unit Design

In the course of this work, we have designed and built two separate actuation units for
controlling concentric tube robots. The first was a bimanual, or two arm, system that was
our initial prototype for investigating the use of concentric tube robots in endonasal skull
base surgery. The second was a quadramanual, or four arm, system aimed at providing
all four surgical tools we envisioned using during the procedure through a single nostril at

once. Both actuation units are described and shown below.

Bimanual System

We designed and built the robotic actuation unit shown in Fig. [5.5| to coordinate the
motion of all the tubes (axial rotation and translation at tube bases). In order to actuate
these degrees of freedom, there is an individual carrier for each tube which contains two
encoded motors (RE 339152, Maxon USA). These were selected based on a desired max-
imum torque of 0.25 Nm and translational speed of 4 cm/s for teleoperation (torque and
speed requirements were qualitatively determined). On a given carrier, translation is ac-
complished by one motor using a worm gear to spin a nut that rides on a stationary lead
screw. The rotation mechanism on a given carrier also uses a worm gear to spin the spring
collet used to grasp the base of its respective tube. Use of a collet closure system permits
easy replacement of tubes or changes in tube diameters as needed.

The carriers are affixed to a Frelon self-lubricating guide block that rides on an alu-
minum guide rail. For each three tube robot, three carriers ride on a single guide rail,

making up one actuation module. Based on the required workspace, a major design re-
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Figure 5.5: Prototype bimanual concentric tube actuation unit. (1) Concentric tube robot with
gripper. (2) Actuation module for one concentric tube robot. (3) Carrier associated with one tube.
(4) Lead screw for translation of the carriers. (5) Collet closure for grasping a tube. (6) Guide rail.

quirement for the prototype actuation unit is the dimension of 35 mm at the nostril entry,
which restricts the maximum distance between the concentric tube robots. In this design,
we have mirrored two modules and placed them next to each other, which locates the tubes
35 mm apart. The lengths of the lead screws and guide rail can be adjusted in order to
accommodate longer relative travel lengths of the tubes.
Quadramanual System

In designing the quadramanual system, a key objective was to keep the base entry points
of all four concentric tube manipulators within the envelope imposed by the nostril opening,
similar to the design restraint placed on the bimanual system. The quadramanual system
is capable of delivering up to four surgical instruments to the skull base through a single
nostril. Each surgical instrument is delivered to the site via a manipulator module, with

the module controlling a six degree of freedom concentric tube manipulator. The quadra-
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(@) 80/20 Backbone

Modular
Design

Figure 5.6: (a) CAD drawing of the quadramanual system with (b) one arm removed from the main
body and (c) an overhead view of all tubes exiting the robot within the anatomical nostril constraint.
(d) Photograph of the complete quadramanual actuation unit showing the modular design and 80/20
backbone. A close-up of the concentric tube robots shows the various end effectors we envision for
our endonasal system (ring curette, gripper, suction, and chip tip camera with light source).

manual system consists of four copies of this manipulator module that are mirrored with
respect to one another (see Fig.[5.6(a)), allowing the tube bases to exit the robot within the
16 mm by 35 mm opening.

The four manipulator modules are supported by a frame constructed from extruded alu-
minum (80/20 Inc., USA, shown in Fig.[5.6(d)). This frame serves the secondary purpose
of providing a convenient method for mounting the robot to a support arm in the operating
room. Since the individual extruded members use slotted connections, the clearances and
alignment between manipulator modules can be easily adjusted. The modular nature of the
design also allows for each manipulator module to be removed/replaced without having to
disassemble the entire robot.

Each of the four manipulator modules contains three identical single-tube stages (Fig.[5.7).
Each single-tube stage controls one tube in two degrees of freedom (axial translation and
axial rotation). The single-tube stage translates via a captive acme nut that rides on a 3/8-8,
4-start acme lead screw actuated remotely by a DC motor (#339152, Maxon USA) with a
53:1 planetary gearhead. Rotation is accomplished by a motor-pulley-belt system mounted

to the stage with an effective gear ratio of 689:17 (/40.53:1), with the same motor as-
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Figure 5.7: Single-tube stage assembly. Exploded view with (1) cannula holder assembly, (2) sleeve
bearing, (3) thrust bearings, (4) jam nuts, (5) acme nut, (6) rotation motor and bracket, (7) cable
carrier mounting holes, (8) cannula stage body, (9) motor timing pulley, (10) timing belt, (11) stage
mounting bracket, and (12) carriage.

sembly being used to rotate the tube. These motors were selected because they provide
an excellent power/volume ratio, and will be capable, over a wide range of possible tube
designs, of drastically exceeding the design specifications. Each stage is mounted to a
PTFE-lined sleeve-bearing, which rides on a shared track (i.e., all three single-tube stages
in a given manipulator module share the same track).

Each single-tube stage is designed to accommodate a range of tube sizes. In previ-
ous concentric tube robot actuation units, adaptation to different size tubes was accom-
plished by a collet system, in which, if a new tube diameter was needed, one could replace
a commercially available collet with another collet size [186]. While this tube gripping
mechanism design is highly flexible, it requires the manipulator modules to hold their re-
spective tubes at a distance of at least one collet diameter from one another. Since we wish
to minimize this intra-manipulator distance, instead of collets, each tube was permanently
bonded to a cylindrical brass housing (4 mm OD). Each brass housing was bonded to an

aluminum pulley on one face, and threaded on the other to secure it to the single-tube stage
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Figure 5.8: a) Photograph of a single manipulator module, b) a close up view of concentric tube
robot tip and c) a single tube stage.

(Fig.[5.7). In the assembled device, the brass housing around the tube is supported inside
a low-friction sleeve bearing, and secured axially against front and rear thrust bearings by
two M4 jam nuts.

Up to three single-tube stages can be mounted on a single manipulator module in our
current embodiment (Fig.[5.8). Staggering the motors on each single-tube stage in the three
possible mounting locations in the lateral direction (with respect to the tube axis), implies
that the minimum distance between stages is limited only by the thickness of the linear
bearings that support the single-tube stage on the track. The front end plate on the single
track assembly supports the three lead screws via bronze bushings. The lead screw motors
(which accomplish translation of each single-tube stage) can be mounted to the front or
rear end plates. As in the bimanual system, the lead screws and guide rails are the only
components that need to be changed to alter the available travel of the single-tube stages.
Each motor is coupled to a lead screw using a flexible coupling which supports axial and

radial loads exerted on the screw.

5.4.3 End Effector Design

In our robotic endonasal skull base system, we have created several surgical end effec-

tors that are deployed to the surgical site using concentric tube robots. Ring curettes (rings
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of metal for scraping away tumor material), are used most often and most extensively in
endonasal tumor removal. Since pituitary tumors are soft (similar in consistency to brain
tissue), and these rings are thin, yet not particularly sharp, they are useful for scraping
away tumor tissue while sparing blood vessels or nerves they may inadvertently contact.
The robotic ring curette we have created is similar to the Hardy transsphenoidal bayonet
ring curette currently used in endonasal pituitary tumor removal, but with the ability to
change the ring angle through rotation of the curette. This allows the surgeon to change the
angle of approach of the curette without changing the shape of the entire robot backbone,
something that is useful when operating around corners or in tight spaces. The robotic ring
curette is shown in Fig.[5.9

Another useful tool for endonasal skull base tumor removal is a camera to provide the
surgeon with more dexterous visualization of the surgical site. Thus, we have attached a
miniature chip-tip camera (Awaiba NanEye, Germany) to the end of a concentric tube robot
to provide visualization to the system (see Fig. [5.10(a)). A rapid prototyped housing was
created to hold the chip tip camera and two LEDs, providing illumination for the camera.
While this camera was useful for illustrating the concept of attaching a camera to the end of
a concentric tube robot, the picture quality provided by the camera would not be sufficient
for surgical procedures. It will be useful moving forward to work directly with a CMOS
camera manufacturer to integrate a high resolution camera into the concentric tube robot.

Lastly, the ability to move tissue out of the way and provide suction and/or irrigation

Figure 5.9: The ability to rotate the ring curette axially while the robot arm remains stationary is
illustrated in this image via a semitransparent overlay of a second configuration of the curette.
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Figure 5.10: (a) A miniature chip tip camera was attached to a rapid prototyped housing along with
two LED light sources to illustrate the use of a camera at the end of a concentric tube robot. (b) We
utilize a miniature biopsy gripper located at the end of a concentric tube robot for retraction. (c)
The concentric tube robot can also be used to provide suction and/or irrigation to the surgical site.

are important tasks for our system. We have integrated miniature biopsy grippers into
the concentric tube robot to enable retraction capabilities. These miniature grippers are
attached to the tip of the concentric tube robot and then actuated using a single push-pull
wire from the back of the robot (see Fig.[5.10(b)). Due to the tubular structure of concentric
tube robots, it is also possible to use the innermost tube of the robot itself to provide suction
and/or irrigation. This is the principle concept behind a system developed for removing
blood clots through suction [188]], and we have also shown the use of concentric tube

robots for providing irrigation to the surgical site (see Fig.[5.10{(c)).

5.5 System Experiments

We have tested our robotic endonasal skull base system using various tasks and anatom-
ical models. In the sections that follow, we detail experiments that were designed to test
the usability and dexterity of our system, the utility of our system, and the feasibility of our

system.

5.5.1 Pick and Place Task

The aim of this demonstration experiment was to test the ease of use and dexterity of the

system by performing a standard laparoscopic task from the Fundamentals of Laparoscopic
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Surgery Skill assessment and training program [[191]. The goal was to pick up objects from
one location and transfer them to another location using the gripper end-effector attached
to the end of a concentric tube robot. The experimental setup used for this study is shown
in Fig. A peg board (100x64 mm) was rigidly attached in front of the robot and the
pegs were arranged in a hexagon pattern on the left side of the board (horizontal distance
35mm and vertical distance 17.3 mm between pegs) and in a rectangular pattern on the
right side of the board (horizontal distance 30 mm and vertical distance 17.3 mm between
pegs).

Teleoperative control of the robot was implemented as described in [107], such that the
robot is able to move in a manner that, from the surgeons perspective, is similar to the da
Vinci interface of Intuitive Surgical, Inc. (Sunnyvale, USA). In our system, the surgeon
manipulates a user interface (Phantom Omni, Sensable, USA) that controls the position
and orientation of the robot manipulator. The surgeon presses a button on the interface to
“clutch in” and begin controlling the tip of the manipulator. The surgeon can “clutch out”
by releasing the button to reposition his or her hands to a more comfortable position without
moving the robot. Using software, we implemented motion scaling to scale down the ratio
between the input device velocities and the tip velocities of the end effector, reducing the
effects of hand tremor and enabling the surgeon to make more precise movements.

Prior to the experiment, users were given some time to maneuver the robot and establish
their preferred motion scaling ratio. The user was then told to transfer the rings from the
right side of the board to the left in whatever order he or she preferred. The performance
metrics recorded were the number of successful ring transfers, the time taken, and the
number of rings dropped. The experiment included a total of 10 participants, some of
whom were expert users, others were novices, and two surgeons with moderate familiarity
with the system. The results of the experiment are shown in Table The mean task
completion time of this experiment was 232.4s with a standard deviation of 33.7 s over

all trials, with only one novice user dropping any rings. It is interesting to note that the
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Figure 5.11: The experimental setup used for the pick and place task is shown. The goal was to
transfer the six rings from the right side of the peg board to the left side as quickly as possible
without dropping any rings.

Table 5.2: Results for transfer task user study.

User | Time (s) | Drops
1 187 0
275
237
241

2

3

4

5 261
Expert 6 206

7

8

9

Novice

270
244
220
183

Surgeon

O OO O OO O

—_
o

novice group performed the task slightly faster on average than the expert group, although
the difference is not statistically significant. This may indicate that the learning curve of

the system is not steep.

5.5.2 Phantom Tumor Removal

We also tested our robotic endonasal skull base system by performing a phantom tumor
removal. We constructed the phantom tumor material using SIM-TEST (Corbin, USA)
mixed with water in a ratio of 1 part SIM-TEST to 5 parts water as was done in [148], where

the phantom was shown to resemble a pituitary tumor in terms of consistency and required
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Figure 5.12: Experimental setup for phantom tumor resection experiments using the Phantom Omni
user interface.

resection force. The phantom tumor was placed in the skull base of an anatomical skull
model (# A20, American 3B Scientific, USA) that the surgeon prepared to closely replicate
an enlarged sella as commonly found in pituitary tumor patients. The longitudinal axis of
the prepared sella had a length of 3.18 cm, the vertical axis had a length of 2.11 cm, and
the lateral axis had a length of 1.97 cm. The total volume of the sella cavity was 6.92 cm®.
The surgeon navigated the robot using a Phantom Omni input device through the nasal
passage and was tasked with removing as much of the phantom tumor as possible, using
only a standard straight rigid 4 mm endoscope with a view angle of 30 ° for visualization.
Both the endoscope and the skull were fixed in place during the procedure (see Fig[5.12]for
experimental setup). Manual suction was used to clean the curette from time to time but
not to remove phantom tissue directly from within the sella.

The experienced skull base surgeon performed 20 removals of the phantom pituitary tu-
mor using the robotic endonasal system. The percent removal for each trial was determined
using the weight of the skull before and after the experiment. We also recorded the total
time for each removal. Fig.[5.13]shows the percentage removal and time for each removal.

The average percentage removal was 79.8 + 5.9% and the average time to complete the
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Figure 5.13: Percentage removal and time to complete removal are shown for all 20 removals using
the Phantom Omni. The average percentage removal and average time for removal are overlaid on
the data, and the trials are listed in order of completion.

removal was 12.5 + 4.1 minutes, which is comparable to current removal percentage and
procedure times (see Sec. [5.7] for additional details regarding clinical removal percentage
and procedure time). A thin film of the phantom tumor that covered the surface of the sella

was all that was typically left behind after each trial.

5.5.3 Wrist Integration with Endonasal System

One of the most useful features of the dexterous wrist presented in Chapter 3]s the ease
with which it can be integrated into needle-sized tools and devices. In order to illustrate
this principle, we integrate the wrist with the endonasal concentric tube robot system (see
Fig.[5.14(a)) and validate the use of the wrist in this procedure by removing gelatin from
a phantom skull base model using the same experimental setup described in [107]. An
endoscope view of the wrist deflecting to deliver the phantom tumor to the suction device
is shown in Fig. [5.14(b). This qualitative analysis illustrates the utility of the dexterous

wrist for skull base applications.
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Suction

Figure 5.14: (a) Photograph of our wrist integrated directly into the inner-most tube of the concentric
tube robot, with an inset showing a closer view of the wrist and surgical curette attached to the wrist.
The diameter of the wrist is 1.16 mm. (b) Here, an endoscope view shows the concentric tube robot
with integrated wrist being used to remove a gelatin tumor from a skull base phantom model.

5.5.4 Cadaver Workspace Study

To determine clinical feasibility we evaluated our system in a cadaver study. The nasal
passages were surgically prepared, the sphenoid sinus exposed, and the anterior wall of
the pituitary gland opened. The head was situated on the operating table in the typical
position used in endonasal surgery. The robot was situated on the operating table at a rel-
ative angle of approximately 45 ° to the head (see Fig.[5.15]a) for the experimental setup).

A straight rigid endoscope with 4 mm diameter and a view angle of 30° was manually

Figure 5.15: Proof of concept cadaver study. (a) System setup in cadaver head study. (b) The
two concentric tube robots enter through one nostril. (c) Sagittal view onto surgical site. The
endoscope and the two robot arms are shown approaching the frontal wall of the pituitary gland. (d)
Intraoperative endoscope view onto the pituitary gland in cadaveric study.
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inserted through the nostril and manually maintained in position. Both robotic arms were
inserted through the right nostril (see Fig.[5.15(b)) and could reach the pituitary gland while
maintaining maneuverability. Fig.[5.15(c) shows an intraoperative image of the endoscopic
view onto the pituitary gland. In order to fully observe the instrument tips and endoscope,
a dissection of the left facial compartment from the nasal septum was performed. The view
inside the skull base was offered through the dissection. The sagittal view onto the surgical

site is shown in Fig. [5.15(d).

5.6 System Calibration of Concentric Tube Robots using Collisions

The experiments described above indicate that our robotic endonasal system is a promis-
ing technology for providing surgeons with dexterous, minimally-invasive access to the
skull base while reducing the technical complexity of the procedure. While our system
performed well during the benchtop pick and place task and the phantom removals, neither
scenario had any serious consequences for poor system accuracy. The cadaver workspace
study, on the other hand, revealed just how little room for error there is when operating
the system in the skull base. The carotid artery and optic nerves run directly through the
skull base, and hitting either one of these can have severe consequences for the patient.
This places a premium on a system that can accurately follow the surgeon’s motions, and
motivates the need for an accurate calibration of the system. Toward this end, we have
developed a novel method for system calibration of concentric tube robots using collisions

of the robot arms with themselves.

5.6.1 Introduction & Related Work

Parameter estimation for robots is crucial for accurate and safe operation. This is es-
pecially true of surgical robots given the critical structures they must maneuver around
and within. Calibration of robots typically proceeds by comparing a parametric model to

measurements of a physical system, where kinematic parameters in the model are then es-
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timated using linear least squares (see [[192] for an overview). The two main categories of
kinematic calibration are open-loop and closed-loop calibrations. In open-loop calibration,
an external measurement system (e.g., a camera or laser measurement system) provides
the pose of the robot which is compared with the kinematic model. In closed-loop calibra-
tion, the robot is calibrated using a closed kinematic chain formed when the robot interacts
with an object in the environment. There has been much work done in kinematic cali-
bration of both serial robots (see [[193, (194, [195]], among others), and parallel robots (see
[196, 197, [198], among others). However, research into calibration of continuum robots
has been minimal. There are several examples of correcting continuum robot model errors
using experimental data [199, 200, 201]], and in a recent study, kinematic calibration was
investigated on a bionic continuum manipulator that resembles an elephant trunk [202]. In
[203]], calibration of a concentric tube robot was performed using fiducial markers placed
on the tubes and tracked with a stereo vision system. However, all of these approaches for
calibration of continuum robots involve the use of costly and/or cumbersome external sen-
sors and are infeasible to perform in the operating room prior to a procedure. If continuum
robots are to see more use in the operating room, a straightforward and simple calibration
procedure needs to be developed.

In this section, we develop a method to estimate model parameters for multiple con-
tinuum robots used cooperatively (we will explicitly be using two concentric tube robots).
The novel idea we are proposing is system calibration of continuum robots by exploiting
collisions with themselves. Concentric tube robots (and often continuum robots in general)
are well-suited to calibration using collisions because 1) they are inherently flexible such
that damage to the system is unlikely to occur when a collision is induced and 2) they have
a circular cross section meaning the body of concentric tube robots can be well approxi-
mated by a simple swept volume in space, simplifying the analysis. We describe the theory
behind kinematic calibration using collisions, and then show initial work in calibrating two

concentric tube robots in simulation.
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5.6.2 Kinematic Calibration

Kinematic calibration can be done for linear and nonlinear models, but since our system
is nonlinear, we will only look at nonlinear model calibration. The description of nonlinear
model calibration below is adapted from [204] and starts with a Nx1 vector of parameters

that are to be calibrated ¢ = [¢, ...¢n]. We take our nonlinear model:

y =fu'9), (5.1)

in which u! = [u},...,u}] is the nx1 vector of input variables, y' = [y*,...,},] is the Mx1

vector of output variables, and / = 1, ..., P indicates a particular measurement out of the total
number of measurements P. We absorb the input variables # into the nonlinear function
y since the input variables can be considered as a number of constants. The model is

linearized using a Taylor series expansion at the current parameter estimate ¢~

Yo = F($* +A9)

= f(") + 9f®) A@ + higher order terms

a¢ ¢:¢k
~ F(05) +J'(0")Ad. (5.2)

Here, y!. are the calculated model values of the output variables and J' = d f(¢)/d¢ is the
Jacobian matrix relating changes in the parameters to changes in the output variables. We
ignore higher order terms in the Taylor series and are left with the linearized form shown
above. We now seek the parameter correction A@ that will cause our predicted model
outputs yfn to equal our actual measurements y'. We establish an error vector Ae! =y — yfn
as the difference between the output measurements and the calculated model output using

the current parameters ¢*, and the linearized equation (5.2) is then:

Ael =T (pF)Ag.
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If we take P measurements of y' using different inputs #/, they can then be stacked to obtain

the estimation form:

Ae' J'(¢%)Ad J'(¢%)
Ae=| : | = : =| : | Ap=AA9, (5.3)

Ae”| |IP(9N)Ag | |I(9Y)

where A is the regressor matrix. The correction A@ to our model parameters is obtained by

using ordinary least squares:
AP =(ATA)'AT Ae. (5.4)
We then iterate this process using a new parameter estimate:
¢ = 9"+ Ag. (5.5)

This iteration continues until the change in the error vector Ae is below a certain thresh-
old. To ensure good convergence, this method requires a sufficiently good initial guess of
the parameters. The above method outlines the basic steps of nonlinear parameter estima-
tion - below we describe our preliminary work using collisions and nonlinear parameter

estimation to calibrate two concentric tube robot arms.

5.6.3 Calibration of Two Concentric Tube Robots Using Collisions

We will start by looking at the parameters we want to calibrate and the output data we
assume we are able to measure with our system. In the work presented here, we perform
calibration in simulation on a two arm, two tube per arm concentric tube robot system,
similar to the system used in [205]. Table [5.3]lists the parameters we seek to calibrate and

the system measurements we can take, which in our case are the arc lengths s; and s, along
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(a) Collision Point
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Figure 5.16: (a) An illustration of two concentric tube robots colliding is shown. We refer to the
left robot as robot 1 and the right robot as robot 2 throughout. The parameters we seek to estimate
Ty, T,,T,,6,,6,,0.,kl k2:,kl,, k2,,] in our simulation are shown here, as are the available output
measurements [s1,sy] of the system. (b) An example of a two arm concentric tube robot system
colliding is shown.

the robot backbones to the point of a collision. We note that we are only using two scalar
output measurements to calibrate the desired parameters, and that the curved portions of
the tubes are circular. See Figure [5.16 for a drawing of a collided configuration of the
system with the desired calibration parameters and the output measurements shown. We
now look to the model (5.1)) that describes the robot backbone positions as a function of the
parameters ¢ and known inputs u, and allows us to determine the arc length collision point

along each robot.

Concentric Tube Robot Model
The states of an unloaded concentric-tube robot vary along the backbone arc length s and
are the twist angles of the tubes W(s) and their rate of change () , the arc-length positions

of the tube o (s) relative to the tubes’ proximal ends, and the backbone position p(s) and
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Parameters Sought

Translation in the x direction between the two robot origins

Translation in the y direction between the two robot origins

Translation in the z direction between the two robot origins

Rotation angle of robot 2 origin around the x axis

Rotation angle of robot 2 origin around the y axis

PSP

Rotation angle of robot 2 origin around the z axis

klrl

Curvature of tube 1 for robot 1

k2r1

Curvature of tube 2 for robot 1

k1r2

Curvature of tube 1 for robot 2

k2r2

Curvature of tube 2 for robot 2

Available Measurements

S1

Arc length along robot 1 backbone to collision point

$2

Arc length along robot 2 backbone to collision point

Table 5.3: A description of the parameters we seek to estimate and the available output measure-

ments is provided.

orientation R(s). The states are governed by the differential equation:

(5.6)
(5.7)
(5.8)

(5.9)

where  denotes the derivative with respect to arc length, g(s) is the frame-curvature, the

stiffnesses of tube i are in ‘K (), the matrix IR('y/(s) = IR(*w(s))/d'w(s) where R(‘y(s))

is the z-axis rotation matrix, ‘k is the precurvatuve of tube i and i is a unit vector in the

x direction, k is a unit vector in the z direction, and S(g(s)) is the skew-symmetric cross-

product matrix. The formulation of, and further details on, this model can be found in [181]]

and [[103]].
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The inputs and boundary conditions for robot 1 are:
y0)=a;, o0 =1, p0)=0  RO)=I yh)=0 (510

where @ and Y are the actuation-unit rotation angles and translations for robot 1, respec-
tively, and /; is the length of robot 1. The inputs and boundary conditions for robot 2

are:

]I,(O) =0, G(O) =72, p(O) = T? R(O) :R(9276y76x)7 W(b)l =0 (511)

where o, and 7, are the actuation-unit rotation angles and translations for robot 2, respec-
tively, T is the translation between the base frame of robot 1 and robot 2, R(6;, 0y, 6,) is
the fixed-angle rotation matrix around the z,y,x axes by 6,, 8y, 6, respectively, and I, is the
length of robot 2. We assume that when a tube is not physically present at an arc-length, it
has infinite torsional stiffness and zero bending stiffness.

The differential equation (5.6)-(5.9) with boundary constraints, (5.10) and (5.TT)), for
robot 1 and 2, respectively, can be solved using standard two-point boundary-value meth-
ods. The result is the backbone position and orientation as a function of arc length s, for
robot 1 and 2, denoted as p;(s) and p,(s) and R (s) and R, (s), respectively. The nonlinear

model in the form of (5.1)), that we are calibrating, is given by:

y= , S.t. Pl(Sl):P2(S2) (5.12)

where s and s, are the arc lengths along the robot backbones to the collision point for

robot 1 and 2, respectively.

Parameter Jacobian

In order to see how changes in the parameters affect the output measurements, we need to
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calculate the Jacobian J' that relates individual changes in our parameters ¢ to changes in

s; and 5. A central finite difference method is used to obtain J!, which is define as:

951 Ss1 ds1 951 951 Ss1 951 951 95 951
J[ _ OT 573 oT, 00, 69} 00, Okl 0k2, Okl 0k2,

85y 85y 85y 85y 85y S5y ds) ds) ds) ds)

5T, 5T, 5T 56, 56, 50. k1,1 5k2,1 5kl 5k2,2

Since J! relates changes in the parameters we seek to calibrate (see Table to the
output measurements s; and s, we have a short and wide matrix. This fact means that
our system is never observable (i.e., there always exist changes to the parameters we are
estimating that produce no change in the measured arc lengths to the collision point). In
order to overcome this challenge, we obtain data from multiple collisions using different
robot poses and stack the data in the same form as (5.3]), where A is our regressor matrix
that is comprised of P Jacobian matrices of the form J!, where P indicates the number
of collision measurements. Because we are seeking to calibrate parameters with different
units, it is also important to scale the parameters in order to improve the conditioning of the

regressor A, enable comparison of the singular values, and help avoid numerical problems.

5.6.4 Scaling of Parameters

In this work, we weight the parameters using column scaling [206] by specifying a

diagonal matrix H = diag (hl hy ... hN) where

llejII=" if [lejl| #0

I ifflel =0

in which ¢; is the jth column of A. We then reformulate (5.3) as

Ae =AAQ
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where A = AH and A¢ = H~'A¢. This is our scaled regressor matrix, and we can use it
to perform ordinary least squares to solve for A@, which we use to solve for the cor-
rection to our parameter set A¢ = HA@. The calibration is then iterated until the change in
the error vector Ae is below a certain threshold using (5.5). We now present our simulation

results for system calibration using collisions.

5.6.5 Simulation Results

In our simulations, we have two concentric tube robots whose shapes are determined
with our concentric tube robot model and the actual parameter values of the system, and
two pre-calibrated robots that use a set of initially erroneous estimated parameters (what we
seek to calibrate) as inputs to the concentric tube robot model (see Table [5.4] for the actual
and estimated parameters). We first generate a series of collisions by randomly generating
an initial pose using the actual parameters of the robots, calculating the closest distance
between the two robots, and using resolved-rates to drive these two points into a collided
state. We record the arc lengths 51 and s, to the collision point and inject Gaussian noise
with a 3 mm standard deviation into these measurements. This process is iterated until
i = N, where N, is the number of desired collisions for our actual system.

Once we have this data set for our actual system Cgepuqr, We generate the configurations
of our pre-calibrated system Cp—. using the same known actuator positions that caused
collisions in the actual system. We determine the closest distance between the two pre-
calibrated robots and record the arc length along each robot backbone to these points. We
calculate the Jacobian that maps changes in @ to changes in Cp,_. for each of our collision
points. We stack these Jacobians to form our regressor matrix, calculate the error vector
between the two sets of collision points Ae = Cyerual — Cp—¢, and scale the parameters with
column scaling. We then use ordinary least squares to find A¢ that minimizes the error
Ae. We add A¢ to the parameter estimate ¢, and iterate until the change in our error vector

Ae is below a specified threshold (0.5 x 10~® m for our simulations). We now have a set
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Guess | Actual Parameters | Calibrated Parameters

T, (mm) 34.0 50.0 49.8
T;,(mm) 14.0 7.0 6.9
T.(mm) 1.0 4.0 3.1

0.(deg) 0.6 0.0 -0.5
0,(deg) -0.6 0.0 1.1

0.(deg) 0.7 0.0 -0.1
kl,;(1/m) | 254 24.0 23.7
k2,1(1/m) || 28.2 27.0 27.2
kl,o(1/m) || 20.2 21.0 20.6
k2,5(1/m) 16.8 18.0 18.0

Table 5.4: The actual parameters of the system and the initial guesses of the pre-calibrated system
and final parameters of our post-calibrated system are listed. 100 collisions were used to obtain these
calibrated values and the calibration ran for 10 iterations. The final tip error for our system was 0.53
mm for robot 1 and 1.06 mm for robot 2 using these calibrated parameters. This corresponds to
relative errors of 0.5% and 0.8 %, respectively, when normalized by the total robot backbone lengths
for this configuration (98.1 mm for robot 1 and 128.5 mm for robot 2).

of calibrated parameters that we can use in our model to most closely simulate the actual

system given the measurement data available.

Performing a Calibration with 10 Parameters

We have performed a number of calibrations in simulation, and have shown that we can
accurately calibrate 10 parameters of a two arm concentric tube robot using only collisions
and measurements of the arc lengths s; and s; to the collision point (see Table [5.4] for
calibrated parameters). We have shown that with added data (e.g., more collisions), we
can decrease both the final tip error and condition number of our regressor matrix (see
Fig. [5.17), leading to more accurate calibrations, as one would expect. The slight bumps
in the mean tip error are likely due to the random nature of the collisions, which do not
necessarily represent the set of optimal collision poses. Our best calibration resulted in a
0.53 mm tip error of robot 1 between the actual system and post-calibrated system and a
1.06 mm tip error of robot 2 between the actual system and post-calibrated system. This is

a significant improvement over the original tip errors between the actual system and pre-
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Figure 5.17: The calibrated norm tip error of robot 1 and robot 2 and the condition number of the
regressor matrix is shown on the left and right, respectively, for an increasing number of collisions
for calibration of the 10 parameters described in Table[5.3] For each group of collisions, we ran the
simulation 25 times and took the mean of the norm tip error, which is what we report here. The
norm tip error and condition number decrease with increasing number of collisions, as would be
expected. The bumps in the plots are likely due to the random nature of the collisions.

calibrated system of 3.8 mm for robot 1 and 19.0 mm for robot 2 for this configuration, and
represents a relative error of 0.5% and 0.8%, respectively, when normalized by the total
robot backbone lengths (98.1 mm for robot 1 and 128.5 mm for robot 2). The before and
after results of this calibration can be seen in Fig. [5.18] This calibration was performed

with 100 collisions and ran for 10 iterations.

(b)

Actual Post-calibrated
Robot 2 Post-calibrated Robot 2

Robot 1 _»

a) Pre-calibrated

Robot 2 \
Actual

Robot1 ™~ ¢

» \Pre—calibrated
Robot 1

Figure 5.18: (a) This is an example configuration of the actual and pre-calibrated systems. The
norm error between the tips of the actual and pre-calibrated robots is 3.8 mm for robot 1 and 19.0
mm for robot 2. (b) This shows the same configuration, but with the post-calibrated system plotted
over the actual system. The norm error between the tips of the actual and post-calibrated robots is
0.53 mm for robot 1 and 1.06 mm for robot 2. This corresponds to relative errors of 0.5% and 0.8%,
respectively, when normalized by the total robot backbone lengths for this configuration (98.1 mm
for robot 1 and 128.5 mm for robot 2).

111



Performing a Calibration with 16 Parameters

In addition to calibrating for the 10 parameters shown in Table [5.3] we have also added 6
additional parameters to the calibration routine for a total of 16 parameters. The additional
parameters are the total lengths of each tube as well as the straight lengths of the inner
tubes. Together with the precurvature of the tube, these three numbers completely describe
the shape of the tube. The straight length of the outer tube was unable to be calibrated
due to the limits placed on the configurations used to create the collisions. When a random
configuration was selected to create a collision, the actuator limits placed on the outer tubes
meant that changing the straight lengths of the outer tubes would not change the arc lengths
to the collision point s; and s, and thus the straight lengths of the outer tubes were not
consistently identifiable. This illustrates the importance of selecting good configurations
for calibration. The results of the calibration study for 16 parameters are shown in Fig.
and the best calibration we obtained resulted in a 0.6 mm tip error of robot 1 between the
actual system and post-calibrated system and a 1.1 mm tip error of robot 2 between the

actual system and post-calibrated system. This is an improvement over the original tip
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Figure 5.19: The calibrated norm tip error of robot 1 and robot 2 and the condition number of the
regressor matrix is shown on the left and right, respectively, for an increasing number of collisions
for calibration of the 10 parameters found in Table and 6 additional parameters. The additional
calibrated parameters are the total lengths of each tube as well as the straight lengths of the inner
tubes. For each group of collisions, we ran the simulation 25 times and took the mean of the norm
tip error, which is what we report here.
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Figure 5.20: (a) This is an example configuration of the actual and pre-calibrated systems when 16
parameters are calibrated. The norm error between the tips of the actual and pre-calibrated robots
is 14.0 mm for robot 1 and 28.9 mm for robot 2. (b) This shows the same configuration, but with
the post-calibrated system plotted over the actual system. The norm error between the tips of the
actual and post-calibrated robots is 0.6 mm for robot 1 and 1.1 mm for robot 2. This corresponds to
relative errors of 0.6% and 1.0%, respectively, when normalized by the total robot backbone lengths
for this configuration (98.2 mm for robot 1 and 111.8 mm for robot 2).

errors between the actual system and pre-calibrated system of 14.0 mm for robot 1 and
28.9 mm for robot 2 for this configuration, and represents a relative error of 0.6% and
1.0%, respectively, when normalized by the total robot backbone lengths (98.2 mm for
robot 1 and 111.8 mm for robot 2). The before and after results of this calibration can be
seen in Fig. [5.20] and this calibration was performed with 500 collisions and ran for 14

iterations.

Performing a Calibration with 10 Parameters using Round-trip Distance (s1 -+ $2)

Ultimately, our goal is to perform a system calibration using collisions by employing an
electrical resistance measurement to record the arc length distance to the collision. Be-
cause an electrical resistance measurement at the collision point will only give us the total
arc length from the base of robot 1 to the base of robot 2, we tested the calibration rou-
tine using a single output measurement (s| + s») for each collision to ensure that we could
still obtain an accurate calibration. In addition to only measuring s + 52, we also added
more noise into our measurement to account for the expected uncertainty in electrical re-
sistance measurements by injecting Gaussian noise with a 6 mm standard deviation into

the measurement of s; +s,. The results of the calibration study for 10 parameters using
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Figure 5.21: The calibrated norm tip error of robot 1 and robot 2 and the condition number of the
regressor matrix is shown on the left and right, respectively, for the 10 parameter calibration using
s1 -+ s as the output measurement. For each group of collisions, we ran the simulation 25 times and
took the mean of the norm tip error, which is what we report here.

the measurement of s; + 55 are shown in Fig. [5.21] and the best calibration we obtained
resulted in a 0.38 mm tip error of robot 1 between the actual system and post-calibrated
system and a 0.87 mm tip error of robot 2 between the actual system and post-calibrated
system (see Fig.[5.22). This is an improvement over the original tip errors between the
actual system and pre-calibrated system of 2.2 mm for robot 1 and 17.9 mm for robot 2
for this configuration, and represents a relative error of 0.6% and 0.9%, respectively, when
normalized by the total robot backbone lengths (98.6 mm for robot 1 and 116.6 mm for
robot 2). It should be noted that using s; + s, increased the number of collisions required,
as each collision now provides less information for the calibration. The above calibration

was achieved using 250 collisions and ran for 10 iterations.

5.7 Discussion

The high incidence of skull base tumors and the invasiveness of traditional transcranial
and transfacial approaches provides strong medical motivation for an endonasal approach.
The constrained nasal access path through which multiple rigid manual instruments must

work makes the manual procedure challenging even for expert surgeons and time intensive
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Figure 5.22: (a) This is an example configuration of the actual and pre-calibrated systems using
s1+ 52 as the output measurement. The norm error between the tips of the actual and pre-calibrated
robots is 2.2 mm for robot 1 and 17.9 mm for robot 2. (b) This shows the same configuration,
but with the post-calibrated system plotted over the actual system. The norm error between the
tips of the actual and post-calibrated robots is 0.38 mm for robot 1 and 0.87 mm for robot 2. This
corresponds to relative errors of 0.6% and 0.9%, respectively, when normalized by the total robot
backbone lengths for this configuration (98.6 mm for robot 1 and 116.6 mm for robot 2).

to learn, motivating a robotic approach. In this chapter, we set out to create a robotic
system for endonasal skull base surgery that provided surgeons with dexterous, needle-
sized surgical tools at the surgical site. The system presented herein accomplishes this goal,
and is straightforward to operate while enabling removal of clinically relevant amounts of
tumor. The system offers the promise of reaching locations inaccessible to straight tools
and reduces the surgical complexity of the procedure by offloading some of the mental
burden on the robotic system.

The requirements of the surgical environment (sterility, ease of use, safety, compact-
ness, etc.) place stringent design requirements on continuum robot actuation systems.
While we have designed robots for sterilizability, ease of use, and safety [188]], the biman-
ual and quadramanual systems presented here were not designed with these considerations
in mind. A design that considers these topics, along with a simple interface for quickly
changing out tools, is in the process of being published. Examples do exist though of med-
ical continuum robots designed with these considerations in mind, including a design that
uses multiple backbones which can be actuated in both tension and compression. A com-

pact actuation unit based on miniature DC motors and lead screws was designed to actuate
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the backbones [23]. This robot was designed for bimanual throat surgery, and a similar
device has been constructed for bimanual single port abdominal surgery [207].

The phantom tumor removal results presented in this chapter demonstrate that our
robotic endonasal system can provide many of the benefits of robotic surgery to endonasal
pituitary tumor resection. In comparison with previous results [208]], the addition of the
robotic curette that allowed for axial rotation of the curette at the end of the robot enabled
a shorter procedure duration and increased the average removal percentage. In this work,
the average removal time of 12.5 minutes is clinically reasonable, and when taken in the
context of the total time the surgeon spends operating during transnasal pituitary removal
(average operating time of 117 minutes), it is a small percentage of the total time [209].
The removal data also suggests the presence of a short learning curve, demonstrated by the
increased completion time needed in the first few trials. The 80% average tumor removal
is a successful outcome and is comparable with current resection rates. In one study, the
average volume reduction of the tumor following transnasal pituitary tumor resection was
found to be 86% [210]. While this is higher than the average removal shown with our sys-
tem, we note that our results are conservative because the experiment did not replicate the
effects of hydrostatic pressure in the head, which in live patients exerts a force on the back
of the tumor, tending to aid in removal.

Using methods similar to those previously presented [211], we are also interested in
preventing unwanted tool collisions as well as collisions with bone or other critical anatom-
ical structures, thus reducing some of the mental burden currently required by the surgeon
when manipulating multiple tools through a single nostril. While preventing tool collisions
is often viewed as a good thing, we have also presented the idea that system calibration
using collisions could be useful to robotic surgical systems such as our endonasal robot.
This work lays the foundation for further research into exploiting collisions to provide an
accurate calibration to the overall system.

Toward this end, performing calibration via collisions, as presented above, on physical
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hardware would be beneficial to the project. One approach to performing calibration using
collisions is to construct a circuit that measures the electrical resistivity of the tubes in
order to record the total arc length along each robot backbone to a collision point. As
shown in Sec. calibration using collisions is able to be performed using the total arc
length along each robot backbone to the collision point. Another calibration approach using
collisions is to determine the exact moment when the robot arms collide and use statistical
estimation to infer the current model shape of the robots and the most likely location of
the collision point and arc lengths [212]. Rather than relying on electrical resistivity to
measure the arc lengths (which could be noisy), this approach uses the certainty provided
by a physical collision coupled with statistical estimation to obtain the arc lengths along the
robot backbones to the collision point. Ultimately, the ability to calibrate concentric tube
robot systems will play an important role in the success of these systems in the operating
room.

Although this work focused on a robotic endonasal skull base system, there are also
many other potential surgical applications for a teleoperated robotic device with dexterous
needle-diameter manipulators, including the middle ear, throat, other neural spaces besides
the skull base, and even in fetal surgery. Additionally, abdominal incisions less that 3 mm
in diameter typically heal with no visible scarring whatsoever, meaning a concentric tube
robot could essentially provide a “scar-less” surgical approach. The system presented in
this work provides surgeons with dexterous, needle-sized surgical tools that are straightfor-
ward to operate and offload some of the mental burden onto the robotic system, reducing the
surgical complexity of the procedure. Such a system provides patients with an alternative

to the invasive surgical approaches that are often the only available option today.
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Chapter 6

Future Work and Conclusions

This dissertation develops needle-sized dexterous mechanisms that combine flexures,
geometry, and mechanics to enhance the dexterity of new minimally-invasive surgical
robotic systems. The clinical challenges that motivated this work include accessing sus-
picious nodules deep within the lung through a transoral approach and enabling robotic
transnasal skull base surgery to bring the benefits of robotic surgery to this difficult to
reach location in the head. These novel minimally-invasive surgical systems together with
the distal dexterity mechanisms provide the surgeon with new capabilities and access to
previously unreachable locations in the body. Ultimately, it is hoped that the work pre-
sented here will one day benefit patients in the operating room. The chief contributions of

this work are summarized below.

Design
In this dissertation, the basic concepts of mechanics and geometry are coupled to design

novel distal dexterity mechanisms. Design examples found in this work are:

* A steerable needle that incorporates a flexure element located between the needle tip

and shaft to provide high curvature and reduced tissue damage (Chapter 2] [6])

* A miniature wrist that is integrated into an elastic tube and uses cutout sections of

tube to decrease bending stiffness and create a dexterous device (Chapter 3] [58]])

* A non-annular concentric tube robot that uses geometry to enable previously un-

reachable robot configurations and prevent elastic instability (Chapter {4, [S9])

Modeling
Kinematic and mechanics-based models that describe the behavior of the distal dexterity

mechanisms are presented in this dissertation. They are:
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* A model that describes the behavior of the flexure-tip needle and its trajectory through

tissue (Chapter [2] [60])

* A model that incorporates the geometry of the wrist and describes the kinematic

motion of the wrist as well as the forces required to actuate the wrist (Chapter [3|

[581)

Systems
The distal dexterity mechanisms are then incorporated into two surgical robotic systems in

this dissertation. They are:

* A system that provides transoral access to challenging or impossible to reach loca-

tions in the lung for biopsy of suspicious nodules (Chapter 4} [61]])

* A system that enables a minimally-invasive robotic approach to endonasal tumor
removal and delivers four concentric tube robot arms through a single nostril to the

skull base under teleoperated surgeon control (Chapter 3 [62])

6.1 Future Work in Design and Modeling of Dexterous Mechanisms

The integration of flexures with needle-sized instruments through the informed use of
geometry and mechanics enables new and dexterous devices to be created. These new
minimally-invasive, dexterous surgical tools are able to operate in previously unreachable
locations within the body. There are many avenues of future work for both of the dex-
terous mechanisms presented in this work. With regard to the flexure-tip steerable needle
presented in Chapter [2] the next step in the evolution of the device is optimal design of the
flexure joint for specific tissues and locations within the body. There are several param-
eters that need tuned (most notably flexure stiffness, but also shaft stiffness, bevel angle,
etc.) to the desired tissue medium. While the flexure joint is presently designed such that
the needle must be tuned to match the tissue properties, future investigation could yield a

method for varying the stiffness of the flexure joint in real time to match the tissue as well.
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One possible approach to achieving this type of control is to employ the cutout flexure-tip
needle design presented in Sec. [2.6] and use a tendon attached to the bevel tip to actuate
the flexure joint. A robotic system could be used to perform active stiffness control of the
flexure joint with this design, potentially removing the need to tune the needle to the tissue.
Further study into the tissue damage caused by steerable needles would also be beneficial
to the research community. While the initial anecdotal phantom tissue histological images
provided in Chapter 2] show little apparent tissue damage caused by the flexure-tip steer-
able needle, more in-depth histological evaluations in living biological tissues such as those
performed in [7] are needed to quantitatively verify reduced tissue damage. It will also be
useful to verify that the tissue damage incurred by these needle tip designs (including the
kinked bevel-tip needle) is clinically significant.

Toward clinical adoption of the flexure-tip needle for error correction, the next step is
to clinically validate the use of a guide sheath for delivering treatment. While the initial
concept was shown in Chapter 4] a more rigorous experimental study of targeted insertions
into realistic tissue and the use of a guide sheath for biopsy or therapy delivery would be
beneficial to the project and the entire needle steering community. Lastly, additional study
into the manual use of flexure-tip steerable needles would aid the commercialization and
clinical adoption of the technology. Topics of investigation include handle design such that
coupled rotation and insertion of the steerable needle is ergonomic and intuitive, the use
of a tendon for active control of the flexure joint as discussed above, and targeting experi-
ments with animal tissue under fluoroscopic guidance. The needle-sized wrist presented in
Chapter [3| also has many opportunities for continued development.

Design choices for the needle-sized wrist provide ample opportunity for optimization
with respect to specific clinical applications or tool requirements. The use of varying cut
heights shown in Chapter (3| to achieve tip-first bending of the device is but one example
of such an optimization. Changing the geometric shape and positioning of the cutouts will

result in different performance of the device. One could investigate rotating the cutouts
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around the wrist to achieve a helical bending shape, placing the cutouts on two opposing
sides of the tube to create a device that bends in an s-shape, or the use of non-rectangular
cutouts [[101]. Due to the high strains experienced in the wrist and the large deformations,
the development of a more detailed mechanics model that accounts for material deforma-
tion (buckling) of the cutout regions of the tube may improve the accuracy of the model.
One possible approach to modeling the material deformation of the wrist is to use finite el-
ement modeling. Although nitinol is nonlinear, some work has been done toward modeling
it using finite element models [213]. Another interesting study would be a comparison of
existing needle-sized surgical tools with the dexterous wrist for a particular clinical appli-
cation. In such a comparison, the dexterous wrist could also be optimized for the required
workspace anatomy and force/stiffness requirements of the procedure.

Regarding the use of the dexterous wrist with a concentric tube robot, the system now
has redundant degrees of freedom that can be used to accomplish a secondary task such as
obstacle avoidance. Additionally, when the wrist is directly integrated into the inner-most
concentric tube in a robotic system such as the system presented in Chapter [5) coupling
exists between actuation of the wrist and movement of the robot such that care must be
taken if the wrist is to be actuated while leaving the tip of the robot stationary. Investigation
into how best to use the redundant degrees of freedom of the system and the self-motion
capabilities of wristed concentric tube robots is another great avenue for future work. In
addition to these future developments for the flexure-tip steerable needle and the miniature
wrist, the robotic systems presented in Chapters 4] and [5]also have opportunities for further

study.

6.2 Future Work in Systems to Treat Lung and Brain Cancer

The next major study using the robotic transoral lung system presented in Chapter [
is already underway, and it involves the integration of the system with an existing image-

guidance system and testing with more anatomically realistic tissue [79]. Preliminary re-

121



sults are promising, with the system able to achieve less than 2 mm targeting error in
inflated, ex vivo porcine lung using a motion planner for obstacle avoidance [79]]. Further
experiments will be necessary, including the use of perfused tissue and respiratory mo-
tion. The use of perfused porcine tissue will allow the flexure-tip steerable needle to be
optimized for lung parenchyma. This is likely to result in a larger achievable workspace
for the needle, thus enabling more complex motion planning problems to be investigated
[140, [141]. Methods to compensate for respiratory motion using the robotic lung system
should also be developed, as the system is ultimately intended for use on patients who are
breathing on their own. Breathing compensation could be addressed with a robotic actua-
tion mechanism that monitors the patient’s chest and moves the entire system such that it
is in sync with the chest wall. Another approach is to only advance the system when the
patient is in a breath hold, essentially removing the effect of respiratory motion.

Another open area of research for the lung system involves optimizing the design of
concentric tube robots based on anatomical constraints. There is a large design space avail-
able to concentric tube robots, and work is being done to answer the challenging question
of optimal tube design [[141, [187, 214} 215]. A critical avenue for future work with re-
spect to the robotic lung system is the development of a new actuation unit. The current
actuation unit was not designed with compactness in mind. The next version of the robotic
actuation unit should be reduced in size such that it can be easily managed by the physician
in the operating room. Although it is envisioned that the physician will deploy the bron-
choscope manually in the system workflow, it may be useful to investigate roboticizing
bronchoscope deployment in the future (see e.g. [43]), particularly if a robotic system can
maneuver the scope more accurately and reliably than a human. However, it will likely be
desirable from a clinical adoption and cost standpoint to rely solely on manual deployment
which will minimally impact the established workflow of bronchoscopy. It is also worth
noting that our system could be used in conjunction with virtual bronchoscopy [124] to

assist the physician with manually navigating the bronchial tree, and this integration would
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be a worthwhile avenue of future research.

The robotic endonasal system developed in Chapter [5|also presents a number of areas
for continued investigation, and some of these avenues are currently underway. First, a
new actuation unit has been designed and is currently being assembled that considers the
requirements of an operating room such as sterility and compactness. While we have de-
signed robots for sterility and safety in the past [[188]], the new system must also consider
interchangeability of the tools, positioning of the robot over the patient, and redundant sens-
ing in the event of an emergency. These aspects will need to be integrated with the next
version of the actuation unit. Another avenue for future work that would benefit not only
our system but also any systems or tools developed for the skull base is the investigation
of forces encountered during skull base procedures. In [148], we performed a preliminary
study to look at the forces experienced by a surgical curette during endonasal pituitary
tumor removal. An extension of this study could collect similar data for additional pitu-
itary removal cases or investigate tool tip forces during various other endonasal procedures.
Additionally, investigating the forces required to break different bony structures using ca-
daveric specimens would be useful. Such force information provides maximum limits for
force application which can then be integrated into a robotic system such as ours or could
be used for training the next generation of surgeons.

If this testing reveals that some areas of the skull base are sensitive to anatomical varia-
tion such that a safe operating threshold cannot be developed, the implementation of colli-
sion avoidance algorithms [211] or “no-fly zones” [216] can be integrated with the robotic
system. There are also many open questions with regards to the optimal user interface for
continuum robots. While touchless user interfaces have been shown to be one possibility
for use with the robotic endonasal system [217], many other approaches and interfaces can
be imagined, and a thorough investigation into the optimal user interface for continuum
robots would be valuable. Experimentally, the next steps for the endonasal system are to

conduct more rigorous cadaver studies using the newly designed quadramanual actuation
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unit with suction provided through one of the arms, allowing for complete removal of pi-
tuitary tumors with the system. While performing cadaver studies, it will also be useful to
investigate robust calibration methods for use during a procedure, in addition to calibration
of the system before beginning the operation. Toward this end, it would be good to investi-
gate calibration using collisions on physical hardware using the new quadramanual system.
In order to generate collisions on physical hardware, the same resolved-rates method used
in Sec. [5.6.3| can be used, or the collisions can be induced by a user teleoperating the sys-
tem. One approach to performing calibration using collisions is to construct a circuit that
measures the electrical resistivity of the tubes in order to record the total arc length along
each robot backbone to a collision point. As shown in Sec. [5.6.3] calibration is able to
be performed using the total arc length along each robot backbone to the collision point.
Another calibration approach using collisions is to determine the exact moment when the
robot arms collide and use statistical estimation to infer the current model shape of the
robots and the most likely location of the collision point and arc lengths [212]. Rather
than relying on electrical resistivity to measure the arc lengths (which could be noisy), this
approach uses the certainty provided by a physical collision coupled with statistical estima-
tion to obtain the arc lengths along the robot backbones to the collision point. In the course
of these experiments, calibration using collisions can be investigated in the presence of ac-
tuator uncertainty and uncertainty in the initial configuration of the robot. Finally, a more

robust calibration can be generated by incorporating a priori parameter estimates [204].

6.3 Conclusion

In conclusion, the central objective in this dissertation is the use of mechanics and ge-
ometry to inform the design of novel, less invasive, surgical robots and tools. In this work,
two dexterous needle-sized devices are developed and modeled using these principles, pro-
viding new capabilities to needle-sized surgical tools. The newly developed tools can then

be integrated with surgical robotic systems, such as the robotic systems developed in this
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work for minimally-invasive treatment of lung and skull base cancers. The goal in develop-
ing these dexterous mechanisms and surgical robotic systems is to provide physicians with
better minimally-invasive tools and systems in order to improve the treatment of their pa-
tients. As minimally-invasive surgery continues to redefine itself through the use of smaller
and smaller incisions (and even natural orifices), highly dexterous surgical instruments and
robots will almost certainly play an increasingly prominent role in the operating room.
Though it remains to be seen what clinical applications will benefit the most from dexter-
ous surgical tools such as concentric tube robots and steerable needles, it seems apparent
that the operating room of the future will be quite different from the operating room of

today.
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Appendix A

Constructing a Flexure-Tip Steerable Needle

This appendix is included to assist those who want to build a flexure-tip needle for
research. Since the publication of [6], I have had multiple requests from other steerable
needle researchers seeking guidance creating flexure-tip needles, in addition to hearing
other graduate students at conferences discuss their attempts at building the needle. During
the initial prototyping of my first flexure-tip needle, I had many failures myself and under-
stand how difficult building such a small articulating needle can be. This guide provides the
best building and assembly practices I have discovered thus far, and I hope it saves other

graduate students and researchers time and effort.

A.1 Items Needed

* Nitinol tube (superelastic) sized to the desired needle gauge

* 0.127 mm nitinol wire (superelastic)

* JB-Kwik epoxy

* Wicking super glue

¢ Dremel tool with cutoff wheel and abrasive wheel

* Drill bit sized to slightly larger than OD of nitinol tube

* Drill bit sized to slightly smaller than ID of nitinol tube

* Items for fixturing such as acrylic or aluminum blocks

* Acrylic sheet (at least 12.7 mm)
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oD 0.127
* Flat surface of thickness = - T mm. Note that sheets of paper work ex-

tremely well here.

A.2 Build Process

1. Smooth the end of the nitinol tube being used to create the flexure-tip needle. Do this

with the Dremel tool.

2. Use the dremel tool to bevel the end of the nitinol tube. The length and angle of the
bevel can be varied, but we have seen the best performance in gelatin using a bevel

length of 4 mm and a bevel angle of approximately 10 °.
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3. Using the drill bit sized slightly larger than the OD of the tube, drill a vertical hole in

the acrylic sheet that is deeper than the length of the bevel by at least 1 mm.

4. Place the nitinol tube with the beveled end in the hole you just created in the acrylic

sheet.
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5. Use the dremel cutoff wheel to separate the bevel needle tip from the nitinol tube. It
is fine if the nitinol sticks up above the acrylic sheet, the length of the bevel tip will

be adjusted in the next step.

6. Using the abrasive wheel on the dremel, clean up and smooth the end of the bevel tip
making it parallel to the acrylic sheet. This step is important, as it helps to ensure an

even gap between the bevel tip and the needle shaft.
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7. Clean up the inside of the bevel tip by using the drill bit sized slightly smaller than
the ID of the nitinol tube to remove any nitinol chips left by the abrasive cutting

wheel.

8. Remove the bevel tip from the acrylic sheet and use sandpaper to remove any leftover

rough edges from the bevel tip, these will mostly occur at the back of the bevel tip.
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9. Place the bevel tip in a safe location (it is prone to get lost due to the small size) and

cut off three short (= 30 mm) lengths of 0.127 mm nitinol wire.

10. Prepare a small batch of JB-Kwik. Take the 3 nitinol wires and align one of their
ends, ensuring that the wires lie in a plane. Do this with your fingers and then dip the
end of the nitinol wires in the JB-Kwik. Remove excess JB-Kwik, this step is just to
keep the wires aligned. Additionally, you can apply wicking grade super glue to the

end of the wires after using JB-Kwik to ensure that the wires stay aligned.
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11. Retrieve the bevel tip from the safe location you placed it, and using a small nitinol
wire or similar disposable instrument, place JB-Kwik on the flat end of the bevel tip

where you will insert the 3 aligned nitinol wires that comprise the flexure joint.

12. Place JB-Kwik on the end of the 3 aligned nitinol wires as well, and insert the aligned
wires into the bevel tip. Ensure that the wires do not protrude out from the bevel tip,
and use additional JB-Kwik if needed. Clean up any JB-Kwik that is not located

inside the bevel tip using a thin nitinol wire or sheet of paper.
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13. Using the flat surface of thickness = 02—D — g mm (again, try using sheets of
paper), place the aligned nitinol wires on this surface and the bevel tip on the table
top. This aligns the nitinol wires with the approximate center line of the bevel tip.
Ensure that the bevel tip is aligned with the nitinol wires such that a force on the
bevel tip causes the flexure to bend (see [6] for details). Also ensure that the nitinol

wires are parallel to the bevel tip. Place a weight or fixturing piece on both the nitinol

wires and the bevel tip to keep both aligned while the epoxy sets.

3 nitinol wires
aligned in the XY plane

Metalfixturing plates

0.125 mm
nitinol wires

y

4 mm

OD: 0.91 mm
ID: O.Hm

I

Bending point

14. After the epoxy has set, cut off the excess length of nitinol wires, leaving only ~

8-10 mm of nitinol wire.

162



15. Clean up the leftover nitinol tube that will comprise the needle shaft as was done
in Step 1. Make another batch of JB-Kwik and dip the end of the nitinol wires in
it. Also, place JB-Kwik on the end of the nitinol tube. Finally, insert the nitinol
wires into the needle shaft, leaving a small gap between the bevel tip and the needle
shaft. You can use a sheet of paper or a thin nitinol wire to clean up any epoxy that
is bridging the gap between the bevel tip and the needle shaft. It is critical to make
sure that the needle shaft and the bevel tip are parallel to one another, you can use a

straight-edge to do this.
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16. Let the epoxy set for at least 10 minutes, and then you can test the flexure-tip by
bending it by hand until the bevel tip hits the needle shaft (the hard stop). If the
flexure-tip does not perform well (is too stiff or too flimsy), you can remove the bevel
tip and clean out the epoxy from the nitinol tube using the drill and appropriately

sized bit and start again.

17. Finally, fill in the bevel tip with epoxy to make a smooth beveled surface.

Fill in this space with expoxy
and smooth to be flush with
the bevel angle.
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