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Abstract

This dissertation describes design and modeling of two new flexible, continuous
backbone robotic dexterity enhancement devices, and algorithms to robotically ma-
nipulate them in surgery. These steerable needles and active cannulas provide dex-
terity in thin (needle-sized) form factors, permitting surgical tools to “turn corners”
inside the human body.

The robotic tool manipulation algorithms are useful for rapidly and accurately
aligning many kinds of surgical tools with planned poses and entry vectors. Drawing
on techniques from artificial intelligence, they do not require cumbersome calibration,
complete knowledge of robot kinematics, or even encoding, making them well-suited
to uncertain real-world clinical environments. Simulations and experimental results
demonstrate the accuracy and speed of the algorithms.

When an intervention is needle-based, steerable needles provide a means to achieve
dexterity within soft tissue after insertion begins. Asymmetric forces generated by a
bevel tip are harnessed robotically to generate controllable deflection, and curvature
is enhanced by design of needle properties and geometry. The needle is modeled as a

nonholonomic system with model parameters fit to experimental data. A new control
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law inspired by mouse ballistics enables human users to teleoperatively target more
accurately than traditional rate or position control.

Active cannulas are capable of similar curved dexterity without relying on tissue
reaction force, making steering possible in both soft tissue and free space. Com-
posed of multiple concentric precurved tubes, active cannula shape is described using
Bernoulli-Euler beam mechanics and minimum energy principles, and predictions are
corroborated with a set of experiments. Parameter values fit to experimental data are
near ranges calculated from physical tube characteristics. Design tools for surgical
application-specific cannula optimization are described, and differential kinematics
are derived, enabling future work in image-guided control and teleoperation.

The research in this dissertation has been motivated by reducing invasiveness, im-
proving clinical outcomes, and enabling surgical treatment for “inoperable” patients.
However, the models and methods developed are broadly applicable within the fields
of continuum and nonholonomic robotics.
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Chapter 1

Introduction

1.1 Motivation

Manual Minimally Invasive Surgical (MIS) techniques have revolutionized surgery
in the last two decades by enabling intervention without large incisions. Computa-
tional and robotic tools for MIS appear poised to make a clinical impact of similar
importance, given recent laboratory-demonstrated advancements in surgical naviga-
tion, visualization, accuracy, and dexterity. Such computer-integrated surgical sys-
tems may include preoperative planning based on medical images, intraoperative
registration of the patient to preoperative and intraoperative imaging, a combina-
tion of robotic and manual tools for carrying out the plan, verification of surgical
objective completion, and quantitative postoperative analysis. The chief advantages
of robotic manipulation of surgical tools include accurate knowledge of tool position
with respect to anatomy, consistent movement free of fatigue and tremor, the ability

to work in imaging environments unfriendly to humans, and the ability to reposition



instruments quickly and accurately through complex trajectories.

Surgical robotic objectives may be defined by a radiologist or surgeon preoper-
atively or intraoperatively. Based on this distinction, surgical robots can be clas-
sified into two main groups: Surgical CAD-CAM systems and Surgical Assistant
systems [163]'. Robots in both of these categories make use of complementary
skills/advantages of surgeon and robot, but do so in different ways.

Surgical CAD-CAM systems systems excel at precisely reaching a target specified
preoperatively. In radiological interventions (e.g. percutaneous needle placement),
these systems are used to align and sometimes insert a needle or other tool based
on feedback from a variety of medical imaging modalities. Image-guided robotic
systems can register tools to images and physical locations more easily and accurately
than humans. The robot can then precisely manipulate instruments to reach the
locations in the patient’s body that are selected in medical images. The system
complements the planning and decision-making ability of the surgeon by actualizing
his/her intention more accurately than would be possible manually.

In robotic Surgical Assistant systems, the surgeon directly controls the motion of
the instruments held by the robot. These systems combine the fine manipulation ca-
pabilities of robotic systems with the surgeon’s perception and judgment, performing
scaled down, tremor-free motion. They can also provide active assistance to guide sur-
gical tools toward intended locations (“guidance virtual fixtures”) or prevent them

from entering dangerous areas (“forbidden region virtual fixtures”) [1,2]. Surgical

1Surgical CAD-CAM and Surgical Assistant are classification distinctions drawn from the re-
search conducted in the Johns Hopkins University Engineering Research Center for Computer In-
tegrated Surgical Systems and Technology by Taylor, Hager, Whitcomb, Okamura, Kazanzides and
Fichtinger.



Assistants enable increased resolution of movement and vision, and can make laparo-
scopic tools more dexterous by providing a “wrist” near the tool tip. Laparoscopic
robot wrists emulate the movement capability of human wrists much better than
traditional laparoscopic tools. The most prominent example of a Surgical Assistant
robot is the da Vinci system (Intuitive Surgical, Inc.) [77].

Unfortunately, both types of surgical robotic systems have thus far achieved only
limited penetration into real-world operating rooms (ORs). Surgical CAD-CAM sys-
tems for needle placement have yet to reach commercial viability, while da Vinci is the
lone FDA-approved commercially available Surgical Assistant system. Since the da
Vinci system currently does not include active assistance, image guidance, or haptic
(force and tactile) feedback, improvement of clinical outcomes is still debated in most
procedures. Further impediments to more widespread use are the large size of the
robot (not well-suited to ORs that must also contain many other pieces of equipment
and people), as well as cumbersome setup procedures. While its rate of use continues
to grow, da Vinci is currently used frequently only in a small number of specific pro-
cedures, notably radical prostatectomies. These account for a large percentage of da
Vinci surgeries due to clinical performance improvements in some metrics [26], as well
as patent demand driven by highly successful marketing. While these recent positive
results are cause for optimism about the commercial future of surgical assistant robots
in general, current devices are only a first step toward much more powerful systems in-
cluding features like image guidance and registration, path planning, active guidance,
haptic feedback, and many other useful laboratory-demonstrated capabilities.

Beyond da Vinci, there are many reasons for the lack of other high-impact, real-



world clinical surgical robotic systems. Many difficulties stem from the challenging
environment of the OR where reliability must be near 100%, speed is at a premium
(often billed by the minute), and even simple setup or calibration routines can be
viewed as prohibitively cumbersome. Other real-world effects such as tissue motion,
deformation, and inhomogeneity can be particularly troubling to robots that assume
perfectly straight tools and consider targets as fixed Cartesian locations. Further,
there remain many confined areas of the body without viable MIS alternatives (either
robotic or manual) because existing tools are not of sufficiently small and dexterous
to reach them.

Addressing some of the above challenges to facilitate increasing application of
robots in real-world OR and interventional settings is the focus of this thesis. En-
hancing ease of use and speed of setup and calibration without sacrificing accuracy
can be an algorithmic and/or design problem. Given additional sensing (beyond en-
coders), the challenge is to use it to relax design accuracy and structural constraints
and rapidly align needles or other surgical tools to the desired target with minimal
calibration requirements. Dealing with needle deflections and target motion from
tissue deformation, inhomogeneity, and other effects requires control of needle tra-
jectory through tissue. Doing so requires the creation of steerable needles that can
execute controllable curved trajectories, as well as models of their shape as a basis
for control and planning. Reaching confined spaces in the body (that may or may
not contain soft tissue) requires thin and dexterous tools that can traverse curved
and winding trajectories without relying on external guiding environmental reaction

forces. A challenge in creating such devices is that they must be able to change
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shape inside the body. Once designed, making effective use of such devices requires
kinematic and differential kinematic models. Challenges described above in tool ma-
nipulation, design, and modeling are addressed in this dissertation for several robotic
and manual devices. This work aims to algorithmically improve certain aspects of
the way robots manipulate tools in clinical settings, and develop design and modeling
results for enhancing tool dexterity. Such results can facilitate transfer of laboratory-
demonstrated robotic capabilities to real-world OR and interventional settings. The
systems presented in this dissertation incorporate aspects of both Surgical CAD-CAM
systems and Surgical Assistants. Needle placement normally falls under the purview
of Surgical CAD-CAM, yet we also describe how steerable needles can be teleopera-
tively controlled. Similarly, an active cannula (needle-sized robotic manipulator) can
be deployed in both an automated CAD-CAM fashion, or teleoperated as a Surgical

Assistant.

1.2 Dissertation Contributions

The major contributions of this dissertation are summarized as follows:

e Robotic Tool Alignment Algorithms. Pose tracking of a point on a sur-
gical robot (which can be done directly from images [114]), is used to align
surgical tools and needles rapidly in the presence of several important and com-
mon forms of uncertainty, while nearly eliminating calibration procedures. This
method may be directly applied to a variety of robot architectures, and it fa-

cilitates rapid prototyping of robotic surgical tool manipulation systems. It is



also designed to overcome some real-world impediments to clinical adoption of
needle placement robots by making them easier and faster to use, calibrate, and
operate safely. The salient features of this control method, known as “Virtual
Remote Center of Motion” (Virtual RCM) control, are demonstrated in simu-
lation and experimentally. This work was codeveloped with Emad Boctor and

Gabor Fichtinger.

Bevel-Tip Needle Steering. Asymmetric forces generated by a bevel-tip
needle are harnessed robotically. This research resulted in several specific con-

tributions:

Design. Design considerations are elucidated through two novel robotic actu-
ation mechanisms and experimental results. Enhancing shaft flexibility and

appropriate choice of bevel angle increase curvature.

Modeling. Steerable needle kinematics are described via a nonholonomic (Lie
group-theoretic) model that is a generalized (SE(3)) model similar to planar
bicycle/unicycle models. This is the first nonholonomic model for steerable
needles (whether bevel-steered or steered via alternative methods) of which the
author is aware. Both discrete and continuous forms are presented. The model

was codeveloped with Jin Seob Kim and Gregory Chirikjian.

FEvaluation. Experimental results demonstrate the ability of the nonholonomic
model to describe experimental steerable needle shape. When the model in-
cludes two parameters its predictions are statistically significantly better, indi-

cating that it does not over fit the data.



Teleoperation. Mappings and control laws for teleoperation of steerable needles
are proposed. Human factors experiments are used to compare various control
laws, and demonstrate that a new nonlinear control law helps users be statis-
tically significantly more accurate at tip targeting. Teleoperation results were

codeveloped with Joseph Romano.

Active Cannulas. Precurved elastic tubes are used to create a new kind of
continuum robot suitable for surgery and other applications where dexterity is
required in confined spaces. This research resulted in several specific contribu-

tions:

Design. Active cannulas are a new combination of two previously independently
proposed design ideas. Counter rotation of two curved tubes to change needle
curvature was proposed in [118], while translation of a curved wire tip is a
feature of commercial catheter guidewires. The active cannula design combines
these two ideas to form a multi-link curved continuum robot. New actuation

units were also designed.

Beam Mechanics Model. The beam mechanics model described in this disser-
tation was the first description of the shape of active cannulas in terms of tube
rotations and translations, and the first work to account for torsion in active
cannula models. (A similar beam-mechanics model was simultaneously pub-
lished [145], that assumed infinite torsional rigidity). Minimum energy princi-
ples are used for forward kinematics. Such techniques have not previously been

applied to a system like ours.



Analysis. This research demonstrates for the first time the transcendental na-
ture of active cannula forward kinematics (reduced to a single equation in the 3-
link case). This implies the lack of a closed-form solution when infinite torsional
rigidity is not assumed. However, despite transcendental forward kinematics,

differential kinematics can be written in closed form.

FEvaluation. Experimental results demonstrate ability of the beam mechanics
model (with torsional effects included) to capture experimental active cannula
shape using two parameters. Comparison with a torsionless beam mechanics
model (one parameter) demonstrates both qualitatively and quantitatively the

importance of including torsion for physical realism and predictive accuracy.

1.3 Related Work

Both steerable needles and active cannulas are continuously flexible robots that
can be classified as continuum robots. Continuum robots are infinite degree of freedom
robots characterized by flexible backbones. They are one branch of the high-degree-
of-freedom area of robotics, which traces its origins to a forward-looking paper by
Anderson and Horn in the late 1960s [13]. The other branch consists of hyperredun-
dant robots whose backbones consist of many short rigid links. Since many links can,
in some cases, be considered to approximate a continuum, the distinction between
the two branches can and has been blurred at times. Depending on the context,
similar theoretical tools and models can apply to both types of system. Sustained

development of continuum and hyperredundant robots occurred in the 1980s with the



pioneering work of Hirose and his team, who developed many novel and innovative
designs, paying particular attention to inspiration gleaned from biological systems.
Much of this work is summarized in [87]. A great deal of the theoretical foundation
that currently exists for hyperredundant and continuum robots and was developed in
the 1990s by Chirikjian (e.g. [33-35,37,39-41]). More recently, Gravgne and Walker
(e.g. [71,72,74,75]) and Hannan and Walker (e.g. [79-81]) have studied and modeled
many aspects of continuum and hyperredundant robots, respectively.

The two most important consequences of the above foundational studies with
respect to steerable needles and active cannulas are (1) that continuum robots can
often be approximated as consisting of a series of constant curvature arcs, and (2) that
kinematics is decomposed into two mappings: one from actuators to arc parameters
(curvature, plane, and arc length), and another from arc parameters to backbone
shape. The former mapping is typically system specific, since actuators in each new
robot design will generally influence arc parameters in different ways. The second is
system independent because it is applicable for all systems that can be approximated
as piecewise constant curvature.

This literature review proceeds by first describing how continuum robots can be
classified by backbone characteristics and where steerable needles and active cannulas
fit within this classification (Section 1.3.1). Section 1.3.2 then provides some examples
of continuum robots as applied to medicine, contrasting the steerable needles and
active cannulas presented in this dissertation with existing designs, and Section 1.3.3

outlines previously proposed techniques for accomplishing the system-independent

mapping.



1.3.1 Backbone Classification

Hyperredundant and continuum robots have proven useful for many applications
such as car painting [87], nuclear decontamination [91], inspection of unstructured
environments and pipes [134, 135,160, 161, 171, 187], and medical applications (see
Section 1.3.2 below). Many possible designs have been proposed (see overviews [87,
141]).

Useful ways to classify such robot designs are according to backbone characteristics
and actuation strategies. Backbones may be either continuous (continuum robots) or
discrete (hyperredundant robots), and may be fixed in length or extensible. Actuation
similarly may be accomplished by a few discrete actuators, or built continuously into
the structure of the robot itself. Table 1.1 presents a sampling of the diversity of pos-
sible strategies. The novelty of the active cannulas and steerable needles described in
this dissertation is illustrated by the final column. Dexterity/size relates the number
of curved sections in a robot design to its diameter. Due to the mechanical simplicity
of active cannulas, more curved sections can fit within in a smaller form factor than
has been possible before.

For the active cannula, the tubes that form the backbone transmit actuator mo-
tions and transform them into curved shapes. Actuation is thus continuous since
tube precurvatures contribute continuously to bending actuation as they exchange
elastic energy during relative motion. For the steerable needle, the backbone is a
single flexible member, and is deflected by the asymmetric forces generated by its

wedge-like bevel tip as it progresses through soft tissue. It is physically inextensible.
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Literature Classification criteria

Backbone Backbone | Actuation | Dezterity/Size

architecture | extensibility

<]

(38,88, 135,172 o o o o
[58, 158] ) o o o
[73,115] o o o o
[28,87,91] o o o o
[149] o o o o
Active Cannula o o o
Bevel-Steered Needle o o o*

Table 1.1: Table of snake-like robot architectures. Adapted and modified from [149].
« The dexterity/size ratio is actually infinite for steerable needles, but requires a
suitable soft-tissue medium.

However, considering only the portion of the needle within tissue (as our model does)
the backbone can be considered to extend during insertion. Further, the steerable
needle may have as many curved sections as desired (new sections are added by re-
orienting the bevel direction), and may even execute helical trajectories. However,
all these motions require an environment where a suitable soft medium (e.g. human

soft tissue) is present to generate asymmetric forces at the tip.

1.3.2 Tool Manipulation and Curved Dexterity in Medicine

Both Surgical Assistants and CAD-CAM systems for needle (or other tool) place-
ment are generally designed to create a pivot point at body entry (overviews of surgi-
cal robot architectures and applications can be found in [155,166]). This is useful in

CAD-CAM systems because an intuitive way of aligning the tool toward the target
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is to first place it at the skin entry point, then reorient it to match the desired entry
vector. The pivot point is typically required for Surgical Assistants to enable them
to work through small ports in the skin. There are a variety of ways to cause the tool
to pivot at the entry point, and this topic is the focus of Chapter 2. Among them
are mechanical and software enforcement of the pivot point, and a review of related
work in both is included in Chapter 2.

While CAD-CAM steerable needle systems (or active cannulas used for CAD-
CAM) relax the requirement that the needle or tool be perfectly aligned with the entry
vector, needles still require approximate preoperative alignment. This can be achieved
using the tool manipulation strategies described in Chapter 2. While steerability
expands needle workspace from a line to a cone-like shape bounded by maximum
achievable curvature, the needle must be at least sufficiently aligned preoperatively
that the desired target lies within this workspace, and preferably near its center.
Needle steering is a relatively new area of research, although several techniques have
been proposed, as described in the related work section of Chapter 3.

Aside from needles, the idea of actively steering a surgical tool after insertion
into the body has received interest in catheterization. Designs using shape memory
alloys (SMA) [78,117,130] as well as electro-active polymeric actuation [76] have been
proposed. SMA has also been used to create bendable endoscopes to improve the
surgeon’s view (e.g. [90] which was 13 mm in diameter). The smallest SMA design
the author is aware of achieved active bending in a 1 mm continuum robot [14],
but this design is not suited to many kinds of surgical intervention because of slow

actuator response (several seconds for a full cycle), and possible lack of stiffness. The
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design was eventually developed into a catheter [130]. In contrast, steerable needles
and active cannulas rely primarily on the superelastic properties of Nitinol, rather
than heat-activated, shape-memory effects. Active cannulas differ from SMA-based
and other catheter designs in that active cannulas use internal reaction forces of tubes
rather than environmental guiding forces provided by blood vessels as their primary
steering mechanism. Steerable needles differ from catheters in that needles are useful
for procedures in soft tissues while catheters are useful in the circulatory system.

Steerable instruments are also widely used in colonoscopy (see [140] for a descrip-
tion of the standard colonoscope and a review of some robotic locomotion and steering
options). A variety of actuation mechanisms are possible, including pneumatic cham-
bers (e.g. [139]), and pull wires (used in standard clinical colonoscopes). Colonoscopes
are typically 14 mm in diameter at the tip [103], a size that can pass into the body
without injuring the patient. Another steerable tool design by Degani et al., aimed
at cardiac procedures, is 12 mm in diameter [50]. It uses two concentric jointed tubes
with lockable joints to enable follow-the-leader deployment. While robotic colon-
scopes and cardiac manipulators like these are examples of systems capable of curved
dexterity in the body, they differ from active cannulas and steerable needles in terms
of size (they are approximately an order of magnitude larger in diameter), actuation
mechanism, and surgical objectives.

There have also been some efforts toward creating steerable end effectors for Surgi-
cal Assistant robots. The motivation for this comes from considering that traditional
surgical robotic tools generally consist of long, stiff, cylindrical shafts with small grip-

pers on the distal end (mimicking hand-held lapaoscopic tools). A drawback of this
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design is that, due to the entry point pivot constraint, it requires a large open vol-
ume inside the patient (and a correspondingly larger volume outside the patient to
reach everywhere within it). Optimal port placement has been studied as a means
of matching robot workspace with the available space in of certain kinds of surgical
procedures [4,31]. It can improve dexterity and reduce the likelihood of robot self-
collision. However optimal port placement cannot remove the requirement of open
space within the patient, a fundamental implication of straight tools. Thus, it is ap-
plicable to areas of the body amenable to creation of open space such as the abdomen
(which can be inflated) or chest (which already contains a cavity), where there are
many port placement options.

In other surgeries (e.g. head and neck surgery), there is rarely any flexibility in
port placement, since the natural openings of the mouth, nose, and ears provide the
least invasive paths into the body. In these locations there is insufficient space for
straight tools to work, and port placement cannot be changed to accommodate the
robotic system. This motivates our desire to move away from straight, rigid tools
toward actively steered flexible instruments.

One advantage of current Surgical Assistant robots over manual MIS tools is the
inclusion of a wrist at the end of the tool, which can increase dexterity and reduce
the amount of space necessary for the robot inside the body. Cavusoglu et al. [32]
analyzed several revolute wrist designs in terms of dexterity, and Faraz and Payendeh
showed that single-section snake-like wrists have superior dexterity [61] compared to
designs that do not continuously bend. It was considerations such as these that have

led to the development of various robotic end effectors for medical applications that
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do continuously bend.

The pervasive assumption in previous flexible, curvable medical tool design is that
the structure must begin fundamentally straight, and a force generated to bend it.
In keeping with this, heat-activated, shape-memory devices have been devised that
create mild curvature (approx. 2% strain) in 7.3 mm diameter active forceps [126],
using water to transmit heat. A 10 mm diameter electrically heated device achieved
similar performance [83], while an 8 mm, one degree-of-freedom curved robot for
knee surgery by Dario et al. achieved nearly 5% strain by routing SMA wires through
parallel solid plastic support disks [46]. Aside from SMA actuation, a variety of
wire-driven, single-section continuum wrist designs have been developed. Among
the smaller examples of these are the 5 mm EndoWrist instruments from Intuitive
Surgical, Inc, and a 5 mm design by Piers et al. [138] for laparoscopy.

There are many distinguishing features of active cannulas and steerable needles in
comparison to the above designs, not the least of which is that active cannulas utilize
initially curved backbones (that can be straightened by actuation). This is a means of
attaining higher overall curvature than has been possible in previous designs. Active
cannulas can attain the elastic limit of Nitinol (approx. 10% strain), or even go beyond
it (with respect to an initally straight structure) if task constraints do not require
access to the entire configuration space. These design considerations are addressed in
Chapter 4. Strain limits are much lower for initially straight devices, either because
actuators (e.g. SMA) do not have sufficient force/torque/displacement capability to
generate high backbone strains or because the high forces required to do so would

damage other mechanism components (e.g. thin actuation wires, support discs, etc.),
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or cause buckling in the central backbone. Another distinguishing feature of both
steerable needles and active cannulas is the number of curved sections they can have
(all prior designs mentioned in the previous paragraph have only one curved section)
and the small size with which they can achieve them (this is the quality indicated
by Dexterity/size column of Table 1.1). Active cannulas and steerable needles are
also simpler mechanically than designs requiring external mechanisms such as wire
actuation, and can exhibit much higher bandwidth actuation than SMA designs, since
speed is not limited by thermal time constants. However, it is worth noting that since
active cannulas and steerable needles are made from Nitinol, they are in principle able
to take advantage of superelastic preformed curvature effects (their primary means of
actuation) and shape memory effects simultaneously if/when useful.

One of the designs most closely related to active cannulas uses three flexible back-
bones around a central backbone to achieve push-pull actuation. This work was orig-
inally done by Simaan, Taylor and others at Johns Hopkins University [100,101, 148
150], and subsequent development has continued at Columbia University [184, 189
and Johns Hopkins University [99]. This continuum robot also has two bending sec-
tions, making it significantly more dexterous than many prior single-section designs.
While the authors note that the design is miniaturizable beyond its initial 4.2 mm
diameter, they have yet to explore the limits of miniaturization. Their initial goals
involving surgery in the throat are suited to 4.2 mm diameter tools. One difference
between this design and an active cannula is the initially straight vs. initially curved
paradigm mentioned earlier. A design objective of the multi-backbone robot was to
limit backbone strain to 4%, motivated by fatigue life considerations [149]. Higher
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strain may be possible, but has yet to be explored. When attempting to achieve
large curvature (high strain) with this multi-backbone design, one must ensure that
compressive loads on all backbones remain below the threshold of buckling, and multi-
backbone actuation compensation algorithms have been developed to minimize the
potential for buckling in any one backbone [148]. Thus buckling prevention, fatigue
life, and material strain limits all influence the maximum achievable curvature for
this device.

Precurvature enables higher maximum curvature, permitting curvatures that would
exceed the material elastic strain limits of initially straight structures. Thus, active
cannulas are in principle able to negotiate tighter corners within anatomy than ini-
tially straight continuum robots can. Further, fatigue life is not expected to be a
design constraint for active cannulas, because they will be suitable for use as dispos-
able medical devices due to their mechanical simplicity, as discussed in Chapter 4.
Also, the limit of miniaturization will likely be smaller for active cannulas that con-
sist of one backbone, compared to designs consisting of multiple backbones, or that
require wire or other actuation applied to support discs mounted on the backbone.

One potential limitation of the active cannula design is possible difficulty in di-
rectly controlling the curvature of individual links. Links will generally be coupled,
and directly controlling the curvature of a specific link independent of the others
will require that at least two tubes be fully overlapping, not translate with respect
to one another, and ideally that their respective curvatures be designed to preclude
energy bifurcation (described in Chapter 4). Thus, in practice it is expected that ac-

tive cannula individual link curvatures will be coupled, which may complicate inverse
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kinematics and control compared to designs where actuators more directly influence

arc parameters.

1.3.3 Kinematics for Curved Robots

Many continuum robots have been observed to exhibit approximate constant cur-
vature (e.g. [13,42,80,87,91,149], among others). Analytical arguments in [71, 72]
show that the equilibrium position for a single section wire-driven continuum robot
undisturbed by external forces can be considered a circular arc, provided that sup-
port disks (through which actuation wires pass) are included with sufficient frequency
along the length of the backbone. While it is possible to describe the shape of variable
curvature elastic structures [110], constant curvature is a desirable feature that has
been used to simplify kinematic analysis of continuum robots from a process involv-
ing an integral along the backbone to a process involving a finite number of links.
It can thereby facilitate further studies on many topics, e.g. inverse or differential
kinematics.

Piecewise constant curvature allows kinematics to be divided into two mappings.
The first is from actuator space, ¢, to a description of circular arcs. Arcs are of-
ten parameterized by “arc parameters”. For each arc, there will be an associated
curvature, k(q), arc length ¢(q), and angle of plane, ¢(g), in which the arc lies (mea-
sured about the tangent vector at the end designated the “base”). This mapping
from actuators to arc parameters in generally system specific, since various actuator

types and configurations influence arc parameters in different ways. The second is
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Figure 1.1: Arc parameters describe a circular arc in terms of curvature, plane, and
arc length (k(q), ¢(q), and £(q)). The axes shown are those of the fixed spatial frame.

a system-independent mapping from arc parameters to the pose of points along the
backbone.

Chapters 3 and 4 of this dissertation address both mappings for steerable nee-
dles and active cannulas, two new continuum robots. Thus, a brief description is
provided below of the system-independent mapping, the various ways it has been
derived in literature, and how it applies to the steerable needle and active cannula

models presented in this thesis.

Arc Geometry

Examination of the geometry of a continuum robot provides a means of determin-
ing the pose of points along it. Examining Figure 1.1, when ¢ = 0 the coordinates of
a point on the circular arc of radius r in the y — z plane centered at [0 —r 0]7 are
]T

p=[0 7r(cos® —1) rsind]", and the transformation from arc base to tip is

J/

Rotation Inplane Transformation
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Noting that k = 1/r and 6§ = sk (where s € [0 /]), this can be written as

cos(¢) —cos(ks)sin(¢) sin(ks)sin(¢p) M
sin(¢) cos(ks) cos() — cos(¢) sin(ks) —(COS(”S);I)COS(@
T= (1.1)
0 sin(ks) cos(ks) w
0 0 0 1

Note that the frame in Equation 1.1 is aligned so that the curvature of the tube is
about the positive x axis (its y axis points radially outward from the center of the
circular arc, in the plane of the arc). Sometimes, it is be convenient to express tip

orientation such that it will align with the base frame when it is “slid” along the arc

0 1

This result can be derived using Denavit-Hartenburg parameters, modeling the arc

to the base. This can be done by post multiplying T by

as a combination of 5 rotational and prismatic robot links with suitable constraints
[80]. It can also be obtained via Frenet-Serret frames [80] (with suitable assumptions
on the sign of k), as well as via a similar method [39] that has the advantage of being

able to handle the zero curvature case (the Frenet-Serret frame is undefined at £=0).

Needles and Cannulas as Continuum Robots

The steerable needles and active cannulas described in this dissertation exhibit
approximately constant curvature. With steerable needles, a new circular arc is added
each time needle is axially rotated to reorient the bevel and then translated. Thus it
can have a large (theoretically infinite) number of links. More importantly, the system

is inherently nonholonomic, so such a product of transformations would describe the
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shape only if the complete sequence of joint motions is specified a priori. This would
preclude online control of needle trajectory during insertion. Thus, rather than apply
a product of many transformations, we sought a differential model mapping actuators
directly to shape. This model is based on Lie group theory and inspired by intuition
of the needle as a nonholonomic system. Here, actuators directly control ¢ and /,
for a constant x (defined by needle and tissue properties). We describe how the
differential model can be written in discrete form and integrated to accomplish the
system-independent mapping.

For active cannulas, the system-specific mapping is substantially different from any
prior continuum robot design because of the effects of elastic tubes and precurvatures,
and thus we apply beam mechanics modeling techniques. The system-independent
mapping is accomplished via a Lie group theoretic model similar to the steerable
needle, but consisting of a finite number of links. This formulation facilitates a
derivation of active cannula differential kinematics in closed form without requiring

closed form forward kinematics.

1.4 Dissertation Overview

This introductory chapter presented the motivation for robotic tool manipulation
and dexterity enhancement in medicine. Two new robotic dexterity enhancement
devices, steerable needles and active cannulas, were placed within the context of es-
tablished results in continuum robotics in terms of both design (classification by back-

bone characteristics) and theory (system-specific and system-independent mappings).
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Chapter 2 considers robotic tool manipulation. The main focus is to describe several
possible methods of creating software enforced constraints, creating a remote center
of motion of a needle without assuming perfect knowledge of robot kinematics and
while using minimally calibrated systems. Tool manipulation algorithms are studied
both in simulation and experimentally, demonstrating rapid convergence to correct
alignment using heuristic search techniques. The results of this chapter are useful for
robotically manipulating many types of surgical tools, including the steerable needles
and active cannulas described in subsequent chapters. Chapter 3 describes how to
create a steerable needle by harnessing asymmetric forces generated by a bevel tip.
We explore design considerations for steerable needles, and model the needle trajec-
tory within tissue. Parameters are fit to experimental results and, the bevel-steering
model is experimentally validated. Teleoperation of steerable needles is implemented
and a custom-designed nonlinear control law is compared with position and rate con-
trol via human subject experiments. Chapter 4 describes the design and modeling
of active cannulas. Beyond the basic beam-mechanics-based model, we explore the
hypothesis that overall cannula shape locally minimizes stored elastic energy, and
examine the significance of modeling torsional effects in addition to bending effects.
The model enables several predictions of physical behavior which are demonstrated

experimentally. We conclude and discuss future work in Chapter 5.

22



Chapter 2

Virtual Remote Center of Motion

Tool Manipulation

Robots designed for image guided needle-based interventions can improve the
accuracy and precision of tip placement within the human body in comparison to
current gold standard free-hand techniques. They can match preinsertion alignment
to a planned straight trajectory from clinician selected skin entry point to internal
target point. Steerable tools (including bevel-steered needles and active cannulas),
while relaxing alignment accuracy requirements, also require preoperative alignment
to ensure that the device workspace (bounded by maximum achievable curvature)
contains the target. While the excellence of robots at needle placement has been well
established by many research groups, widespread clinical adoption of needle placement
and tool alignment robots has not immediately followed. Obstacles that must be
overcome to bring such robots into standard clinical use include (1) reducing robot

cost (2) increasing the speed of system setup and operation, and (3) streamlining
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calibration procedures. In laboratory settings, it is also important to be able to
rapidly adapt a given robot manipulator to hold new kinds of surgical tools. This
is facilitated by removing dependence on the coincidence of the surgical tool and a
mechanically constrained fulcrum point. We address cost and speed algorithmically
without sacrificing accuracy, enabling the use of robots that are mechanically simple
and permitted to have unknown transformations (e.g. passive positioning arms) in
their kinematic chains. Ease of use is improved by combining fiducial-enabled, image-
based sensing of tool pose with our algorithm that nearly eliminates calibration. The
algorithm is also applicable when the tool does not lie on a mechanically constrained
fulcrum, enabling rapid retrofitting of existing robots to manipulate new tools (e.g.
multiple kinds of needle, radiofrequency ablation probes, active cannulas, etc.).

The research described in this chapter was published in [23-25], and has sub-
sequently successfully been applied by collaborators to needle placement in both
phantom studies and animal models [18,19] and under 3D ultrasound guidance [23].
Further experiments comparing the accuracy of a robotic system using the motion
control algorithms described in this chapter to the manual accuracy of a surgeon has

been submitted for publication [20].

2.1 Motivation and Related Work

Recent advances in medical imaging have encouraged a rapid increase in minimally
invasive image-guided interventions, including biopsy and other needle or cannula-

based local therapies. The success of these procedures hinges on the accuracy of
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preoperative tool alignment. Conventional unassisted free-hand techniques depend
primarily on the physician’s hand-eye coordination resulting in inconsistent and po-
tentially inaccurate tool alignment and final tip placement. As an appealing alter-
native, medical robots offer the potential to manipulate surgical instruments more
precisely and accurately than is possible by hand. At the same time, contemporary
medical robots introduce a prohibitively complex engineering entourage into otherwise
straightforward needle placement procedures.

Manual needle placement typically includes the following three decoupled tasks:
(1) move the needle tip to the preselected entry point with 3-degree-of-freedom (DOF)
Cartesian motion, (2) orient the needle by pivoting around the entry point using 2—-
DOF rotation, and (3) insert the needle into the body using 1-DOF translation along
a straight trajectory. While steerable tools (e.g. steerable needles and active cannu-
las) and curved trajectories allow for a larger margin for error, the above sequence
remains important to ensure that the desired target lies within device workspace.
The technical challenge for robot-assisted needle placement has been to reproduce
the above sequence of motions robotically in a safe, practical, and affordable manner.

One means of addressing these technical challenges is to use serial linkages and
coordinate the joints under computer control, as was done in the Zeus and Aesop
laparoscopic robots (formerly of Computer Motion, Inc., currently owned and discon-
tinued by Intuitive Surgical, Inc.). Similar solutions have been used with IGOR [165],
PUMA [49, 112], Neuromate [116, 169], Kawasaki [190], Sankyo Scara [144], and
LARS [162] systems. However, general serial linkages like these present two fun-

damental problems. First, the robot kinematics induces singularities, which can be
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problematic in medical applications. Another difficulty with conventional serial robots
is that their use requires a fully described and precisely encoded kinematic chain. It is
rather difficult to calibrate these arms and losing calibration accuracy during clinical
use is a critical risk.

A decidedly more appealing and safer alternative is the family of kinematically
decoupled robots. These devices contain separately controlled and sequentially op-
erated Cartesian, rotational, and insertion stages. Thus, they appear to be a more
natural fit for the process of needle placement. They are also safer because the range
of motion of each individual stage can be independently constrained and mechanically
locked if needed. The least straightforward action for a decoupled needle placement
robot is orienting the needle toward the preselected target. One approach is to use
a 2-DOF design that mechanically constrains the fulcrum point at the needle tip.
Goniometric arcs have been proposed to perform this function [82], but these are
impractical for needle placement because the fulcrum point must be in the center of
the arcs, blocking access to the patient. Taylor et al. implemented the remote center
of motion (RCM) point concept in a laparoscopic robot [164], where the fixed ful-
crum point is produced farther away from the mechanism, leaving room for surgical
instruments and clinical personnel to access the patient. The RCM concept has been
applied in several laparoscopic and needle placement robots, including commercial
systems such as the da Vinci (Intuitive Surgical, Inc.). At Johns Hopkins University,
Stoianovici et al. developed a chain-drive RCM robot that is used in conjunction with
a radiolucent needle driver for percutaneous access [156]. Variants of this robot have

been tested under image guidance using fluoroscopy [157], computed tomography
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(CT) [62], ultrasound (US) [22], and CT-fluoroscopy (CTF) [152]. The workflow in
these systems is usually the following: (1) register robot to imager, (2) select target
and entry points, (3) solve inverse kinematics, (4) move needle to entry point, (5)
align needle with target, and (6) insert needle. Depending on the number of actuated
degrees of freedom available, some steps may be executed manually, but the workflow
remains the same.

While the RCM paradigm has had a significant impact on the field, it also has
some disadvantages: (1) precise construction must guarantee the existence of a known
fulcrum (RCM) point, (2) a tool holder must be carefully designed for each new tool,
placing it exactly on this RCM, (3) each joint must be fully encoded, and (4) the
robot must be carefully calibrated. An appealing alternative to the mechanically
constrained fulcrum point is generating a programmed or “Virtual RCM” in software,
used with decoupled and nearly uncalibrated Cartesian, rotational, and insertion
stages. This system has the advantages of (1) not requiring tool-RCM coincidence, (2)
requiring only minimal (entirely offline) calibration processes, (3) decoupled workflow
mimicking the manual procedure, (4) rapid convergence to correct alignment, and (5)
providing redundant sensing (robot pose tracking and encoders) to enhance safety.
Creating such a system is the focus of this chapter.

A variety of established controls techniques are applicable to objectives like those
listed above. Contemporary Magnetic Resonance Imaging (MRI), fluoroscopy, and
CTF allow for real-time visualization, which enables real-time tracking of surgical in-
struments. Three-dimensional US-guided interventional systems [22,185] also include

a real-time tracker in the field of interest. In these systems, one can track the end
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effector of a surgical robot and manipulate the device under visual servo control. It
has been known in general robotics that the operational space formulation [107] and
partitioned control [44] can be used to alter the behavior of the system to appear,
kinematically and dynamically, to be an RCM device. Unfortunately, existing kine-
matic and dynamic models need to be precise, so the joints need be fully encoded
and calibrated. Extensive research has also been devoted to visual servo control [89)],
but work applied to uncalibrated and/or unencoded robots has focused on estimating
the robot’s Jacobian rather than generating a Virtual RCM. Artificial intelligence
(AI)-based algorithms for robot motion have also been investigated, but not yet ap-
plied to the needle placement task. These algorithms have been used in the control of
uncalibrated mobile robots to explore unknown environments and navigate familiar
environments [55]. Related research has also examined the effect of uncertainty in
robot sensors and/or the environment [16] to generate a collision-free maps.

Our present contribution is to compose an essentially uncalibrated needle place-
ment robot from three linear stages, two rotational stages, one linear insertion stage,
and an Al-based motion algorithm to create a Virtual RCM robot that does not
require encoded joints or complete knowledge of the robot kinematics. Unlike clas-
sic RCM robots, the Virtual RCM method does not require (1) the existence of a
physically fixed fulcrum point, (2) a priori knowledge of the kinematic chain, or (3)
encoding of the joints. This relaxes many requirements previously imposed on RCM
needle placement robots. For example, the axes of the prismatic stages do not need
to be orthogonal, the axes of rotation stages do not need to intersect, and kinemati-

cally unknown passive linkages are permitted anywhere within the chain. This allows
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robots using the Virtual RCM algorithm to be simple and inexpensive to construct,
eliminates laborious calibration, and permits testing of new robots or parts of robots

to proceed rapidly without affecting the accuracy of image guidance.

2.2 Virtual RCM Algorithm

2.2.1 System Overview

Our proof-of-concept system (Figure 2.1) is comprised of a 3-DOF motorized
Cartesian stage (NEAT, Inc.), a passive unencoded adjustable arm, a 2-DOF motor-
ized rotational stage designed by Stoianovici et al. [153]. The Virtual RCM algorithm
requires measurement of the pose of a point on the robot with a known transformation
to the tool frame. In clinical practice, fiducials attached to the robot can provide this
information directly from CT [114] or MRI images. When using US as the imaging
modality, magnetic tracking can provide the pose of both the image and the tool [23].
In our system, we attach a magnetic tracker (Flock of Birds, model 6D FOB, Ascen-
sion Technology, Inc.) to the tool holder. The passive arm shown in Figure 2.1 helps
in gross initial positioning of the needle tip and also purposely introduces an unknown
linkage in the kinematic chain, demonstrating that the Virtual RCM does not require
fully defined kinematics. The tool holder also purposely removes the RCM property
of the Stoianovici rotation stage by holding the needle off the RCM point, demon-
strating that the Virtual RCM does not require careful construction of the fulcrum

constraining mechanism or the tool holder.
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Tracker
“Frame

Figure 2.1: Photograph of Virtual RCM experimental setup showing a Cartesian
base stage, an unencoded passive positioning arm, and a wrist with two degrees of
freedom [153]. The tool, an ablation needle, is attached so that it does not coincide
with the RCM point. The pose of a point on the tool holder is sensed with the
magnetic tracker shown.

Low-level control of the robot is achieved using a motion control card (MEI, Inc.),
driven with the Modular Robot Control (MRC) library developed at the Johns Hop-
kins University [165]. The readings of the FOB tracker are reported to a PC running
the 3D Slicer medical data visualization package [108]. Slicer is a public domain, open
source program primarily developed by the MIT AI Lab and the Surgical Planning
Laboratory at the Brigham and Womens Hospital, with sustained contribution from
Johns Hopkins. In Slicer, we create a 3D virtual environment (Figure 2.2) where
objects are represented in the FOB tracker coordinate frame.

The incremental adaptive motion cycle of the Virtual RCM algorithm is described
in Sections 2.2.2-2.2.3, tested in simulation in Section 2.3, and experimentally ver-

ified in Section 2.4. It aligns and translates the needle and requires knowledge of
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Figure 2.2: The 3D Slicer graphical user interface. Pictured is the needle with a
virtual needle extension line on which is shown a spherical planned ablation zone.
The insertion point and target are also represented as spheres.

the transformation between the magnetic sensor and the tool frame. Using readings
from the FOB tracker, this transformation is determined off line by a version of the
pivot calibration [21]. Orientation of the Cartesian stage expressed in the coordinate
frame of the tracker is also required. This is obtained by moving the Cartesian stage
arbitrarily (maintaining a safe distance from the patient) while recording sensor read-
ings. From these readings it is straightforward to extract Cartesian stage orientation
with respect to the sensor frame whether or not the axes are orthogonal. If they
are orthogonal (as is the case for us) direction cosines are a means to determine the

orientation of the Cartesian stage with respect to the tracker.

31



2.2.2 The Virtual RCM: A Heuristic Search

Since operating room time is costly, a key performance criterion for the Virtual
RCM needle placement algorithm (in addition to accuracy and robustness) is fast
convergence within a small number of cycles. In systems where the Virtual RCM
algorithm is implemented (where the tool tip is not mechanically constrained to an
RCM point), the roll and pitch DOF (a and ) are no longer decoupled, and thus
cannot be optimized individually. A blind search of all possible a and § combinations
is not useful for these coupled variables, because it would be impractical to repeatedly
rotate the two joints a full 360° until the best alignment is determined from all possible
discrete combinations of the two. To rapidly optimize o and 3 simultaneously we
draw upon AI techniques, including heuristic-based breadth or depth first search
techniques. We discretized each rotational DOF and partition our search space into
two subspaces, one for each angle. A heuristic function guides the search to optimal
needle alignment rapidly by deciding where to search next at each state. In practical
terms this means that the robot makes incremental motions, and after each motion
it uses the heuristic function to observe whether the needle is becoming more or less
aligned. This enables the algorithm to determine which direction of motion is likely
to cause better alignment. By continually moving both angles, the robot is able to
rapidly converge on the proper alignment.

Selecting a heuristic function that quantifies improvement in needle alignment is
not trivial. A desirable function should not have local minima that may cause the

final alignment to converge at an incorrect solution. Another consideration is that the
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Figure 2.3: Tllustration of frames and the points which define needle and entry vectors.
These are used to build a simulator for candidate heuristic functions.

magnetic tracker (or any device that provides the pose of the needle) introduces some
uncertainty. Therefore, a good heuristic function must have a low sensitivity to noise

and it is important to consider error propagation in candidate heuristic functions.

2.2.3 Analysis of Candidate Heuristic Functions

One potential heuristic function is the cross product between the needle vector
(see Figure 2.3, n = n, — ny) and the entry path vector (p = pe — py). Minimizing
the magnitude of the cross product between these two vectors yields a needle aligned
with the entry path. Another potential heuristic function (assuming the tip of the
needle is first placed at p,, is to align the needle by minimizing the perpendicular
distance between the target point and the line defined by the needle (dyorma in Figure

2.4) while maintaining the needle tip at the entry point.
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Predicted Solutions
provided by the cross
product heuristic

Figure 2.4: Illustration of the relationship between the needle, RCM point, and entry
vector. As the needle moves, the normal vector from it to the RCM point traces out
a sphere. The cross product heuristic can lead to needle alignments on either side of
the sphere that are parallel to the entry vector. An alternative heuristic is dyormal as
pictured.

In order to compare different heuristic functions, we built a simulator reflecting our
robot. In the simulator we define a frame based at the RCM point and aligned with
robot Cartesian frame (see Figure 2.3), in which the needle base and tip points are
expressed. Planned entry and target points are expressed in the tracker frame. The
transformation between these two frames is F2%°r Note that this transformation is
not required in the physical system since the needle is already expressed in the tracker

frame, but is assigned a value here for simulation purposes. The needle vector in the

RCM frame (note that needle tip is not at the RCM point) can be transformed to
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tracker frame by,

ntracker — FtrackerRx (Oé)Ry (6>nrcm7 (2 1)

rcm

where o and 3 are as defined in Figure 2.1 and the notation R..s(angle) indicates a
rotation of magnitude “angle” about “axis”. Candidate heuristic functions tested in

this simulator were the cross product heuristic,
c=|lnxp|, (2.2)

and the distance heuristic,

n

v—(v-n)m

dnormal =

‘ , (2.3)

where all vectors are expressed in the tracker frame and v = p; — ny.

There are a number of reasons the cross product heuristic is preferable to the
distance heuristic for creating a Virtual RCM, as will become clear in the simulation
results presented in the next section. The distance heuristic requires the needle tip
to be placed at the insertion point (eliminating some desirable alignment methods
discussed in section 2.4), while the cross product heuristic function is applicable
anywhere in the robot workspace. Further, the cross product heuristic is less sensitive

to sensor error, as illustrated in simulation in the next section.

2.3 Simulation Results

In simulation, all discrete combinations of a and # can be plotted with respect
to the value of a heuristic function. Figure 2.5 shows the simulated needle as « is
rotated a full 360° while [ is held constant at 5° and 50°. This procedure is repeated
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for each (3 value. Plots of two heuristic function results across the entire o — (3 space
can be seen in Figure 2.6. As can be seen from the figure, the cross product heuristic
has a higher specificity than the distance heuristic. Its deep minima will yield a
more accurate alignment result in the presence of sensor noise or other real world

uncertainties than the shallow minima of the distance heuristic function.
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Figure 2.5: 360° rotations of a for two particular 3 angles to illustrate coupling
between « and /.

It is not necessarily obvious which of the four minima of the cross product are
acceptable solutions. Two can be discarded immediately, because they represent the
needle being oriented the wrong way, with the base toward the target. The other two

minima are equally good solutions, representing the needle being aligned on either
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50

Figure 2.6: Plot of distance (left) and the cross product (right) heuristic functions
for all angular values.

side of the actual RCM point as shown by the dashed lines on Figure 2.4. The only
potential reason for choosing one over the other would be application-specific task or
workspace constraints, since both represent equally good alignment of the needle. If
no such task constraints exist, this multiple solution property of the cross product
heuristic function is beneficial to the speed of the algorithm. A search of a multiple
solution space can generally converge more quickly than a search for a single solution.

The most compelling advantages of the cross product heuristic are its spatial
invariance (no dependence on Cartesian position) and its insensitivity to sensor noise.
Spatial invariance has important practical implications in that it enables multiple

procedural options for the needle alignment task as described in the following section.

2.4 Experimental Implementation

The two rotational joints of the robot shown in Figure 2.1 perform needle align-

ment using the cross product heuristic function. The joints are moved in small incre-
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ments. Since the tool tip is not on the mechanical fulcrum point, it will be displaced
a small amount during each rotation. However this displacement is immediately com-
pensated for by the Cartesian stages, based on the tracker reading. Thus the needle
tip remains on a Virtual RCM point. The robot continues to move through the search
tree by moving the rotational joints alternately in incremental motions that decrease
the value of the heuristic function.

There are several ways to apply this algorithm in needle placement (Figure 2.7).
The most obvious is to perform needle placement using the same sequence of motions
as would be done manually (the “Virtual RCM” method), where the robot first moves
the needle tip to the entry location, and then aligns it along the insertion vector.
Humans do not orient the needle first and then move it to the entry point, although
this is an equally good order of operations. (Perhaps the reason is that humans are
able to discern smaller differences in vector alignment between nearby vectors than
those separated by some distance. It may be easier for humans to control alignment
accurately by pivoting on a fixed point.)

A robot can perform alignment before moving the needle to the surgical site (the
“Align/Move” method). The advantage of this is speed. Since the robot is a safe
distance from the patient, eliminating the Cartesian correction portion of the Virtual
RCM algorithm allows faster convergence to the correct alignment. A third alternative
is to use a combination of the first two methods (the “Hybrid” method). The robot
can rapidly make a quick rough alignment using the Align/Move method, then fine-
tune alignment with the Virtual RCM method once at the entry point. Figure 2.7

presents a flow chart of all three methods.
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Figure 2.7: A flow chart of several ways needles can be aligned using Virtual RCM
algorithms. One can align the needle before moving it to the insertion point, or one
can move it first and then align it (denoted “VRCM” above). A third Hybrid Method

involves performing the other two methods sequentially.
2.4.1 Results and Discussion

We performed needle placement according each of the three methods, and the
results are summarized in Table 2.1. In our experiment, the number of steps required
(regardless of the method used) was nearly linearly proportional to the initial mis-
alignment. This was because we used a fixed initial (largest) step size. If the initial
step size was large and adaptively modified as the solution was approached, the algo-
rithm could reach a solution in fewer steps. However, this would only be practically
feasible for safety reasons in the Align/Move or the Hybrid Methods, when the nee-

dle is far from the patient. In our experiments it was possible, given a wide range of
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initial conditions, to get an optimized solution within a few (20-30) steps requiring a
total time of only 0.8-1.2 sec, since each step requires an average of 40ms.

As can be seen from on Table 2.1, Align/Move is the fastest (fewest steps required)
of the three methods, because there is no Cartesian motion needed to compensate for
tip displacement. The results for Virtual RCM show that it alone is essentially equiv-
alent to Align/Move in both rotational and displacement accuracy, yet much slower.
The Hybrid method is much more accurate than the first two, yet the algorithmic
complexity has the same order of magnitude as Align/Move. It is important to note
that the accuracy presented in the table is severely limited by the tracker accuracy,
which is reported by the manufacturer as 2.54 mm RMS (this is a first-generation

FOB tracker).

Experiment Sets Set ] Set 11 Set 111
Method Initial angle deviation (deg) 15.6 28.7 51.4
Initial target displacement (mm) 21.2 41.8 118.2
f# of steps F1"(;);12?;1(:12on 17 ?5 ?6
Align/Move Angle error (deg) 2.2 2.8 2.1
Target displacement (mm) 1.05 2.81 3.40
Fofseps |t A m
. ranslation
Virtual RCM e error (deg) 2.8 20 28
Target displacement (mm) 1.68 3.02 5.15
Rotation Method I 17 35 66
# of steps Method II 2 2 3
Hybrid Tech. Translation 2 2 3
Angle error (deg) 1.4 1.7 1.9
Target displacement (mm) 0.78 2.44 3.99

Table 2.1: Experimental Results.
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2.5 Conclusions

This chapter has described the Virtual RCM algorithm for aligning surgical tools
along desired entry vectors. The Virtual RCM is applicable to both straight needles
and curved tools like the steerable needles and active cannulas described in the next
two chapters. The Virtual RCM has the potential to make surgical robots easier to
set up, calibrate, register, and use in the operating room. Addressing these issues is
a key to bringing the many laboratory-demonstrated advantages of needle placement
robots (notably enhanced accuracy and precision, which are directly correlated to
clinical outcome) to bear on what have to date been manual hand-held tool align-
ment procedures. The Virtual RCM is an incremental adaptive motion control cycle
for robotic alignment of the needle with the desired entry trajectory. Key features
of the Virtual RCM are that it can be carried out with direct image-extracted robot
pose measurement, requires minimal calibration, does not require encoding (poten-
tially allowing encoders to become redundant safety features), can tolerate unknown
transformations (e.g. passive positioning arms) in the kinematic chain, and that it
removes the requirement that the tool be coincident with a mechanically enforced
RCM. Our proof-of-concept prototype system achieved 0.78 mm translation and 1.4°
rotational accuracy (which is within the tracker accuracy), from the an initial error
of 15.6° and 21.2 mm, within 17 iterative steps (0.5-1secs).

A future goal in Virtual RCM research is to replace the magnetic tracker with
a CTF scanner, sensing the pose of a site on the robot directly from CTF images

using the method described in [114]. The long-term goal is to clinically accurately
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place needles using inexpensive, safe, and easy to use robots in a variety of intraop-
erative imagers (e.g. CTF, MRI, fluoroscopy, etc.) using purely image-based spatial
registration. In terms of algorithmic enhancements, we hope to incorporate target
uncertainty into our algorithm in the future.

The Virtual RCM described in this chapter (published in [23-25]) has subsequently
successfully been applied to needle placement in both phantom studies and animal
models [18,19], and used in conjunction with 3D US reconstructed from a magnetically
tracked 2D US probe [23]. Subsequent experiments comparing the image-guided
robot system to the accuracy of current clinical needle placement technique have been
submitted for publication [20]. Both the experimental results presented in this chapter
and these subsequent positive clinical and imager-integration results demonstrate the
usefulness of the algorithm. It is well-suited for use in initial animal studies and
clinical trials with steerable needles and active cannulas, the design and modeling of

which are the topics of the following chapters.
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Chapter 3

Steerable Needles

Needle insertion is a critical aspect of many medical diagnoses, treatments, and
scientific studies, including percutaneous procedures requiring therapy delivery to,
or sample removal from, a specific location. As described in Chapter 2, the success
of needle-administered therapy and diagnosis depends on the accuracy of final tip
position, which motivates the use of needle alignment robots and algorithms like the
Virtual RCM. However, while accurate initial alignment is clearly important, even
perfect alignment cannot guarantee accurate tip placement. Many factors influence
the needle after entry (e.g. tissue inhomogeneity, deformation, membrane puncture,
patient motion, etc.), causing deviations from the intended trajectory. Thus, acquir-
ing the intended target with sufficient accuracy may not be possible, or may require
multiple withdrawals and reinsertions of the needle causing additional tissue dam-
age. While deviations from intended trajectory can often be visualized, they cannot
be compensated for during insertion without a means of control or “steering” of the

needle inside tissue during insertion. Steering can also enable obstacle avoidance and
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permit access to targets inaccessible via straight trajectories. This chapter describes
a means of robotically harnessing natural bending forces arising from the standard
asymmetric bevel-tip to controllably deflect flexible needles within tissue media to
enable needle steering. We address design considerations for both needle and robotic
actuation system, and kinematic modeling, performing a set of experiments to fit and
validate the model. Experiments also examine the effect of particular needle design
parameters and insertion strategies on steerability. The kinematic model generalizes
versions of standard three degree-of-freedom (DOF) nonholonomic unicycle and bi-
cycle models to six DOF using Lie group theory. This provides a foundation for path
planning and closed-loop, image-guided control. In this chapter we also investigate
teleoperation as a first step toward clinical adoption of steerable needles, since direct
participation often appeals to physicians. The kinematic model has formed the foun-
dation for recent closed-loop control, planning, and design studies by our research
group and others, which are surveyed in the chapter conclusions section. Promising
initial results in planning and control indicate that an automated steerable needle
system may one day exceed the accuracy not only of current free-hand insertion,
but also that achievable via robot-assisted preinsertion alignment, and even that of
teleoperated steerable needles under the control of human operators. We anticipate
that a system where the clinician controls some degrees of freedom while others are
automated may strike the best practical balance between accuracy and human factors
considerations.

The work presented in this chapter has been published in [121,143,175-177], and
relevant portions are patent pending [180]. It has also laid the foundation for many
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further studies by others, which are surveyed in Section 3.6.

3.1 Motivation and Related Work

While needle-steering techniques are applicable to nearly all needle insertion pro-
cedures, the prostate, liver, and brain provide specific examples of organs where
treatments might be improved by steerable needles. There are significant engineering
challenges associated with generating steering capability in needles, stemming from
the very small size of the needle, the required working channel through its center, and
the diversity and inhomogeneity of tissues in which needles are used. Despite these
challenges, several mechanisms have recently been proposed to enable needle steering
within tissue. In the remainder of this section, we first motivate needle steering with
three promising application areas, then describe the bevel-tip steering mechanism,
and finally describe recent work on alternate mechanisms, comparing and contrasting

them to bevel steering.

3.1.1 Medical Motivation for Steerable Needles

Needles are used clinically in nearly every area of the body, and are one of the
least invasive mechanisms for surgical treatment. Three compelling initial application
areas for needle steering include the prostate, liver, and brain; these examples illus-
trate ways in which needle steering might address difficulties observed by surgeons
using traditional straight, rigid needles, thereby improving targeting, enabling novel

treatment methods, and/or reducing complication rates.
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Prostate. Needle biopsy for diagnosis of prostate cancer is performed on about
1.5 million men per year and one in six men in the United States will be diagnosed
with this condition at some time in their lives [92]. A common treatment option is
transperineal brachytherapy [17], involving implantation of thin needles to deposit
radioactive seeds [43]. In these procedures, it is challenging to achieve precise tar-
geting in the event of organ dislocation and deformation. Significant seed-placement
error can occur if the needle is tangential to the prostate capsule wall upon penetra-
tion [173]. Hence, the ability to steer the needle and bevel to an optimal capsular
penetration angle is of particular importance. After penetration, steering within the
prostate may be useful for correcting the combined effects of deflection, dislocation,
and deformation of the organ observed (but difficult or impossible to correct) in con-
temporary practice.

Liver. Hepatocellular cancer is one of the most common cancers in the world, and
also one of the deadliest. Without treatment, the five-year survival rate is less than
5%, and the incidence is rising [168]. The liver is also the most frequent location of
secondary tumors metastasized from colorectal cancer, with about 130,000 new cases
and 60,000 deaths annually in the United States alone [125]. Liver tumors smaller
than 5-6 cm in diameter are often treated with thermal ablation administered at the
tip of a needle inserted through the skin and visualized using ultrasound. Since liver
tumors often have very different mechanical properties than the surrounding tissue,
they can behave as if encapsulated with respect to needle penetration, presenting
challenges similar to those of the prostate. Also, “all but the smallest [liver| tumors”

[122] are large enough to require multiple overlapping thermal treatments for full
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coverage. Currently each treatment requires removing and reinserting the needle. If
it were possible to partially retract, steer, and redeploy the needle into an adjacent
treatment zone, some targeting uncertainty and additional puncture wounds might
be avoided.

Brain. In brain tissue, steerable needles might be used to stop the flow of blood
from an intracranial hemorrhage (ICH), and remove resulting clots via targeted drug
injection. The incidence of ICH is in the range of 10-20 persons per 100,000, and
untreated clot resolution takes two to three weeks, with an exceedingly high mortality
rate of 50-75%. It is suggested that ultra-early intervention, given within three to
four hours of onset, may arrest ongoing bleeding and minimize swelling of the brain
after ICH [120]. Precisely steered delivery vehicles have the potential to increase
drug-target interactions and may enable very rapid removal of clots. In a typical
emergency setting, a non-specialist surgeon free-hand drills a burr hole to introduce
a device for injecting such drugs. The surgeon’s hand-eye coordination limits the
location and alignment accuracy of the burr hole, and it may be misaligned by as
much as 20-25°. To compensate, the burr hole is usually made significantly larger
than the diameter of the interventional tool, and this can lead to subsequent technical
and clinical complications. Steerable devices may allow this hole to be much smaller,

since steering can compensate for initial alignment error.
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3.1.2 Bevel Steering Mechanism and Model Intuition

Physicians who have performed needle insertion know that needles with standard
bevel tips (the most inexpensive and common tip design) tend to deflect as they
are inserted due to tip asymmetry. The angle of the bevel generates forces at the
needle-tissue interface that causes the needle to bend as it is pushed into the tissue.
While such bending is reduced in clinical practice by making the needle shaft as stiff
as possible (usually out of stainless steel), the bevel (along with many other factors)
can still cause clinically significant placement error. Some physicians have learned
to exploit such bevel induced “error” to combat other sources of error by steering
the needle using a combination of translation (insertion) and axial shaft rotation.
However, this approach requires excellent 3D spatial reasoning, extensive experience,
and high-resolution, real-time image feedback, and the amount of bending achievable
is severely limited by the high stiffness of the steel needle shaft.

In this work, we enhance and magnify the bevel steering effect by making the
shaft of the needle more flexible. We then use a robot to actuate the input degrees of
freedom of the needle. With suitable model-based control techniques, a robot will be
able to drive the needle tip to a desired target or along a desired path. To facilitate
this, we wish to express the shape the needle will take in terms of the input degrees
of freedom.

We consider the bevel tip needle as a nonholonomic system with a steering con-
straint. There are clearly directions in which the tip may not instantaneously move

when embedded in tissue. Similarly, the wheels of a bicycle or unicycle cannot in-
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stantaneously move sideways, despite their ability to attain any desired pose in the
plane through a sequence of motions. This is intuitively analogous to retracting the
needle a certain distance, reorienting the bevel tip, and then pushing it forward again
to achieve motion in a direction that would have been instantaneously impossible.
Thus, we model the needle as a nonholonomic system, that is to say, one with nonin-
tegrable velocity constraints [123]. Such systems are path dependent, so determining
the necessary set of inputs to reach a desired final configuration is not necessar-
ily straightforward. However, nonholonomic motion planning and control have been
studied extensively in the robotics and control literature, making a large body of work
available for future application of our model. Within this framework, it can be shown
that the system is controllable and can reach any desired pose, given a sufficiently

large environment.

3.1.3 Related Work

Early work in needle modeling and simulation involved recording the forces applied
to a needle during insertion and playing back “haptic recordings” or simple force
versus position models in a force-feedback virtual environment [29,70,86]. More recent
work has modeled both tissue deformation and needle-tissue interaction forces. The
geometry of the soft tissue for modeling and simulation purposes is now typically
defined using a mesh composed of 2D or 3D polyhedral elements [66]. The simulated
forces exerted by the needle are used to compute deformations of the soft tissue mesh.

Most past work using this approach has approximated the needle as infinitely thin
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and rigid [8,52], although some researchers have modeled needle geometry (thickness)
and its effect on friction [128].

Simulating needle insertion for medical procedures typically requires as input the
properties of the needle and the soft tissue in which the needle will be inserted.
DiMaio and Salcudean performed pioneering work in measuring and simulating the
deformations that occur during needle insertion [52,54]. A robot instrumented with a
force sensor inserted a needle into 2D gel and deformations captured with video and
image processing. Using a quasi-static finite element method based on the acquired
material parameters, they simulate the insertion of a rigid needle. Alterovitz et al.
proposed an alternative dynamic 2D model based on a reduced set of scalar parameters
such as needle friction, sharpness, and velocity [8]. For a given kind of surgery, such as
prostate brachytherapy, this allows the needle designer to choose optimal parameter
values (within limits) to improve needle placement accuracy. This model has allowed
collaborators to produce interactive simulations and analyze the sensitivity of current
medical methods to these parameters. In both of the simulators described above, the
models considered only symmetric needle tips. Other researchers, including Mahvash
and Hayward [119] and Nienhuys and Van der Stappen [127], have integrated cutting
into simulations. However, cutting by needle tips has yet to be addressed through
experiments or complete simulations. There has also been some previous work on

planning curved paths for curved, rigid needles [129].
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Determining Parameter Values

Setting accurate parameters for tissue properties is important for realistic nee-
dle insertion modeling in deformable tissues. Krouskop et al. estimated the elastic
modulus for prostate and breast tissue using ultrasonic imaging [111]. Kataoka et
al. separately measured tip and frictional forces during needle insertion into a canine
prostate, which is useful for simulation validation [105]. Okamura et al. measured the
stiffness, cutting and friction forces occurring during needle insertion into a bovine
liver [131]. Tissue properties can also be taken from handbooks [64,84], or measured
during procedures [28,191]. Unknown parameters for needle insertion in some sim-
ulators (e.g. [8,9,11]), were set so that the output closely resembles an ultrasound

video of a physician performing prostate brachytherapy on a patient.

Needle Bending

The effects of needle bending have been explored by several groups. O’Leary
et al. [133] experimentally demonstrated that needle bending forces are significantly
affected by the presence of a bevel tip, but did not generate a model for this behavior.
Kataoka et al. [104] created a model for needle deflection that does not include bevel
effects. They also note that they believe the bevel to be the main source of deflection
in bevel-tip needles. DiMaio and Salcudean [53,54] and Glozman and Shoham [68,69]
created finite element-type models for needle bending; their application to steering is
described in more detail below.

Needle bending can also be generated using different strategies. One promising
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strategy incorporates a prebent stylette inside a straight cannula as was proposed by
Okazawa et al. [132]. The further the flexible curved stylette is extended from the
stiffer outer cannula, the greater the curvature as the needle is inserted. Direction
can be selected by axial stylette rotation. The maximum curvature attainable by
such a design has yet to be determined, and doing so will require careful study of
the relative stiffnesses of stylette, cannula, and surrounding tissue. The cannula must
be stiff enough to straighten the curved stylette when the stylette is retracted, yet
flexible enough to allow the needle to bend into a curved trajectory. Changes of
the direction of curvature (e.g. ‘S’ or ‘corkscrew’ shapes) may be possible with this
design, but have yet to be demonstrated. Okazawa, et al. also leave 3D kinematics
and planning to future work, focusing their initial efforts on planar inverse kinematic
planning using a single bend of the needle. Another similar prebent element design
is a telescoping double cannula where the internal cannula is prebent [48]. This and
several other designs that incorporate curved cannulas [65,118,145] are more closely

related to the active cannulas of Chapter 4, and are described in detail there.

Robotic Alignment and Steerable Catheters

In order to steer a flexible bevel-tip needle, we have developed two specialized
needle insertion robots. As described in Chapter 2, the idea of using robotic systems
to insert needles is not new; many researchers have demonstrated improved targeting
by utilizing the inherent stability, accuracy, and registration abilities of robots. A
robot is better able than a human to translate information from medical images to

3D physical locations, and then to precisely align a needle to a target [155]. These
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systems generally seek to increase the accuracy of the initial alignment of the needle
(prior to insertion) as a means of reducing final targeting error. However, they do not
address some of the most important factors contributing to targeting error, needle
deflection after insertion, and target motion from tissue deformation and patient
movement. None of the systems described in Chapter 2 is able to offer accurate
control of the needle path after entry into the body. A steerable needle will also have
less stringent requirements on initial alignment accuracy, allowing accurate targeting
without precise or perfectly calibrated alignment robots. This contributes to the
objectives of Chapter 2, namely reducing cost enhancing ease of use, making needle
placement systems more suited to practical application in the clinical setting.

We note that the idea of actively steering a surgical tool after insertion into the
body has received interest for the purpose of catheterization. Designs using shape
memory alloys [78,117], as well as electro-active polymeric actuation [76] have been
proposed. However, these systems are more complex and expensive than needles, and

are not typically designed to cut through tissue.

Robotic Steering With Bending

There are only two recent studies that have analyzed robotic needle steering using
bending and path planning. First, DiMaio and Salcudean [53,54] formulate a needle
Jacobian that describes tip motion due to needle base motion and a tissue finite
element model. Their needle is stiff relative to the tissue, and steering is accomplished
by pulling on and angling the needle shaft outside the body to cause the tissue to

deform. Our approach contrasts theirs in that we consider a system where the needle
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is very flexible relative to the tissue, and does not displace a large amount of tissue in
order to steer itself. Second, Glozman and Shoham [68,69] use an approach similar to
DiMaio and Salcudean, but suggest a simplified model that allows fast path planning
and real-time tracking for needle insertion procedures. Neither of the studies above
consider the effect of tip asymmetry on steering, and both use standard stainless
steel surgical needles, which are less flexible than the Nitinol needles considered in
this chapter.

The above method of steering via deforming tissue with a traditional stiff needle
appears able to generate a large steering capability at shallow depths, but this ability
is reduced as depth increases [68]. More tissue must be deformed to generate steering,
and more force must be applied to the tissue. Since there is clearly a limit on the max-
imum force that can be applied without tissue damage, there will be a corresponding
depth where it is no longer possible to steer using this method. In contrast, while
bevel steering and prebent element methods may generate somewhat less steering
at shallow depths (no study exists comparing such steering amounts), their steering
ability is not affected by depth, and they do not require large force application or
tissue deformation to achieve steering. Ultimately, we expect that a combination of
force application at the needle base (the method of DiMaio and Glozman) and our
bevel-steering techniques will be most successful in enhancing and controlling needle
insertions into human soft tissues.

To fully model or simulate needle steering in soft tissues, it is necessary to model
the effect of cutting with a bevel tip and needle bending in 3D. All current models

we are aware of either approximate the needle as a rigid object, restrict the motion
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of the needle to a 2D plane, or do not consider the effect of a bevel tip. These
approximations may not be valid when the needle is very thin and flexible, as is
the case in our specific needle steering system design, as well as in many medical
procedures that seek to minimize tissue damage. Although the work described in this
paper does not explicitly consider soft tissue deformation (we use a needle designed
to be sufficiently flexible that it does not cause significant deformation in phantom
tissues), our model can be integrated with simulators handling deformation [7], as is

described in the discussion section.

Related work in Teleoperation

In addition to specific work on needle steering, there are a number of examples in
the literature of robot-controlled needle insertion [155], many of which are commanded
with simple computer interfaces such as mice, keyboards, and joysticks. The input
devices in this prior work differ from our system because they are used to control the
orientation of the needle before it is inserted into tissue, and only move the needle
along its axis after insertion. There are also teleoperation systems for robot-assisted
catheter insertion, e.g. Hansen Medical, Inc. (Mountain View, CA, USA), which do
not operate under the same kinematic constraints as our needle steering system.

Our needle steering teleoperation work is more closely related to teleoperation of
nonholonomic systems, such as wheeled mobile robots. Researchers have developed
control methods for telemanipulation of mobile robots with joysticks, e.g. [67,124].
In these systems, the input degrees of freedom (typically left /right and up/down) are

not kinematically similar to the mobile robot motion (e.g. they might adjust wheel
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speeds for a 2-wheeled, skid-steered mobile robot). In this chapter, we match the
needle insertion degree of freedom to translational motion of the master stylus, and
the needle spin degree of freedom to the spin of the stylus. As far as the author
is aware, there is no prior work comparing different degrees of freedom of operator

control versus autonomous control for teleoperated nonholonomic systems.

3.2 Design Considerations

Before describing kinematic models of needle shape in tissue, we will describe
the design of the needle steering system. This section describes various tradeoffs in
actuation, drawing on examples from two actuation units that we have constructed.
It also experimentally examines the effects of insertion velocity and bevel angle on

needle steering.

3.2.1 Robotic Devices for Needle Steering

Automated insertion of flexible needles is challenging because the needle will
buckle if not supported near the tissue entry point. However, automation appears
necessary because many of the requirements for flexible needle steering (e.g. pre-
vention of buckling, accurate 2-DOF velocity control, stabilization of other DOF to
avoid unintentionally applying base forces and torques), seem beyond human ability.
In this section we present two different robotic devices for steering needles using tip
asymmetry. Each device is able to control insertion velocity and the rotation (spin

about the needle axis) velocity. We do not consider devices for lateral motion of the
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Figure 3.1: (Left) CAD model of a friction drive needle insertion mechanism for
steering of flexible needles. (Right) Experimental setup using a friction drive needle
insertion mechanism for steering of flexible needles. Inset line drawing shows the
needle base in the slotted needle guide that prevents unintended axial needle rotation.

needle base here, but note that it can be readily achieved by mounting our devices on
a higher-DOF manipulator (e.g. those described in Chapter 2), in order to combine

a variety of needle steering methods.

Friction Drive

The first device designed was based on a friction drive concept. There have been
other needle insertion devices incorporating friction drive, notably a novel robot for
percutaneous access to the kidney (PAKY) [154]. In that system, the goal was to
provide a radiolucent driving mechanism and direct control of only insertion velocity.
Our system consists of a friction-drive insertion subassembly, which is then rotated
to generate spin about the needle axis. The device is shown in Figure 3.1.

In this device, the insertion subassembly drives the needle by grasping it on the
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Figure 3.2: CAD sketches of the friction drive design shown in Figure 3.1 for inserting
flexible, steerable needles.

barrel using two opposing rubber wheels actuated by a worm gear attached to a
motor. Rotation of the needle about its axis is achieved by rotating the insertion
subassembly as a unit. Since the wheels grasp the needle tightly by the barrel, rotating
the subassembly causes the needle to rotate as well. A slotted needle guide shown
in the photograph in Figure 3.1 further fixes the orientation of base of the needle,
and thus the bevel direction, relative to the drive wheels. This mitigates unwanted
needle rotation as the drive wheels turn. Buckling is prevented by passing the needle
through a 1.5 mm hole drilled through the aluminum rod that supports the insertion
subassembly. This rod extends to the surface of the phantom tissue into which the
needle is inserted. Sensing is accomplished using a single camera that captures images

of the needle through a physical ground-truth 1 cm square grid (shown in Figures 3.1
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and 3.8), laser etched into a clear polycarbonate sheet. This system was used for the
kinematic model validation and parameter fitting experiments described in Section
3.3.

The main advantage of this friction drive mechanism is compactness and simplic-
ity. However, a potential drawback is the possibility of slippage between needle and
drive wheels. In experiments, such slippage was generally small, though noticeable.
Thus, in experiments, absolute encoding of needle depth was accomplished not using
motor encoders, but by manually recording needle base translation distance with re-
spect to the slotted needle guide. Further, if rubber drive wheels are not perfectly
cylindrical and wheel axes are not perfectly aligned, uneven wheel contact can impart
axial torque, causing the needle to spin axially during insertion. (This spin is much
more pronounced in [154], where there is effectively only one drive wheel.) Preventing
unintended axial spin was the motivation for including the slotted needle guide shown
in Figure 3.1, which compensates by fixing the angular orientation of the needle base
with respect to the rotation subassembly.

With the friction drive, it is also difficult to instrument the needle to obtain force
and torque measurements. While these have not been explicitly used in kinematics
or control to date, it is expected that such information will be useful for future
model enhancements, especially those accounting for the finite torsional stiffness of
the needle. While potentially mitigated in real tissues by lubricating blood, needles
in rubber phantoms exhibit high friction resulting in a difference in angle between
the base (outside the tissue) and the needle tip (inside the tissue) when the base

is rotated axially. Model-based planning and real-time control require estimates of
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the tip angle, which may be obtained by observers (as described in the discussion
section) or potentially facilitated by torque sensing and torsional models. To explore
a different balance of design tradeoffs (sacrificing compactness to add sensing and

eliminate the possibility of wheel slippage), a second device was designed.

Telescoping Support Drive

An alternative needle insertion actuation unit design involves driving the needle
from the base while using a telescoping support sheath to prevent the needle from
buckling. In this design, a needle rotation subassembly is moved by a translational
lead-screw driven stage, as shown in Figure 3.3. The needle is attached to a motor
controlling spin about the needle axis through a Nano-17 ATI force/torque sensor
(Figure 3.4). This allows measurement of force along the needle axis and the torque
about the needle axis. The translational stage used for linear insertion is a Velmex
MA2524 linear stage with 20.5 inches of travel and a 2.5 turns/inch lead screw. It
is actuated via a VEXTA PK266-03A stepper motor, which is operated by a Velmex
VXM-1 controller.

The telescoping support sheath is created from the five segments of a disassembled
radio antenna. Removing the friction couplings between the different segments results
in a very low friction device. Figure 3.4 shows the antenna segments compressed near
the entry point of the tissue. The inner diameter of the largest segment is 5.5 mm,
while the inner diameter of the smallest segment is 2.3 mm. This smallest segment
is inserted a short distance into a block of black Delrin (also shown in Figure 3.4).

Upon exiting the support sheath, the needle passes through a 1.0 mm diameter hole
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Figure 3.3: CAD model of a mechanism that allows telescoping support (not pictured)
for steering flexible needles.

Rotation drive

Insertion drive

in the delrin block before entering tissue. This system is capable of delivering a
0.83 mm diameter needle perpendicularly to the surface of the phantom tissue without
applying significant frictional forces. The friction force between the segments of the
telescope was not measurable until the needle had been inserted a long distance into
the tissue. When friction on the barrel of the needle presents sufficient opposing force
to needle motion, the needle presses against the support sheath wall with sufficient
force to noticeably increase the friction of the telescope sections sliding over each
other. However, this does not result in any visible deformation of the telescoping
support. Figure 3.5 shows the experimental setup using this needle insertion device.
The support sheath was initially (in sections 3.2.4 and 3.2.5) compressed directly by
the needle mount causing both needle and support sheath forces to be recorded by
the force sensor. However, later a plastic shield to compress the support sheath was
added to the rotation motor support plate, allowing the force sensor to measure only
forces between the needle base and motor.

Sensing in this system was accomplished using calibrated stereo cameras placed
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Figure 3.4: (Left) Needle rotation mechanism showing 6-axis force/torque sensor at
needle base. (Right) Telescoping support sheath (compressed to show needle). A
1.0 mm hole in the black Delrin front block introduces the needle perpendicularly
with respect to the tissue surface.

approximately 0.8 m above the horizontal surface of the tissue phantom. The cameras
were calibrated using the Camera Calibration Toolbox for Matlab [27]. The cameras
used were Sony DFW-V500 digital firewire cameras, and provided 640x480 pixel
images at a rate of 7.5 frames per second. The actuation unit and sensing system

described in this section was used for all experiments in Sections 3.2.4 and 3.2.5.

3.2.2 Teleoperation System

To enable direct human control of steerable needles, we extended the system in
Figure 3.5 by (1) including the Freedom 6S (F6S) [51] haptic device (MPB Technolo-
gies, Inc.) as a master input device, (2) using higher resolution cameras for data
collection (Sony XCD-X710 Firewire Cameras running with 1024 x 768 at 30 Hz),
and (3) a third camera perpendicular to the phantom tissue surface for visualization.
Shown in Figure 3.6, this extended system facilitated the teleoperation experiments
described in Section 3.4. The F6S controls the two input DOF of the steerable needle
according to the mapping shown in Figure 3.7. To teleoperate the needle steering
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Figure 3.5: Experimental setup with telescoping support sheath, used for bevel angle
and velocity experiments (Sections 3.2.4 and 3.2.5).

robot, the user grasps the pen-like stylus of the F6S. Stylus axial rotation is mapped
to needle axial rotation, and the horizontal translation of the stylus (the z direc-
tion with respect to the F6S base frame) is mapped to the translation of the needle.
Since the base of the needle cannot translate perpendicularly with respect to inser-
tion direction, the F6S was similarly constrained in its y and z directions by virtual

springs.

3.2.3 Experimental Design Considerations

In addition to appropriate robotic mechanisms, needle steering experiments re-
quire careful selection of needle and phantom tissue materials, calibration methods,
and needle tracking algorithms. We note that although the experiments presented
here are essentially planar, this system has the capability for three-dimensional ex-

periments.
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Figure 3.6: Complete needle teleoperation system. Components pictured include
the slave telescoping support drive described in Section 3.2.1, the master Freedom
6S robot [51], calibrated stereo cameras to record needle position, and an overhead
camera to capture images displayed to the user.

Needle and Phantom Tissue Selection

The amount of needle bending is related to material properties and diameter of
the needle shaft, bevel angle of the needle tip, material properties of the phantom
tissue, and friction forces between needle surface of the needle and the surrounding
tissue. The ideal phantom tissue would closely approximate the material properties of
human tissue, and simultaneously be transparent so that optical cameras can be used
to collect tip data. While medical imagers like fluoroscopes would replace the optical
cameras in a clinical setting, it is useful to use optical sensing in a laboratory testbed
for safety and cost considerations. It is difficult to measure human tissue properties.
They must be measured in living people, since ex vivo and cadaver tissues have sig-

nificantly different properties than live tissues. Despite these difficulties, there have
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Figure 3.7: Correspondence of master robot DOF (left) and slave robot DOF (right)
for teleoperation.

been some studies on in vivo animal tissue properties [30], and also on the mechanical
properties of perfused ex vivo organs [106], which are expected to be more represen-
tative of living tissues than ex vivo organs without perfusion. Even if the properties
of living tissues could be measured accurately there currently do not exist methods
to recreate them in a phantom tissue. Thus Phantom tissues demonstrated to ap-
proximate all or nearly all properties of live human tissues have yet to be developed.
However, there have been some attempts to replicate certain individual properties of
human tissue. One of these is the Simulated Muscle Ballistic Test Media (Sim-Test)
from Corbin, Inc. This rubber-like simulated muscle is particularly useful for needle
insertion because it is fairly stiff (4.9 N/mm by a blunt indentation test), and yet
has a comparatively lower friction on the barrel of the needle than many alternative
rubber-like phantom tissues (e.g. silicone). It is also very easy to work with, reusable

by recasting after melting at low temperatures (e.g. on a standard hot plate at low
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heat). It is also non-toxic, and its stiffness can be modified by adding water while
melted. Sim-Test further has a reasonable shelf life (several months) if enclosed in
an air-tight container. The drawback of Sim-Test is that it is only semi-transparent.
Thus, it is useful for experiments where the needle can be kept near the surface of
the phantom tissue such as the planar experiments in Sections 3.2.4, 3.2.5, and 3.3.

Other phantom tissues have a different mixture of desirable and undesirable prop-
erties. Porcine Gelatin (Sigma-Aldrich, Inc. “Gelatin porcine skin for electrophoresis
Type A”) is transparent and well lubricated by suspended water (simulating the pre-
sumed effects of blood in real tissue), but has a very short shelf life (approximately one
day with refrigeration) and its properties are likely temperature dependent, meaning
that experiments must be completed rapidly, or a cooling system used during exper-
iments. While porcine gelatin is non-toxic and manufacturing samples is straightfor-
ward (heat water, dissolve gelatin powder, allow to chill for several hours), it requires
more time than Sim-Test, and samples are not reusable. One significant drawback of
porcine gelatin is that it exhibits low strength. Needles embedded more than a few
centimeters may shear through the gelatin (causing an effect similar to a wire-based
cheese slicer). Thus, porcine gelatin was not used in any of the experiments presented
in this chapter.

Other noteworthy phantom tissues include various commercial silicones and rub-
bers, such as “Super Soft Plastic” (M-F Manufacturing, Inc.). This material (and
others like it) has the advantage of being transparent, but exhibits very high friction
with the needle shaft, requiring large forces to insert needles beyond depths of ap-

proximately 10 cm. While not highly toxic, mixing such materials requires a fume
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hood, and they are not reusable. An advantage is an exceptionally long shelf life
(several months) without refrigeration or air-tight storage, although gradual leach-
ing of an oil-based liquid does occur. This material is not suitable for experiments
with the friction drive insertion device design, but can be used with the telescoping
base-driven actuation unit, and is used in the teleoperation experiments in Section
3.4.

For needles to steer significantly through any of the media above, they must
be flexible. One good candidate material for steerable needles is Nitinol, although
other flexible materials may also be used (although they have not yet been explored).
Nitinol, an alloy of approximately 55% Nickel and 45% Titanium, exhibits superelastic
properties when properly heat treated. Nitinol has the additional benefit of being
a bio-compatible material commonly used in stents and catheters, so it poses no
danger of toxicity to the patient. Using Nitinol, needles of standard medical diameters
(approximately 0.3-1.0 mm or equivalently 30-19 gauge, depending on the particular
phantom tissue) exhibit bevel-steering ability in the phantom tissues above. Bevel
angle also has an effect on steering, which we explore experimentally after discussing

the calibration and data collection issues necessary for such experiments below.

Calibration of Needle Axial Angle

One of the most challenging practical considerations in attempting planar experi-
ments was initial calibration of the orientation of the bevel tip about the needle axis.
The small needle diameter hampers one’s ability to accurately orient the bevel angle

(Figure 3.9) by eye, especially considering that even a few degrees of error in initial
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Figure 3.8: Tip positions during needle insertion shown overlaid on an image of the
final needle path. Tip positions were extracted automatically from a sequence of
insertion images.

rotation can cause the needle to move out of plane a centimeter or more over the
course of a 25 c¢m insertion. One way to ensure that the bevel direction will create
bending in the horizontal plane is to initially calibrate bevel angle as accurately as
possible by eye, and then insert the needle several times. With each insertion, the
out of plane motion is observed and corrected by appropriate small rotations of the
needle between insertions. This is done until the needle can be inserted to its full
depth without moving out of plane more than a few millimeters.

In practice, for an eventual commercial bevel steering system, we do not expect

Bevel
-------- Needle tip
orientation
Needle \{- -- -(.-;. --

Figure 3.9: Definition of the bevel-tip angle and needle orientation.
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this calibration issue to be problematic. When needles are produced in quantity, it
should be straightforward to manufacture them such that the bevel is cut at an axial
orientation accurately known with respect to a base fixture that remains part of the
needle. This base fixture will enable the needle to be attached to the robot at a
repeatable and known angular orientation. In our prototype system, no base fixture
was included, so there was no means available to reproduce the exact axial angle of
attachment between robot and needle. This necessitated the above-described angular

calibration procedure.

Needle Tracking

To track needle tip trajectory through the phantom in a sequence of images, the
first step is to create a difference image by subtracting the previous image from the
current image. This yields a difference image that is blank aside from a group of
pixels indicating the change in needle tip position between the current and previous
image. The difference image is then thresholded and the “blob” of connected pixels
at the needle tip identified. The pixel furthest from the needle base within this blob
is then taken as the needle tip position. Repeating this process many times with
subsequent images yields the needle path, as shown by the dots superimposed on the
final needle image in Figure 3.8.

When corresponding points on the needle in the left and right camera images
have been identified using the above method, the 3D coordinates of these points are
found by stereo triangulation. For intuition about these trajectories, it is useful to

express them in a coordinate frame attached to the phantom tissue surface (with
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two axes parallel to it). To obtain the transformation between a camera frame and
this phantom frame, a point cloud registration was applied [15]. A 1 cm square grid
was overlaid on the surface of the phantom tissue and 22 corresponding points were
selected using a computer mouse by clicking on grid intersections in the left and right
images. Since these points were known in both the camera coordinate frame (trian-
gulated) and the phantom coordinate frame (from physical grid locations), the point
cloud registration yields the transformation between the two. For the experiments in
Sections 3.2 and 3.3, the needle was maintained within a few millimeters of the tissue
surface at all times, so that it was not necessary to compensate for optical refraction.
However, in the teleoperation experiments presented in Section 3.4, optical refraction
compensation algorithms were employed (as discussed in Section 3.4), because it was

possible for a human to drive the needle further beneath the tissue surface.

3.2.4 Effect of Insertion Velocity

An experiment was undertaken to explore the effect of velocity on needle steering.
The needle used was a 0.83 mm diameter solid Nitinol cylinder (simulating a 21 gauge
needle) with a smooth surface finish and a hand-machined bevel tip. The Nitinol cylin-
der used in these experiments was obtained from Nitinol Devices and Components,
Inc. The phantom tissue was the Sim-Test material described previously, cast into a
sheet approximately 15 mm thick. The needle was introduced horizontally, using the
telescoping support device described previously (pictured in Figure 3.5). During the

experiment, macroscopic displacement of the tissue by the needle did not occur. That
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Figure 3.10: A scatter plot of final needle tip positions for different insertion velocities.
No trend is apparent.

is to say, the needle shaft followed and remained approximately fixed in the path the
tip cut through the rubber as shown in Figure 3.8.

The effect of velocity on needle bending was studied by inserting the needle multi-
ple times into a single rubber sample at velocities from 0.5 to 2.5 cm/s in increments
of 0.5 cm/s. Care was taken that the needle was not inserted repeatedly at the same
location, so the path cut by each insertion would have no effect on other insertions.
The needle used in this experiment had a hand-machined bevel angle of 40°. Each
velocity was run twice, and the insertion distance for all runs was 25 cm.

The resulting tip and base positions were triangulated and expressed in the phan-
tom tissue coordinate frame. The various needle paths were shifted so that they had
a common starting point. Some runs were performed with the bevel tip facing to the

right and some to the left, so the “left” data sets were reflected with respect to the
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Figure 3.11: Axial forces for runs with different velocities showing that forces increase
with velocity.

y — z plane of the phantom coordinate frame at the needle base so that they could

be compared directly to the “right” data sets.

Path effects

The results of the velocity experiment are plotted in Figures 3.10 and 3.11. As
can be seen from the figure, there is no discernible trend in the final tip location of
the needles for the different velocities. For our choices of phantom material, needle,

and velocity range, velocity-dependent effects on path appear negligible.

Force effects

Velocity did have an effect on the force required to drive the needle into the tissue.
Figure 3.11 indicates that as the velocity increases, the force required to insert the
needle also increases. The variability of the force data changes at different velocities

— some of the plots are smoother than others. The reason for this is mechanical
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Figure 3.12: Example retraction forces. The peak where static friction releases the
needle is clearly evident, and friction is fairly linear with insertion depth thereafter.

resonance of the linear stage—stepper motor combination used for insertion. The
forces measured as the needle is extracted from the tissue (Figure 3.12) are as one
would expect. The needle first overcomes static friction, and then the effects of kinetic
friction are evident and shrink as the the amount of needle embedded in the tissue

decreases.

3.2.5 Effect of Bevel Tip Angle

Since the asymmetry of the bevel tip provides steering actuation forces, it is
reasonable to expect that different bevel angles will result in different needle paths,
given other insertion parameters are held constant. We conducted an experiment to
test the effect of a wide range of practical bevel angles on needle steerability. The
materials and experimental setup used were identical to those described above in the

velocity experiment above.
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Figure 3.13: A scatter plot of final needle tip positions for a variety of bevel angles,
showing a trend of increasing curvature with decreasing bevel angle.

The effect of the bevel angle on needle bending was examined by inserting the
same needle multiple times into a single rubber sample. Between insertions, a different
bevel angle was ground onto the needle tip. The angles used, measured as indicated
in Figure 3.9, were 5°, 25°, 40°, 60°, and 80°. As in the velocity experiment, care was
taken that the needle was not inserted at the same location twice. The needle was
inserted for each run at a constant velocity of 1.5 cm/s. Each bevel angle was run
twice, and all runs were for an insertion distance of 22 cm. The resulting tip positions

were triangulated and compared as in the velocity experiment.

Path effects

The results of the bevel experiment are shown in Figures 3.13 and 3.14. As can

be seen in the figure, there is a trend in the amount of bending obtained from the
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Figure 3.14: There is little discernible difference in axial forces for insertions of the
same needle with different bevel angles.

Figure 3.15: The final needle locations, extracted from difference images, with differ-
ent bevel angles illustrate the steering effect of the bevel tip. A 5° bevel exhibits the
most bending while an 80° bevel exhibits the least.

different bevel angles, with 5° producing the most bending and 80° the least. Note
that the range of bending in the y direction between the different bevel angles is
approximately 2.5 cm, or over 10% of the total insertion distance. The final positions

of the entire needle for all 5 bevel angles are shown in Figure 3.15.
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Force effects

Figure 3.14 shows that there is little difference in the axial forces on the needle
for different bevel angles, compared with the effect of velocity (Figure 3.11). This
indicates that either the axial force associated with cutting is not strongly dependent
on bevel angle, or (more likely) that friction on the barrel of the needle tends to
dominate the axial cutting force of the needle tip. The sudden jumps in force near
the end of the runs indicate situations when the needle pressed on the wall of the
telescoping support sheath with enough force to cause a significant increase in its
friction. The tangential forces (not shown here) yield little information, because the
Delrin block that supports the needle at the tissue surface to prevent buckling does
not allow them to be transmitted to the force sensor at the needle base. Torque data
also is not useful for these particular experiments because the needle was not rotated
about its axis during insertion. In more complicated 3D trajectories, torque may be

useful for determining needle tip orientation.

3.3 A Model for Bevel-Tip Needle Steering

Until now, this chapter has examined needle steering through design and quali-
tative observation, addressing actuation, needle, and phantom tissue characteristics
useful for bevel steering. This section explores steerable needle shape within tissue
and describes a model for it. Consider a bevel-tip needle driven with two velocity
inputs, insertion speed and rotation speed, actuated from the base of the needle. As

the needle is inserted into tissue, the tissue imposes a reaction force on the bevel that
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Figure 3.16: Configuration of a bevel-tip needle during steering showing the front
and back “wheels” at frames B and C' of a superimposed bicycle-like nonholonomic
model. In this particular configuration, the x-axes for all three frames are pointing
into the page.

deflects the needle tip, causing it to follow an arc. The rotational input at the base
causes the needle to turn about its shaft reorienting the bevel. Neglecting the tor-
sional compliance of the needle and assuming that the needle “stays in place” during
reorientation, the tip rotates at the same speed as the base.

We model insertion speed and rotation speed as inputs to a kinematic nonholo-
nomic system. We propose a variant of the standard kinematic bicycle, with constant
front wheel angle, ¢, and wheel base, ¢, as depicted in Figure 3.16. Together ¢ and ¢,
specify the curvature, x, of the needle path, and a second parameter, {5, determines
the location along the bicycle that is attached to the needle tip, n. Roughly speak-
ing, inserting the needle at speed wu; is like “riding the bicycle” along a circular arc
of radius 1/x while rotating the needle at speed wus reorients the plane containing the
bicycle’s path. The two-parameter bicycle model can be reduced to a one-parameter

“unicycle” model (a single wheel located directly at the needle tip) by appropriate
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simplifications that remove ¢y while retaining .

The purpose of this section is to determine the extent to which the 3D gener-
alizations of the standard nonholonomic bicycle and unicycle models quantitatively
capture the needle steering kinematics. To do so, we fit the model parameters experi-
mentally and then statistically compare the bicycle and unicycle models to determine
if the additional bicycle model parameter significantly improves the model fit. We
suspect that the model parameters depend on many factors such as tissue stiffness,
needle stiffness, and bevel angle, but we leave verification of these hypotheses for

future investigation.

3.3.1 Planar Needle Kinematics

If the material properties of the needle are appropriately selected with respect
to the properties of the tissue through which it travels, the needle shaft follows the
trajectory of the tip almost exactly. This was shown in Section 3.2.3 using video
of the needle insertion and comparing tip position in each frame to the final shaft
trajectory (Figure 3.8). Thus, for an accurate representation of the entire needle
shape, it suffices to describe the motion of the tip. We note that the models derived
in this setting also applicable for less well-matched needle-tissue combinations (e.g.
the same needle with a more compliant tissue medium). This has been investigated
by collaborators, and their studies are briefly outlined in Section 3.6. However, for
the remainder of the modeling work presented in this thesis, we will proceed by

considering well-matched needle and tissue combinations, such that the shaft follows
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Figure 3.17: (Left) The modified planar bicycle model rotates as a rigid body about
a center of rotation defined by the intersection of the two wheel axes. (Right) The
modified planar unicycle model rolls with an angular velocity proportional to its linear
velocity.

the trajectory of the needle tip.

In the plane, the standard nonholonomic model for a single wheel or “unicycle”
(see [123], Example 7.4) has a single no-slip constraint. As shown in Figure 3.17,
written in body frame coordinates, this constraint is v, = 0. In the standard unicycle
model, the angular velocity w is variable and serves as a control input to the system.
However, the needle bevel angle is fixed. To model this, we can modify the standard
unicycle model slightly by fixing the ratio of linear velocity to angular velocity. This
constraint can be written (again in body frame coordinates) as v, = rw = %w, and
causes the unicycle to trace out a circular path with radius r and curvature x.

Similarly, the standard nonholonomic car or “bicycle model” (see [123], Example
7.5) can be modified slightly by fixing the angle of the front wheel. The two wheel
constraints cause the bicycle to rotate as a rigid body about the point where the
perpendicular wheel axes intersect. If the needle tip was attached to the back wheel,

this modified bicycle model would predict paths identical to the modified unicycle
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Figure 3.18: Comparison of the different planar paths for the one parameter unicycle
model and the two parameter bicycle model. Parameters were x = 0.05 and {5 = 2.

model for kK = %. However, if we allow the needle attachment position to be at a
distance /5 from the rear wheel, we add a parameter to the model.

If the needle path is simply a single circular arc, this new parameter does not add
descriptive power. However, for any trajectory more complex than a single arc, its
predicted shape will differ from the single parameter unicycle model. The utility of
this will be illustrated in Section 3.3.5, in which the model is fit to experimental data.

In the plane, a more complex trajectory with inflection points can be constructed
by alternately pushing the needle into tissue for a finite distance and then axially
rotating it 180°. For the planar unicycle model, each axial rotation has the effect of
changing the sign of the angular velocity constraint (changing the sign on k). For the
planar bicycle model, each axial rotation corresponds to instantaneously turning the
front wheel from 4+¢ to —¢ or vice versa.

While both models generate circular arcs when moving forward, the arcs traced

out by the unicycle must be tangent to one another, whereas the arcs traced out by
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the bicycle need not be. Figure 3.18 simulates this effect on the trajectory predicted
by each model given parameters of kK = 0.05 and ¢, = 2. In this simulation, the input

profile was:

1. insert for one second at 10cm/s,

2. rotate 180°,

3. insert for two seconds at 10cm/s,

4. rotate 180°, and

5. insert for one second at 10cm/s.

It is interesting to note that the bevel-steering approach does not preclude linear
paths for the needle. The needle may be inserted along an approximately straight path
by continually rotating it at the base as it is inserted (effectively using a “drilling”
motion). When this is done, our models predict a helical needle trajectory with
extremely small radius that approximates a line. This effect is observed clinically, and
spinning the needle is a recommended surgical technique to reduce the bending that
results from the bevel tip (see [173], page 8.16). In addition, a path approximating
a planar circle with reduced curvature can be obtained by duty-cycling the needle,
effectively creating very small out of plane helices. Generalizing the planar unicycle
and bicycle models to full rigid transformations (SE(3)) is the subject of the next

section.
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3.3.2 Notation and Definitions

Ultimately, we seek to use the two control inputs, insertion and rotation, to drive
a needle to a desired position and orientation in six degrees of freedom (DOF). Since
generalized coordinates (such as (z,y, z,roll, pitch, yaw)), have singularities, we re-
sort to a coordinate-free representation of the kinematics. Fortunately the kinematic
needle equations are quite simple in the coordinate-free representation, but the con-
venience and generality comes at the added expense of the formalism and notation
established in this section. We follow the conventions in [123].

Consider the three reference frames such as those of the bicycle model depicted in
Figure 3.16: a stationary world frame, A, and two “body” frames, B and C', attached

to the needle tip. Using the homogeneous matrix representation, let

Rab Pab

€ SE(3) where Ry € SO(3), pay € R? (3.1)

Gab =
of 1

denote the rigid transformation between A and B. Likewise, let g = (Rpe, Poe) €
SE(3) denote the transformation between B and C.

The isomorphism R? ~ s0(3) is defined by

w1 0 —w3 wo 0 —w3 wy w1

~ V.
Wa W3 0 —W1 S 50<3)7 : w3 0 % w9 (32)
w3 —W2 w1 0 —W9 w1 0 w3

where s0(3) is the Lie algebra of SO(3).

It will be convenient to “overload” the

definitions of ~ and ¥ for se(3), the Lie algebra of SE(3). In other words, if (v,w) €
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RS, then

~ — €se(3), V: — . (3.3)

Given two frames, X and Y, related by the rigid transformation g,, € SE(3), the

body-frame velocity between them is given by

b b T
’ny 1. vxy = nypxya
Viy = = (9ry 9oy)”,  where (34)
b b _ T 1
w:cy wxy - (nyRﬂfy)v'

Given three frames A, B and C' moving relative to each other, their body velocities
are related by Vb = Ad gflvabb + Vi, where
be
R pR

Ad, = (3.5)
0 R

is the Adjoint operator for a rigid transformation g = (R, p) € SE(3).

The unit vectors ey, ez, e3 € R? are the standard basis.

3.3.3 Nonholonomic Constraints and Control Inputs

In the bicycle model, frames B and C' are rigidly connected with parallel z-axes,
such that the origin of C is a distance ¢; along the z-axis of B. The y-z plane of C'
is rotated by angle ¢ about the z-axis, as shown in Figure 3.16. Thus Ry, = e“¢ and
Dye = l1€3, where ¢ and /1 are constants to be determined experimentally as described
in Section 3.3.5.

There are four Pfaffian constraints, because the velocity of the origin of frame B

cannot have a projection along the x or y axis of frame B, and the velocity of the
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origin of frame C' cannot have a projection along the x or y axis of frame C. In other

words:

T,b T,b T,b Tb:O_ (36)

Since frames B and C are fixed with respect to each other, V2. = 0. Thus V!, =

Ad ot Ve +VE = Ad ot VY and the Pfaffian constraints can be simplified to

100 O 0 0

000 O 1 0

where k = tagi¢. Assuming ¢; # 0 and ¢ € (0,7/2), a basis Vi, V; for the right

nullspace of A defines the two allowable directions:

U1 es Vg 03x1
V) = = and Vh = = , (3.8)
w1 REq %)) €3
The vector V; corresponds to pure needle insertion, while V5 corresponds to pure
needle shaft rotation.
Since we assume the needle shaft is held in place by the surrounding tissue, the
effect of the shaft is to replicate needle base control inputs at the tip. Let u = (uq, us)

denote the control inputs, where u; is the insertion speed, and wu» is the shaft rotation

speed. This leads to the following kinematic model:

Vbb =wu V1 + usVa, or, equivalently  g.(t) = gab(t)(ulvl + uQVg), (3.9)

a

and
n(t) = Rab(t)€2€3 + pab(t)- (310)
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The unicycle model can be viewed as a simpler form of the bicycle model by
setting ¢, = 0. This is equivalent to removing the front wheel of the bicycle to create
a unicycle with a fixed ratio of linear velocity to angular velocity. The unicycle model

also has four Pfaflian constraints:

1
T,b T,0b T, b T, b T,b
O, _K‘/ 61 wab — 63 /Uab, (311)

the first three of which are straightforward. The fourth constraint above relates the
angular velocity of the unicycle about e; to the insertion speed, corresponding in the
planar case to a circular path with curvature k. These constraints lead to a constraint
matrix identical to the bicycle model (Equation 3.7), thus yielding the same allowable
directions as before (Equation 3.8). In the unicycle model, n coincides with the origin
of frame B, reducing the number of model parameters from two to one by removing
ls.

Summarizing, the two models can be written as follows:
Gap (D) gan(t) = Vi + usVa,
€3 0

Vi= Vo=
Keq €3 (3.12)

n(t) = Rap(t)lae3 + pap(t)  bicycle model

n(t) = pa(t) unicycle model ({5 = 0)
Note that for both the bicycle and unicycle models, the constraints (Equation 3.7) are
independent of g,,, and thus the control vector fields are left-invariant. The systems
(Equation 3.12) are nonholonomic, since the distribution A = span {V}, V,} is not
involutive. This can be seen by taking the first Lie bracket of V; and V5 in Equation
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3.12

Ole

Vs = Vi, Vo] = (MVa — 1h10)Y = , (3.13)

— K€

which is linearly independent of V; and V, (and thus A is not involutive). Successive
Lie brackets reveal that the system is of nonholonomy degree 4, with a relative growth
vector of (2,1,2,1) ( [123], Chapter 7). Therefore, this system is controllable, and
as described in Section 3.6 subsequent work has applied this model successfully to

control and planning for bevel-steered needles.

3.3.4 Discrete Model

A discrete implementation of the kinematic model, Equation 3.12, enables simu-
lation and visualization. Advancing the homogeneous transformation, g,, along V5

for t seconds for each time step, k = 0,1, 2,.. ., yields the discrete-time model

Gap(k + 1) = gop(k)e (1 ®ViHu2R )t
(3.14)

n(k;) = Rab(k)ggeg + pab(k).
The control inputs u; (k) and us(k) now denote the insertion distance and change in

rotation angle, respectively, at step k.

3.3.5 Experimental Parameter Fitting and Validation

The friction drive actuation unit (Figure 3.1) was used to control both insertion
(u1) and rotation (ug) speeds. The needle used in the experiments was a 0.7 mm
diameter solid Nitinol cylinder (simulating a 22-gauge needle) with a smooth surface
finish and a hand-machined bevel tip of 45°. The phantom tissue was the Sim-Test
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material described in Section 3.2.3. As discussed previously, for this needle and
phantom tissue, the needle shaft will follow the tip as it cuts through the tissue
(Figure 3.8). It is expected that similar results can be obtained in phantom tissues
with a wide range of properties by selecting the appropriate needle stiffness. While
the Sim-Test media, which is qualitatively similar to muscle, is stiffer than some
organs (e.g. liver), we expect our modeling assumption to hold even in softer tissues
if we increase the flexibility of the needle shaft. Quantifying the properties of living
tissue is an active research area. As these properties are quantified more fully, our
understanding of the effect of needle shaft properties on steering will improve. Our
Nitinol needle and Sim-Test media represent a specific example of a needle/tissue pair
with appropriately matched properties. This results in a significant steering capability
and fits our modeling assumptions. Initial experiments indicate that bevel-tip needles
can steer well even in needle/tissue combinations that are not as well matched (e.g.
softer tissue, stiffer needle), but the shapes they take on may change to some degree.
This is a topic of future research, and is discussed in more detail in Section 3.5.

The Sim-Test material was cast into a sheet approximately 15 mm thick, and the
needle was introduced vertically. To collect coordinates describing the needle path,
a physical grid was overlaid on the phantom tissue. A one cm square grid (shown in
Figures 3.1 and 3.8) was laser etched into a clear polycarbonate sheet so that digital
images could be taken of the needle path through the grid. Thirty two points along the
needle path were recorded in pixel coordinates for each run. These pixel coordinates
were converted to physical coordinates in a frame attached to the polycarbonate grid

using the following procedure.
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Nine calibration points (grid intersections), distributed evenly across the planar
grid, were obtained in both pixel coordinates and physical coordinates. Then, using
a 2-dimensional version the Direct Linear Transform (DLT) algorithm, the projective
transformation was estimated from the point correspondences for each run. These
transformations enabled us to express coordinates along the needle in the physical
coordinate system. We estimate the error associated with this collection process to
be within +£1 mm. The nonholonomic model was fit to this physical data as described

in the following section.

Experimental Procedure

The needle described previously was inserted multiple times into a single phantom
tissue sample for all experiments. Care was taken to insert the needle at a different
location each time so that the holes cut by previous experiments would not affect
subsequent trials. Because the phantom tissue is semi-opaque, visualizing the needle
with an optical camera requires it to stay within a few millimeters of the surface.
Doing so requires control of axial needle rotation (bevel direction), or the needle may
move out of plane as a result of small errors in initial needle rotation calibration that
can cause the plane of needle curvature to be slightly misaligned with phantom tissue
surface. Accurate control of needle axial rotation requires the needle steering model
parameters that these experiments are designed to reveal. However, the needle can
be kept in a plane just below the surface of the tissue by manually making slight
corrections to the axial rotation of the needle as necessary to minimize out of plane

motion. In contrast to the rotational degree of freedom, the linear insertion velocity
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is constant, and is computer controlled. Possible sources of error in these experi-
ments include initial insertion angle from vertical, human controlled (approximately
constant) spin angle, slippage of drive wheels relative to the shaft (not visually per-
ceptible), small deformations of the phantom tissue, and identification of points on
the needle path in digital images.

Two sets of input parameters were used in the experimental insertions. In one, us
was set to zero, and the needle was inserted at a constant u; to a depth of 235 mm.
This created a “single bend” insertion profile. In the other, us was set to zero for
the first 1/3 of the total insertion depth (83.3 mm). Then u; was set to zero and
the needle was rotated 180 degrees. Finally, with uy again fixed at zero, the needle
was inserted the remaining 2/3 of the insertion depth at constant u;, until the needle
reached a total insertion depth of 250 mm. This created an S-shaped or “double
bend” insertion profile. A total of 13 insertions were performed, composed of eight
single bend insertions and five double bend insertions.

When the insertion speed wu; is constant and needle rotation does not change
(ug = 0), the needle tip follows a planar circular arc as described in Section 3.3. This
arc is a function of the parameters x and ¢,. To fit all 13 trials simultaneously, the
parameter set was expanded to include two unique ‘“nuisance parameters” for each
individual trial. These parameters were 3/ (the y entry point of the needle) and 7
(the initial angle of needle with respect to the z axis in the y-z plane) for each run,
j =1,...,13. The 4/ parameter was included because it was observed that while
all insertions had similar basic shape and curvature properties, they differed by a

slight rotation indicative of a small amount of error in initial entry angle. This error
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was probably caused by the needle tip deforming the surface of the rubber before
puncturing it, which deflects the angle of entry a small amount in the process. The
vector of parameters is given by 0 = (k, lo, y1, 7L, ..., yl3, 413).

While it is possible to integrate the path of the needle using the Lie group expres-
sions given in Section 3.3 (which is done to generate the plots in Section 3.3.5), the
nonlinear parameter estimation is greatly facilitated with a closed form expression for
the needle trajectory. This allows the nonlinear fitting algorithm to run much more
efficiently, and eliminates small errors associated with the integration time step. It is
straightforward in the planar case to derive such an expression for the needle path in
terms of the circular segments that describe it.

For a single run of the bicycle model (j superscript omitted for clarity), the radius

of the arcs (all have the same radius) is

r= =6+ (Geot(o) (315)

The position of the center of the first arc is

0
€1 = |y, rcos(sin~!(ler) +7) | » (3.16)

+rsin(sin™! (lyk) +7)

where the =+ is selected by whether the arc points toward the positive or negative y
direction. The center of subsequent circular arcs (after rotating uy by 180°) is given

by a similar expression where the nuisance parameters have been replaced by the
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ending conditions of the previous arc (denoted by the leading superscript e):

0

Ci = |ey;_1 & rcos(sin™(lak) + ¢y 1) | - (3.17)

°zi_1 £ rsin(sin~ (for) + “yi-1)

For a single run of the unicycle model, the radius of the arcs is

r =

(3.18)

o .

The position of the center of the first arc simplifies to

1= |y, £rcos(y)| > (3.19)

+rsin(y)

and the center of subsequent circular arcs similarly simplifies to

0

c;, = eyi_1ﬂ:TCOS(e%—1) . (320)

€zi—1 £ rsin(®y;_1)

Given these circle centers, the desired z directional prediction (2) for a value y is

then given by the equation for a circle:

f(2,0) =elci+1/r2 — (2 — eXc;)?
(3.21)

es ‘cii1 < z<el ‘c,
where e, and es are standard basis vectors such that, for example, el'¢c; denotes the y
component of the center of the i** circle segment.
This closed-form model can now be fit to the experimental data using Matlab’s
nlinfit command. This function numerically computes a Jacobian in terms of the
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Figure 3.19: (Left) The bicycle nonholonomic model prediction for a single curve
run, shown with average data (including nuisance parameters) and standard deviation
bars. (Right) During the experiment, the needle was inserted 23.5 cm, without spin.

parameters,

_ 9t

= —. 22
J 20 (3.22)

It then uses the Gauss-Newton gradient decent method to minimize the residual error

between the observed data points and the predicted ones.

Results

For the bicycle model, the experimentally fit parameters were £ = 0.0449 and
¢y = 2.38 cm, with 95% confidence intervals of + 0.001 and =+ 0.15, respectively.
Note that x can be directly related back to bicycle steering angle (¢) and distance
between the wheels (¢1), since k is a function of both. For example, choosing ¢; =
4 cm yields a steering angle of ¢ = 10.18°. Figures 3.19 and 3.20 show plots of the
single bend and double bend fitted models along with mean data values and standard

deviation bars for each data point, with the nuisance parameters taken into account.
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Figure 3.20: (Top) The bicycle nonholonomic model prediction for a run with two
curves, shown with average data (including nuisance parameters) and standard devi-
ation bars. (Bottom) During the experiment, the needle was inserted 8.3 cm, spun
180°, then inserted another 16.7 cm.

The plots were generated by integrating the Lie group expressions given in Section
3.3.

The experimentally fit parameter for the unicycle model was k = 0.0468 with a
95% confidence interval of £ 0.0001. Since the unicycle model can be viewed as a
simpler form of the bicycle model, we can use a hypothesis test to determine whether
the second parameter in the bicycle model represents a statistical improvement in
describing the needle trajectory over the unicycle model (null hypothesis). A t¢-test
with a = 0.01 leads to rejection of the null hypothesis, (P < 0.01) and we conclude
that the bicycle model is statistically significantly better at describing the data. This
is illustrated graphically in Figures 3.21 and 3.22.

As shown in Figures 3.19 and 3.20, the bicycle model qualitatively fits the data

very well. Quantitatively, the root mean squared error between the model prediction
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Figure 3.21: (Left) The unicycle nonholonomic model prediction for a single curve
run, shown with average needle path data (including nuisance parameters) and stan-
dard deviation bars. (Right) Photograph of one needle insertion.

and the observed data points is 1.3 mm for the bicycle model, compared to 2.6 mm
for the unicycle model. The error for the bicycle model is quite low, however it is
slightly above our measurement error estimate of 1 mm, so there may be a small

amount of inherent variability in the data not captured by our kinematic model.

3.4 Teleoperation

Model-based or teleoperative control for steerable needles can compensate for dis-
turbances from a variety of sources including error in entry angle (the “nuisance
parameters” mentioned with regard to model fitting above), tissue deformation, etc.
Planning can also accomplish this, but a priori knowledge of tissue properties are usu-
ally limited in clinical practice. In this section, we consider the teleoperation of very
flexible needles with beveled tips. We view teleoperation as a key enabling technology

for clinical adoption, both because many doctors are more readily willing to adopt a
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Figure 3.22: (Top) The unicycle nonholonomic model prediction for a run with two
curves, shown with average needle path data (including nuisance parameters) and
standard deviation bars. The single parameter model is not able to fully capture
the curvature variations of the physical needle. (Bottom) Photograph of one needle
insertion.

system that provides them with a sense of direct control, and because initial closed
loop control results, while promising, have not yet exceeded teleoperative accuracy.
This is a qualitative observation since no study exists to date comparing teleoperation
and automatic control. It is expected that teleoperative control will provide a gold
standard with which to compare the accuracy and safety of automatic controllers,
since bevel-steered needles are too flexible to be inserted by hand. When an auto-
matic controller can exceed human teleoperative ability in terms of either accuracy

or safety in phantom studies, it will be a good candidate for clinical application.
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Figure 3.23: All coordinates in the teleoperation system are considered with respect
to a coordinate frame fixed to the rubber at the needle entry point and oriented as
shown above. The linear and angular positions of the needle are represented by 6 and
p, respectively.

3.4.1 Role of Teleoperation in Control

In Section 3.3, a nonholonomic model was presented that describes the needle tip
pose as a function of two inputs, insertion velocity and angular velocity of the bevel
about the needle axis. Using this model, along with mechanical and geometric tissue
properties, it is possible to plan optimal paths to reach a desired target [6,7,10].

While the nonholonomic model can describe the path of the needle in fairly ho-
mogeneous phantom tissues (e.g. those discussed in Section 3.2.3), there will be un-
modeled perturbations in living tissue, due to inherent inhomogeneity and deflection
effects of boundary layers. To address these disturbances, several complementary
approaches are possible. One is a low-level, closed-loop, image-based control system
and another is high-level replanning based on image feedback. Initial studies on each
of these have been undertaken by collaborators (see Section 3.6). These methods
would allow completely autonomous needle control, once the target and obstacles are
defined by the radiologist or surgeon. The focus of this section is a third approach,
teleoperation. In teleoperation, the human operator provides real-time position or

rate commands that are followed as closely as possible by a slave robot.
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Teleoperation offers both advantages and disadvantages in comparison to au-
tonomous, closed-loop control methods. A primary advantage is that it allows the
surgeon to have closer control over the needle motion. For reasons of safety and ac-
ceptance by the medical community, this close interaction may be needed for initial
clinical trials. A disadvantage is the difficulty humans have in planning and following
paths with nonholonomic systems. In comparison to hand-held needle insertion, tele-
operation can enhance steerability because the robot can use needles that would be
far too flexible to accurately insert by hand. We propose that the best teleoperation
method may be a mixed approach, where the human controls the invasive degree of
freedom (DOF), insertion, while the computer controls the steering by spinning the
needle about its axis. This section describes how to combine the teleoperation system
hardware described in Section 3.2.2 with visualization and graphical steering assis-
tance displays. We then explore various control laws and levels of control through
human subjects experiments comparing control methods in terms of accuracy and the

paths planned by users.

3.4.2 Visual Feedback

In addition to an overhead camera view, the user is provided with two additional
visual aids as shown in Figure 3.24. Since the overhead camera does not show depth
well, we provide a depth meter in the form of a slider that displays the vertical depth
of the needle tip with respect to the top and bottom surfaces of the tissue (in the z

direction as shown on Figure 3.24).
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Since the bevel tip is too small to visualize clearly in camera images, we also
provide a second visual aid to the user to indicate bevel direction. A dial gauge
indicates the direction the needle will curve (in the needle tip frame) as it translates
forward, by displaying the reading of an encoder attached to the needle base. At
the initial needle configuration, when the arrow is pointing toward 90°, insertion will
cause the needle to curve in the plane of the tissue toward the positive y direction,
as shown in Figure 3.24. An angle of 270° will make the needle curve in the opposite
direction. Readings of 180° and 0° make the needle go up or down in the z direction,
respectively. While the encoded base rotation may not perfectly correspond to tip
rotation due to friction and finite torsional stiffness of the needle shaft, it is a good
approximation — especially at shallow depths. Additionally, we expect the blood in
human tissue to form a natural lubricant, making torsional deformation even less

significant than in rubber phantoms.

3.4.3 Control Methods

To determine the effects of various controllers for the translational degree of free-
dom on user targeting accuracy we performed a set of experiments. These experiments
also compare user performance against automatic open-loop control. The correspon-
dence of degrees of freedom between the master and the slave is maintained as shown
in Figure 3.7 for all experiments.

The teleoperation of needle spin is accomplished through a proportional-derivative
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Figure 3.24: Operator feedback graphics window. The overhead camera view (top),
direction gauge (bottom left), and depth meter (bottom right) can all be seen simul-
taneously by the user.

control law,

T = k(O — 05) — kb, (3.23)

where 6, and 0, are the angles of the master stylus and slave needle/motor, respec-
tively, k, and k4 are the proportional and derivative gains, with values of 6.02 mN-m
and 0.0602 mN-m-s respectively, and 7, is the torque applied to the needle by a DC
brushed motor. The needle is actuated using the telescoping support drive described
in Section 3.2.1. The stepper motor on the linear degree of freedom in this system has
its own low-level controller, which can accept either position or velocity commands.

Three different methods to compute these commands are described below.
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Position Control

One possible translational control method is a position controller:

Ps = klpm, (324)

where p,, is the position of the master stylus, p, is the desired position of the slave
needle (transmitted to the low-level stepper motor controller), and k; is a unitless
scalar gain of 0.7. The gain k; sets the fixed scaling between the master and slave
positions. There is a tradeoff between fast response and accuracy in selecting k. Low
values allow fine position control, but require the master to move a great distance
to achieve appreciable slave motion. For our system, 0.7 yields the best accuracy for
a reasonable distance of master motion. Also, the system can be “clutched” such
that motions made in the direction of retraction are ignored, allowing repositioning
of the stylus for further insertion. This effectively increases the workspace of the
master. A beneficial consequence of preventing backward motion for the human
factors experiments presented in Section 3.4.4 is that it limits the variation in user

strategies for reaching the target, so that they can be more easily compared.

Rate Control

Rate control enables master displacement to define the velocity of the slave. In

our system it is implemented using the following relationship,
Vs = k2pma (325)

where ko is a scalar gain with a value of 0.052/sec. A point near the center of
the F6S workspace was set as the zero position of the z-axis. Translations of the
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master to the left (positive = direction) result in needle insertion into the tissue. A
virtual spring-damper force feedback system was implemented on the master to pull
the operator back to the zero position, as is commonly done in rate-control input
devices. Retractions of the needle are again disallowed by ignoring displacement in

the negative x direction.

v2 Control

To create a system that simultaneously enables long quick motions, yet maintains
the ability to do fine positioning in the vicinity of the target, we developed a new
control law based on the square of the velocity (the “v*” control law). This law was
inspired by computer mouse pointer control, also known as mouse ballistics. It is
a scaling control law where rapid motions of the mouse cause much larger pointer

displacement than slower motions of the same physical distance. Mouse ballistics

inspired the following v? needle control law,

vs = k3vl, (3.26)

where k3 is a scalar gain with a value of 21.6sec/m. This nonlinear control law
causes slow motions of the master to produce fine-resolution movements of the slave
regardless of workspace position, but also enables the slave to move faster when the

master is moved quickly.
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3.4.4 Teleoperation Experiments

As described in Section 3.2.2, 3D needle position sensing is accomplished using
calibrated stereo cameras. A version of the well-known Sum of Squared Differences
(SSD) tracking algorithm was used to process images, extracting needle tip position
with an update rate of approximately 5 Hz. Using high-resolution cameras we applied
an algorithm provided by Vinutha Kallem to account for light refraction at the tissue
surface. Kallem devised this algorithm by observing that light rays from each stereo
camera will be refracted with the same refractive index at the tissue surface, and
finding the intersection of the refracted rays. If rays do not exactly intersect (due
to small noise in the system), the midpoint of the normal line at the closest passing
of the rays to one another is used. This algorithm provides a position measurement
accuracy of 1 mm. This tip position data is recorded for analysis and also transmitted
to visual displays that assist the user in performing the insertion task as described
below. A third camera, an ADS Technologies Pyro Firewire Webcam, provides a
real-time view of the needle to the user.

All experiments reported in this section were performed using a cylindrical Nitinol
needle with a diameter of 0.6 mm and a bevel angle of 45°. The phantom tissue used
for the experiments was Super Soft Plastic described in Section 3.2.3 molded into a
rectangular prism 28 x 28 x 4 cm. Similarly to previous experiments described in
this chapter, care was taken to insert the needle at a new position for each run, so
that trajectories previously cut in the phantom tissue would not affect the current

insertion.
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To test the effect of the control methods described in Section 3.4.3 on user per-
formance in reaching specific targets, we conducted a series of experiments. Subjects
were instructed to perform a series of targeting tasks to reach two different points in
the needle’s workspace — one near its edge and one near its center — requiring different
strategies to reach them. Target 1 was selected as the average point reached by the
needle tip in the z-y plane in eight 12 cm insertions with a fixed bevel direction of 90°,
at a fixed velocity of 6.35 cm/s. Target 2 was selected as the average point reached by
the needle tip in the x-y plane in eight 13 cm insertions at the same velocity, where
the bevel tip was first fixed at 90°, then inserted 6.5 cm, then rotated to 270°, and
finally inserted another 6.5 cm. In order to view the needle tip in the camera image
and initiate tip tracking, the starting point for all insertions was at a depth of 2 cm
inside the phantom tissue. The needle was moved to this position by first inserting
1 cm with the bevel angle was fixed at 0°, and then inserting 1 cm with the bevel
angle was fixed at 180°. All data reported (including the selection of target positions)
starts from this 2 cm position inside the tissue.

For each trial, the control method was described to the user and he or she per-
formed an unrecorded practice run in order to become acclimated to the system. The
user was instructed to position the needle tip as close as possible to the target in the
x — y plane, and perform the task as swiftly as possible without sacrificing position
accuracy. During the practice run, users were instructed to navigate to one of the
two targets described above, while the experimenter provided assistance (primarily,
pointing out the proper interpretation of the graphical feedback). After the practice

run, the system was reset to the starting conditions and the users were then told to
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repeat the task for the recorded trial. The recorded trials were identical to the sample
run, with the exception that no assistance was provided by the experimenter. After
navigating to one target under a given control law, the target was then changed and
the trial repeated with the user being instructed to navigate to the new point. The
control law was then changed, and the above sequence of explanation, practice run,
and recorded trial was repeated. The order of presentation of the three control laws
was varied randomly among the users to remove any potential learning effect from
the results.

Our nomenclature for the experimental conditions is of the form [letter] [letter]
[number|. The first letter denotes the control law used for the translational motion
with P indicating the position control law (Equation 3.24), R indicating rate control
(Equation 3.25), H indicating the v* control (Equation 3.26), and A indicating auto-
matic insertion at a fixed velocity by the computer. H is used for the v? controller
because it seeks to be a hybrid of the best features of the other two control laws
(though not in the traditional sense of a “hybrid controller” applied to systems that
contain both discrete and analog signals). The second letter in our nomenclature
denotes whether the rotation stage was controlled by the human operator (denoted
‘H’) or controlled automatically by the computer (denoted ‘A’). The final number in
our nomenclature refers to the specific target point, ‘1’ for Target 1, and ‘2’ for Target
2. For example, PH1 should be interpreted as position control of translation, human
control of needle axial rotation, and Target 1 as the objective.

A total of 14 subjects, from 18 to 27 years of age, performed the experiments

described above. Experience in teleoperation ranged from novice to expert, a range
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equivalent to the varying experience level in teleoperation of interventional radiolo-
gists and other clinicians who perform needle-based procedures. Since steering flexible
needles (especially via teleoperation) is significantly different from inserting rigid steel
needles by hand, we did not require subjects to have experience in hand-insertion to
qualify for our study. To keep the each subject’s experiment duration below one hour,
each subject performed a subset of all combinations of trials listed above. All subjects
attempted RH1, RH2, RA1, RA2 with one trial each. For PH1, PH2, PA1, PA2, HH1,
HH2, HA1, and HA2 subjects were alternated between position and hybrid control,
performing all permutations of only one of the two. That is, if a user performed PHI,

he/she would not perform HH1, and vice versa.

3.4.5 Results

The effect of different control methods on the targeting accuracy of the subjects
was determined from data collected by the stereo cameras. The error metric used to
evaluate the targeting accuracy was the x — y distance of needle tip from the target
(e = /022 + §y?). We did not include depth (z) in our error metric because the main
goal specified to subjects was to reach the correct x — y position, with maintaining
constant depth being a secondary objective. We did not restrict needle motion to
a specific plane because this would require closed-loop control of tip position, and
such controllers are not yet available, despite promising initial results [97]. Simply
restricting the angular rotation of the needle to two discrete values 180° apart would

not account for tissue inhomogeneity and finite torsional stiffness of the needle shaft.
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Figure 3.25: Scheffe test results for a single factor ANOVA of varying control methods
vs. radial distance from needle tip to target. ‘y’ represents a statistical difference in
means with a confidence greater than 95%, ‘*’ means a confidence between 85% and
95%, and a blank space means a confidence lower than 85%.

The difference in angle between tip and base created by finite torsional stiffness was
more pronounced in this experiment than in previous experiments reported in this
chapter (though it was still manageable by a human), due a phantom tissue that

prioritized transparency over low-friction characteristics.
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Figure 3.26: Mean and standard deviation of the radial distance from needle tip to
target for various combinations of control methods to reach Target 1.
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Figure 3.27: Mean and standard deviation of the radial distance from needle tip to
target for various combinations of control methods to reach target 2.

Targeting Accuracy

To evaluate user targeting performance, we performed a single-factor, one-way,
random-effects ANOVA. The independent variable was the control method used and
the dependent variable was the error metric. This enables a statistical comparison
of improvement in user performance of our targeting tasks. Figure 3.25 presents
the statistical significance of pairwise comparisons, determined using a Scheffe test.
Figures 3.26 and 3.27 show the average and standard deviation of the targeting error
resulting from the various control methods. The columns AA1 and AA2 represent
the fully automated case, where the computer controlled both rotation and insertion
of the needle open loop.

2 control law enabled

The clearest result of these experiments is that the new v
users to target more accurately than any other controller. This validates our hypoth-
esis that a controller inspired by mouse ballistics can improve teleoperated needle

steering accuracy over more traditional rate and position control methods. We at-

tribute this increase in accuracy to the seamless scaling between rapid movements
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and fine positioning control of the v? control law. Using rate control, users often
accidentally deviated very early in the trial from the correct family of possible tra-
jectories too significantly to recover before reaching the target depth. Conversely,
using position control, users navigated successfully to the area near the target, but
were incapable of fine-tuning their position within this area. This is as one would
expect for the linear position and rate control mappings, in contrast to the nonlinear
mapping of v? control.

The data also shows that human control of needle spin can be statistically sig-
nificantly more accurate than fully automated open-loop control. We attribute this
to human compensation for a number of sources of uncertainty in needle tip position
that produce variation in trials with the same input joint angle profiles. Among these
factors are (1) inhomogeneity of the phantom tissue (present to some degree despite it
being cast from a single batch of Super Soft Plastic), (2) initial deflection of the needle
upon “popping through” the rubber surface (the “nuisance parameters” described in
section 3.3.5), and (3) small errors in calibrating the initial zero rotation angle of the
bevel tip. Under open loop control, all of these sources of error cause deviations from
the expected needle endpoint. As one would expect, the human reduces the effect of

these sources of error by servoing the system toward the target.

User Strategy for Task Completion

As described above, Target 2 was achieved in the fully automatic trials by gen-
erating an ‘S’ shape by making a single 180° rotation of the bevel angle half way

through the insertion. It is interesting to note that most human subjects tended to
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Figure 3.28: (Left Axis) Histogram of the number of users performing n turns. (Right
Axis) The average radial distance from the needle to tip to the target point for users
performing a specific number of turns.

use insertion strategies composed of 3 to 5 180° turns when attempting to reach the
same target point as shown on the histogram in Figure 3.28. Figure 3.29 shows sev-
eral example user paths taken to reach the target, as well as one open-loop computer

controlled trial.

3.5 Discussion

We have presented design considerations for needle steering, a pair of kinematic
models that describe needle trajectory, and a teleoperative control scheme expected
to speed clinical adoption of steerable needles. Experiments and statistical analysis
verify that the two-parameter “bicycle” model describes the needle behavior better
than a single-parameter “unicycle” model. The path predicted by the two-parameter

model is in close agreement with experimental data, but there remain several points
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Figure 3.29: Users applied different strategies for reaching Target 2. Most users

invoked more axial spin of the needle than the computer-controlled case. Note that
the axes above are not equally scaled.

to consider for future improvements of the model, and future enhancements to exper-
imental procedures. One is the modeling assumption that the needle and tissue be
matched so that the needle shaft follows the tip as it does when 21-22 guage Nitinol
needles are steered through the Sim-Test simulated muscle material.

If the needle and tissue are not as well “matched” for steering (e.g. the same
needle is used with softer tissue), simulations indicate that the shape of the needle
path will change [7]. One solution is to change needle shaft properties by choosing
a material with less flexural rigidity (e.g. plastic materials, perhaps), or to increase
tip size with respect to shaft size [59, 60]. However, even without changing shaft
properties, our model in well matched needle/tissue combinations may still provide a
basis for control. It can be incorporated into finite element models (FEM) of tissue
to predict the needle path in softer tissues [7]. In [7], our model provides an idea

of where the needle tip will deflect as it severs nodes of the FEM tissue mesh. The
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basic model can also be used for planning in conjunction with dynamic programming
for unmatched needle/tissue combinations [10]. While the model and experiments in
the matched setting described in Section 3.3.5 provide a first step toward analytical
representations of needle shape in an unmatched setting, future research is needed in
this area. Even in the absence of such analytical representations, our model may be
useful for higher rate control than is currently possible with FEM techniques, since
they are often computationally intensive.

It may also be possible to build other possible physical effects into the basic struc-
ture of our model. One physical consideration is that the trajectory of an actual
needle intuitively ought to be at least once-differentiable. Both the bicycle and uni-
cycle models will be once-differentiable as long as the needle insertion does not stop
when the bevel is reoriented (that is, u; = 0 while uy # 0). The unicycle is once-
differentiable for any combination of u; and wus, but for the bicycle model, if rotation
happens without simultaneous linear insertion, a small “kink” (the non-tangent cir-
cles mentioned in Section 3.3.1) will result. While a kink seems intuitively unlikely
for an embedded needle, it may have physical significance for the trajectory of the
channel cut by the needle with respect to relaxed tissue geometry after needle with-
drawal (see Figure 3.30). Thus, further research is needed to evaluate the physical
significance of such a “kink” from various perspectives.

Another physical consideration is that needles have finite torsional stiffness. Asthe
flexural rigidity of the needle shaft is reduced to enhance steering, torsional rigidity
will also likely decrease. We have considered possible modifications to our basic

kinematic model that may help remove smooth kinks and take torsional stiffness into
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Figure 3.30: Trajectories cut through Supersoft Plastic phantom tissue, after needle
withdrawal (and corresponding tissue relaxation). Note the kink near the middle of
the runs, where the needle was rotated 180°.

account. The models described in Section 3.3, both have the following body velocity

structural form, amenable to numerical integration via Equation 3.9:

T

Vabb: 0 0 w wKuy 0 ws| > (3.27)

where wu; is the insertion velocity and wusy is the shaft rotation velocity. One possible
way to modify this model is through alternative descriptions of the parameters, and
another is to add new parameters.

To account for torsional stiffness, it may be useful to add a new parameter, for ex-
ample wy, = aug, where @ may be a nonlinear function of time and/or arc length that
appropriately captures the effects of friction and torsional stiffness. The human con-
trolling the rotational degree of freedom in our experiments (as described in Section
3.3.5) compensated for torsional stiffness effects by rotating the needle base further
than the desired tip rotation. Both torque information sensed at the fingers and vi-
sual observations of the needle tip may have been useful to the human to keep the
needle in plane. To enable automation of this, one area of device improvement we will
pursue is utilizing available torque sensing in the telescoping support drive design.
Torque sensing will be useful for torsional compliance modeling and incorporation
into control systems.

It must be emphasized that it is not clear whether this compensation for torsional
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stiffness will be necessary in live tissues. They contain inherent lubrication (blood),
and we expect them to have far less friction with the needle shaft than is observed in
rubber phantoms. It is also possible to reduce friction by using various gels (containing
water or other liquid) as the phantom tissue, presumably more closely replicating the
interaction between the needle and human tissue. However, as mentioned previously
these gels must have sufficient strength to prevent the needle shaft from shearing
through them. A possible means of preventing shear even in lower strength gels may
be to embed fibers in the gel. This may also more closely replicate some fibrous
human tissues.

Steering directly in in vivo or ex vivo tissues introduces many new phenomena
that may be modeled or compensated for using control, including membrane pop-
through effects, as well as tissue inhomogeneity and anisotropy. While these may be
challenging to model, they do not appear to preclude steering needles using bevel-
tip forces. Figure 3.31 shows a fluoroscope image of a needle inserted into bovine
muscle. It is clear that bending still occurs in this more realistic environment. It not
known precisely what other effects will be seen in live tissues, but it is possible that
some of these effects may enhance bevel-tip steering by allowing tighter curvatures
to be realized, while others may reduce curvature. Experimentally, it will also be
useful to track tissue deformation in three dimensions, perhaps using fiducial markers
embedded in the phantom. We note that, to the best of our knowledge, no previous
needle insertion modeling work (see Section 3.1) has recorded 3D needle insertions in
real or phantom tissues that include bending, steering, or tissue deformation.

There may also exist useful alternative descriptions of needle trajectory in terms
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Figure 3.31: This fluoroscope image demonstrates that a 0.6 mm diameter Nitinol
bevel-tip needle can steer through bovine muscle. While moving from homogeneous
rubber phantoms to real tissue introduces new modeling challenges, this image shows
that bevel-based steering is not limited to homogeneous rubber phantoms.

of more general differential equations. As suggested by collaborators Chirikjian and

Kim [176], the general form might be
MVY +CVE + KV =T, (3.28)

where M, C'; K are constant matrices including general parameters, and U is an input
body velocity, which can be a function of time and/or arc length.

Investigating these modified and alternative descriptions of needle kinematics is an
area for future work, that will be pursued if they begin to show significant advantages
over current models. When investigating new models, it will be critical to ensure that
the model does not over-fit the data for a particular set of experiments. The model
should be general and applicable to various needles and tissues, but without undue
complexity or redundancy. To ensure this, a statistical analysis of model parameters
such as the one carried out in this chapter when comparing unicycle and bicycle
models is critical. Such an analysis was useful in development of the bicycle model,
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where it highlighted the coupling between wheel base and front wheel angle.

In the clinical setting, the use of a control system with image feedback, as well as
the ability to replan in real-time during insertion are expected to mitigate the need for
a perfect, patient-specific model. As we draw nearer to clinical application of needle
steering, we will seek a practical balance between a priori path planning based entirely
on models, rapid replanning during insertion, and control through image feedback.
Until such control methods exceed the accuracy of humans, teleoperation will be a key
enabler of clinical needle steering. Even after controllers exceed human capabilities,
it may still be desirable to allow the human teleoperative control over the invasive
degree of freedom (insertion), for safety, liability, and clinical acceptance reasons.
The computer can then control the steering of the needle by servoing needle axial
rotation to direct it to the target point. This is perhaps the best possible practical

compromise for initial clinical application of steerable needles.

3.6 Conclusions

Needle steering has many advantages over current clinical practice, in which nee-
dles follow only nominally straight-line trajectories and there is no means of compen-
sating for errors induced by imperfect alignment, tissue deformation, etc. Steering
flexible needles using a bevel tip has the potential to enable accurate, dexterous
targeting for percutaneous medical procedures in a manner that minimizes tissue de-
formation and damage. The first step in steering a needle to a desired location is

to design actuation units and needles suitable for bevel steering. In this chapter, we
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presented two different actuation unit designs, a compact friction drive system, and
a larger base-actuated telescoping drive system that included force/torque sensing.
We addressed the challenges in creating a complete experimental setup for needle
steering by describing considerations in choice of needle and phantom tissue mate-
rials, bevel rotation calibration, and stereo computer vision tracking. Experimental
results showed that bevel angle affects steering. “Sharper” needles appear better in
terms of maximum curvature, and curvature increased monotonically with reduction
in bevel angle between 80° and 5°, the most extreme angles easily producible by
hand. We also found that the speed of needle insertion in the Sim-Test material had
no discernible effect on steering. This may change with phantom tissues that more
accurately represent other tissue types and different aspects of living human tissue,
since tissue deformation may be more significant.

This experimental and design work laid the foundation for the kinematic analysis
of the needle trajectory included in this chapter. We introduced a 6-DOF nonholo-
nomic model based on steering due to bevel-tip asymmetry. We demonstrated that
our model accurately predicts the path of a compliant needle through phantom tissue
when the needle and tissue are appropriately matched. A Nitinol needle and rubber
phantom qualitatively similar to human muscle provide an example of a matched
pair. In particular, we demonstrated by statistical analysis that a two-parameter
bicycle model describes the needle steering behavior statistically significantly better
than a one-parameter unicycle model. As discussed in Section 3.5, more detailed
kinematic models, together with improved experimental methods, are expected to

enable accurate 3D needle control for a wider variety of tissue and needle parameters.
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To facilitate clinical acceptance and to provide a standard by which to judge the
success of model-based controllers, we developed a teleoperation system which allows
the radiologist to remain “in the loop” during the procedure. We conducted human
subjects experiments to evaluate targeting accuracy in phantom tissue for three steer-
able needle control methods: teleoperation of both insertion and spin, teleoperation of
insertion with open-loop-controlled spin, and open-loop control of both insertion and
spin. A mouse ballistics inspired v? control law for insertion resulted in statistically
significantly better targeting accuracy. Targeting accuracy also generally improved
with increasing number of degrees of freedom of human (teleoperation) control, due
to human compensation for perturbations from unmodeled effects.

The work presented in this chapter has been published in [121, 143, 175-177],
and relevant portions are patent pending [180]. This work (especially the kinematic
model) has and continues to facilitate a broader study to improve the accuracy of
needle targeting for clinical and research applications. It has formed the basis for
many ongoing and future research activities (by both our research group and others),

including:

e Integration of needle steering models into simulations that account for large

tissue deformation and select optimal entry points and entry angles [7].

e Kinematic model enhancements that account for the effects of small deformation

of the ambient tissue, and smooth the “kink” described in this chapter [109].

e Applying stochastic theory to account for uncertainty from tissue inhomogeneity
and other sources of error [137]. In this work, the Euler-Maruyama method
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is applied to generate the ensemble of reachable states of the needle tip, and
inverse kinematics methods originally developed for hyperredundant and binary

manipulators are applied with probability density information to generate plans.

Viewing needle planning as Dubins car planning problem (with no reversal)
and formulating planning as a Markov decision process solved via dynamic
programming. Paths are planned that maximize the probability of reaching the

target in the presence of uncertainty and large deformation [6,10].

Creating a Stochastic Motion Roadmap [12] by sampling collision-free states
in the configuration space in conjunction with the Markov decision process
mentioned above. This technique was demonstrated to produce significantly

higher probabilities of success compared to traditional shortest-path plans.

Path planning for steering needles around obstacles (e.g. bones, delicate struc-
tures, etc.) in order to acquire targets not previously accessible in two [6,7,10]

and three [57] dimensions.

Applying nonlinear observer-based, closed-loop control and dimensionality re-
duction to achieve planned needle motion based on optical image feedback

[96,97)].

Using force sensing to steer needles with the aim of minimizing unwanted de-

flection [3].

Designing needles with larger tips and smaller shafts to enhance steerability,
and experimentally demonstrating that duty cycling can be used to reduce in-
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Figure 3.32: A conceptual block diagram of a complete, automated needle steering
system. This system concept has been collaboratively developed by all JHU and UC
Berkeley collaborators. Nonholonomic models presented in this chapter enable ongo-
ing research in planning, control, and sensing, as well as work toward improving basic
models and needle designs. On the physical side is the robot (e.g. those described in
this thesis), the patient, and physician who monitors and/or teleoperatively controls
the procedure, defines system objectives, and evaluates results.

plane curvature (creating very small out of plane helices) as the model in this

chapter predicts [59,60].

The goal of all of the above research is to develop a complete clinical system
for needle steering combining medical image feedback, control, and planning to en-
hance needle placement accuracy human tissues under typical clinical conditions. The
conceptual block diagram for the complete system, which has been developed collab-
oratively by all JHU and Berkeley collaborators, is shown in Figure 3.32. There
remains much work yet to be done in each of the above research areas as well as the
design, kinematic modeling, and teleoperation topics presented in this chapter. How-
ever, as indicated by the list above, a large literature of successful research results is
emerging from our research group, collaborators, and others that have adopted our
bevel-steering technique. Combined with initial alignment algorithms like the Virtual
RCM of Chapter 2, bevel-steered needles appear poised to make important clinical

contributions in the near future.
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Moving forward, it is expected that a system combining the beneficial aspects of
not only bevel steering, but also the alternative needle steering methodologies de-
scribed in Section 3.1 (lateral force/torque application and/or curved elements) is
expected to be even more powerful. One curved element design that holds great
promise for enhancing steering by working in concert with bevel steering is the ac-
tive cannula (the topic of the following chapter). Creating a combined system is
straightforward; steerable needles can be deployed through active cannulas. Inspired
by the dexterity and curved trajectories of steerable needles, active cannulas gener-
alize steering by making it not depend on soft tissues media. Chapter 4 describes
active cannulas, and a future unified dexterity system is further discussed in Chapter

d.
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Chapter 4

Active Cannulas

We have developed a new class of thin dexterous continuum robot called active
cannulas. An active cannula is a remotely actuated device with the potential to tra-
verse narrow and winding environments without relying on “guiding” environmental
reaction forces. These features seem ideal for medical procedures requiring passage
through narrow openings to access air-filled cavities such as the throat and lung.
Composed of telescoping concentric precurved elastic tubes, active cannulas are ac-
tuated at the base by the axial translation and rotation of component tubes. They
derive bending actuation not from tendon wires or other external mechanisms, but
from elastic tube interaction in the backbone itself, permitting high dexterity and
small diameters. A consequence of the design is that dexterity improves with minia-
turization. Active cannulas may also enhance patient safety because their inherent
compliance mitigates potential trauma from inadvertent tool-tissue collision.

This chapter introduces the active cannula design and explores the hypothesis

that overall cannula shape locally minimizes stored elastic energy, and examines the
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significance of modeling torsional effects in addition to bending effects. This energy
model enables analytical prediction of bifurcation in the energy landscape as a func-
tion of actuator positions, which matches experimental observations and provides a
means for calibration. Additionally, the model predicts feature and tip positions of
our prototype active cannula, providing another independent calibration method. We
experimentally show close agreement of the two calibration methods, and that fit pa-
rameter values lie near expected ranges derived from tube physical characteristics.
Using the energy model, we present a framework for the kinematics of multi-link ac-
tive cannulas via energy minimization and Lie group theory. Experimental results
validate the kinematic framework and demonstrate that modeling torsional effects is
essential to predict active cannula bifurcation behavior and physical shape. These
studies form a design and theoretical foundation for realizing the promise of active
cannulas to reach minimally invasively into previously inaccessible locations in the
human body. Some results in this chapter have been published in [178,179] and rele-
vant portions are patent pending [181]. This chapter is also currently in preparation

for archival journal publication [174,182].

4.1 Motivation and Related Work

Minimally invasive surgical (MIS) techniques have profoundly changed interven-
tional medicine in recent years, reducing trauma and speeding healing. However, MIS
remains applicable to only a small fraction of all surgeries. Many intervention sites

lack viable minimally invasive alternatives because instruments simply cannot reach
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them. These sites may require navigating entry pathways that are narrow and/or
contain complex 3D bends, requiring the surgical tool to “turn corners”. Also im-
portant (for most surgical tooling payloads) is that the tool maintain a degree of
dexterity after reaching the surgical site.

These constraints render confined surgical sites off limits to current commercial
surgical robots, as well as manual MIS tools. Standard clinical designs for both are
characterized by relatively large diameters (typically 5-10 mm), rigid shafts, and (in
the case of manual tools) lack of end effector dexterity.

These considerations motivate active cannulas, MIS devices that are thinner and
more dexterous than existing alternatives. Active cannulas are a new class of minia-
ture continuum robot that derive bending actuation not from tendon wires or other
external mechanisms, but from elastic interaction of curved tubes that form the “back-
bone” of the device. This makes them sufficiently flexible and shapable to traverse

bends and corners to access confined anatomical locations.

4.1.1 Medical Motivation

A number of clinical applications may substantially benefit from active cannulas.
Active cannulas have been specifically proposed as solutions for a variety of clinical
scenarios. These include fetal surgery [65], steering needles in soft tissues [118] and
cardiac applications [145], transnasal skull base surgery [178], and transgastric surgery
[178]. Several specific clinical areas in which active cannulas could improve surgical

outcomes are as follows.
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Head and Neck Surgery. Standard surgical treatment of many lesions in the head
and neck requires traumatic dissection through layers of tissue, beginning with skin,
muscle, bone, and any other structures between the surface of the patient and the
surgical site. A surgeon must open enough space to allow his or her hands to enter — or
at least to permit free motion of straight tools through holes wide enough for complex
maneuvers (such as suturing). Despite all the care, effort, and skill the surgeon can
bring to bear, the limited dexterity and flexibility of current surgical tools renders
many of these procedures quite damaging to healthy tissue resulting in scarring and
lengthly recovery periods.

Bio-Sensor Delivery. To effectively perform their function, most bio-sensors must
be delivered to diseased tissue deep inside the body, or a sample must be collected
for external analysis. Active cannulas are expected to be capable of deploying a
wide range of bio-sensors, including stereotactic position (e.g. magnetic trackers),
molecular [170], electrical impedance [5,113,170], contactless mechanical impedance
(98], and optical luminescent [192] sensors, and it is reasonable to expect many more
varieties of bio-sensor to be developed in the coming years. A delivery mechanism
that can carry such sensors into confined spaces in the body will enhance their utility.

Skull Base/Sinus Surgery. Performed endoscopically through the nose [85,102],
treatment of lesions at the base of the skull (either inside or outside the brain cavity)
is challenging because tools lack the dexterity to bend around and through small
openings in the sinus cavities. To access various surgical sites, many healthy structures
must also be removed. These include the nasal turbinates, which normally purify

inhaled air and aid olfaction [142], and they cannot be reconstructed. Two specific
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surgical sites that cannot be reached using straight tools are the areas behind the
carotid arteries (near the base of the eye), and the frontal sinus cavities (reaching
around a bone located directly behind the bridge of the nose) [151].

Throat Surgery. Treating lesions located deep in the throat currently requires large
incisions. One reason for this is to enable suturing, which inside the larynx improves
healing, reduces scar tissue, and thereby improves laryngeal function and sound pro-
duction [47,63,188]. The throat provides an obvious avenue for MIS, but suturing
down the throat requires more dexterity than current commercial tools can provide.
Rigid tool motion is severely limited because tools must travel long distances through
an 11 mm diameter tube (a laryngoscope). These considerations have also motivated
another continuum robot designed for throat surgery [149] that is discussed in detail
in Section 4.1.2. An active cannula should similarly provide the dexterity necessary
for suturing down the throat, allowing many more minimally invasive treatments,
with improved patient outcomes.

Lung Surgery. Going further down the airways into the lung is particularly impor-
tant because the alternative access paths requiring opening the chest are traumatic.
As the tool progresses, bronchi become progressively smaller until they terminate
in bronchioles smaller than 1 mm in diameter. Thus, very thin steerable tools like
active cannulas are needed to progress deep into the lung via the throat. It is also
possible to insert needles between the ribs into the lung, but this approach runs the
risk of deflating the lung. The advantage of this entry pathway is that tools traverse
a shorter distance to reach the target. This entry path also requires dexterity, since

only specific entry positions and orientations are permitted by the ribs. Control of
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tool path after insertion begins is likely necessary for accurate tip positioning. Ac-
tive cannulas are expected to be particularly beneficial in enabling MIS in the lung,
through either the percutaneous (between rib) access path or via the less invasive but
more technologically challenging throat entry path.

Radiofrequency Ablation. In this procedure, electrodes are deployed at the surgical
site, and painless radiofrequency energy (similar to microwave heat) is transmitted to
the tissue. This Kkills cells in order to treat a number of diseases, including cancerous
tumors in the liver and kidney. The active cannula can improve the accessibility of
small targets or targets in challenging locations for radiofrequency ablation.

Transgastric, and Fetal Surgery. The active cannula is also well-suited to trans-
gastric surgery, where tools enter the stomach via the mouth, then exit the stomach
and accomplish surgery in the abdominal cavity. Here, the active cannula idea pro-
vides a way to maintain dexterity even while tools traverse long distances through
geometrically complex entry paths. Another interesting application is fetal surgery
inside the womb, which is often not possible with straight tools because they must
pass through two pivot points: one at the skin of the mother, and one at the wall of
the uterus.

In many of the above applications, initial free-space cannula models (to date,
only free-space models exist) will need to be coupled with tissue models. However,
free-space models alone should be sufficient for applications characterized by air-
filled passageways, such as surgery in the throat and lung. FEach active cannula
application will require customization of the design, and we foresee a family of both

hand-held and robotically actuated active cannulas tailored to meet various clinical

126



needs. Hand-operated cannulas are clearly the most rapid path to clinical adoption,
while a fully robotic cannula could be used as a slave in a teleoperated system. Nearly
all foreseeable applications will require an accurate forward kinematic description
of active cannula shape as a function of joint angles (translations and rotations of
component tubes). Most will also require differential kinematics so that points on
the robot can be moved as desired via joint velocities. Such a model serves not only
as a starting point for more complex cannula/tissue interaction modeling, but is also

directly applicable in free space within anatomy as in the throat and airways.

4.1.2 Related Work

Hand-held laparoscopic MIS tools generally consist of long, stiff, cylindrical shafts
with small tools (grippers, scissors, etc.) on the distal end. Important robotically en-
abled advancements in MIS tool design include the addition of a wrist to manipulate
an end effector (enhancing dexterity), and the use of robots to register the tool to an
endoscope image (making a teleoperated system easier to use), e.g. [77]. Commercial
teleoperated surgical robotics typically have 5-10 mm straight, rigid tools equipped
with small wire or push-rod actuated wrists. While no universally agreed upon ana-
lytical wrist optimization framework for surgical robots currently exists, preliminary
analytical methods indicate that snake-like wrists have advantages over traditional
jointed wrist designs [32,61].

Independent of wrist design, a major limitation of existing MIS tools is that they

are constrained to pivot at the body entry point. While optimal port placement
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Figure 4.1: A prototype active cannula made of superelastic Nitinol tubes. The inset
line drawing indicates the active cannula’s degrees of freedom.

seeks to allow reasonable workspace volume under this constraint [4,31], there is little
flexibility in port placement when accessing surgical sites through natural orifaces (e.g.
throat or nostrils), which often offer the least invasive entry paths. This motivates a
move away from straight rigid tools toward actively shapable flexible instruments.

Active cannulas change shape using precurvature of superelastic component tubes
that can extend telescopically and rotate axially with respect to one another (Figure
4.1). While the location of actuation is similar to catheters (at the base, outside the
body), active cannulas use a fundamentally different means of steering within the
body and thus are not catheters. Catheters use blood vessel reaction forces to direct
them down desired branches. In contrast, active cannulas require no tissue reaction
forces, deriving steering from internal moments tubes apply to one another.

As described in detail in Chapter 3, recently several groups have successfully

applied similar base actuation strategies to steer needles through soft tissue. The key
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distinction between active cannulas and steerable needles is that active cannulas do
not require a tissue medium in order to steer. This does not preclude their use as
steerable needles (when coupled with tissue models). Various steerable needle designs
can even be deployed through active cannulas (e.g. those in Chapter 3), if desired.

Active cannulas can can also be classified as continuum robots, since they are
essentially miniature serial robot arms composed of variable curvature prismatic links.
Within the context of continuum robots, active cannulas are unique in their use of
the backbone itself to transmit bending forces. Continuum robots typically use an
initially straight elastic backbone, which is bent by forces applied through external
mechanisms like wires (e.g./ [45,80]), flexible push rods [149], or pneumatic actuators
(e.g. [36,95,159]). While these external mechanisms advantageously permit direct
control of curvature, they limit miniaturization. This motivates our desire to build
bending actuation directly into the backbone itself.

Several designs with some similarity to active cannulas have been published re-
cently. Loser [118], under the advisement of Russell Taylor at Johns Hopkins Univer-
sity, developed a steerable needle composed of two fully overlapping precurved cannu-
las that could be rotated (but not translated) with respect to one another in order to
change needle curvature. Subsequently, Taylor [147] conceived a design where tubes
translate and rotate with respect to one another, and considered several medical ap-
plications (Figure 4.2). A design similar to active cannulas was proposed by Furusho
et al., who describe a “Curved Multi-Tube” (CMT) also with two curved cannulas
that rotate but do not translate, through which a needle is deployed [65,167], as well

as a conceptual design sketch of a device very similar to the steerable needle of [132]
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Figure 4.2: Potential steerable, bending cannula applications considered in JHU /
Technion proposal in March 2002 [147]. (Left) Bone cancer ablation, (Center) brain
biopsy or therapy delivery, (Right) inside-the-bone access paths. Images courtesy of
Prof. Russell Taylor.

described below. CMT modeling has thus far assumed infinite flexural rigidity of
each outer tube (compared to all those inside it), as well as infinite torsional rigidity.
Okazawa et al. describe a steerable needle with a stiff outer cannula and a single
flexible curved interior wire that can extend and rotate to control steering magnitude
and direction as the needle is pushed into tissue [132]. Daum patented a deflectable
needle assembly that deploys a curved “catheter” through a rigid outer cannula [48].
As far as the author is aware, this design has not yet been brought to market and no
experimental results or models using the concept have yet been published.
Beam-mechanics-based models accounting for the effects of both translation and
rotation of component tubes were first presented in [178,179] by our group and [145]
by Pierre Dupont and colleagues at Boston University. Developed concurrently yet
completely independently, these models are strikingly similar. Though parametrized

slightly differently, both describe arcs of concentric segments of curved elastic tubes
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as a function of base angles of rotation. Both do so through computing the equilib-
rium of applied moments, under similar assumptions. One difference between the two
studies is torsion, which is assumed negligible in [145], but included in transmission
(the straight segments beginning at the actuators and ending at the start of precurved
tube regions) in [178,179]. Without torsional compliance, the kinematics of an active
cannula can be expressed in closed form. Including torsion in transmission leads to
transcendental equations that must be numerically solved. While a framework for
multi-link forward and inverse kinematics without torsion has been formulated [146],
it has not yet been experimentally validated. Thus, our objectives in the following
sections are to a derive multi-link kinematic framework that includes torsion, to de-
termine model parameters via calibration, and to experimentally assess the accuracy
and descriptive capability of models with and without torsion. We then use the kine-
matic model to derive the differential kinematics of an active cannula. First, however,

we address the design of actuation mechanisms for active cannulas.

4.2 Actuation Unit Design Considerations

Control of active cannula joint variables (translations and rotations of component
tubes) requires a suitable manual or robotic device. This section describes a modular
differential drive robotic design, as well as a manual system with locking handles and
manual encoding. It is anticipated that a manual solution may be most useful for
initial clinical trials when coupled to a planner that outputs instructions to the human

operator for the required sequences and quantities of motion of each joint variable.
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However, a robotic solution will ultimately increase cannula functionality, enabling

coordinated, simultaneous motions of the many input degrees of freedom.

4.2.1 Differential Drive

Each tube in the active cannula design requires two degrees of freedom of actuation
— linear translation and axial spin. A suitable actuation unit must be capable of
tightly gripping each tube and allowing other tubes to pass through it. It must also
be capable of rapid movements as well as enough force output to overcome tube

interaction forces and environmental reaction forces.

Design Specifications

We estimated that the actuation mechanism should be capable of 20 N linear
force at a speed of 15.24 cm/sec (6 in/sec), based on qualitative observations of
hand-operated active cannula prototypes. These rapid joint potions represent cannula
velocities much faster than the usual speed with which surgical tools are manipulated,
and thus they are expected to be higher than necessary in actual clinical active cannula
use. However, a large margin between normal and maximum output capability is
desirable in a robotic system when possible. In terms of rotation, the maximum torque
necessary to spin large, stiff tubes (2.4 mm diameter) was estimated at 15.4 mNm
based on measurements from initial prototypes. The end effector load specification
was estimated at 300 g at a distance of 5 cm normal to the axis of the tube base. This
was qualitatively judged to be well above the level of forces normally applied with

devices of similar size in surgery, based on the author’s experience. An additional
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Figure 4.3: CAD drawing of differential drive actuation unit for one tube.

147 mNm of actuation torque is required for this load specification. The desired

rotational speed specification was 3.33 rev/sec.

Design Concept

A design capable of achieving the above specifications is the differential drive
shown in Figure 4.3. The modular design is built around a lead screw, where both
screw and nut are independently actuated. A hole is drilled through the screw, and
an active cannula tube is fixed to the screw via a collet at the forward end of the
screw. One motor actuates the nut threaded onto the screw. Spinning this nut alone
causes linear translation of the tube. The second motor actuates the lead screw
itself via a belt drive. Actuating this second motor alone causes the lead screw (and
thus the precurved tube) to rotate, while also translating. Rotating both motors
simultaneously (the first motor compensates for the translation of the second) causes

pure rotation. Copies of this modular differential drive can be used to actuate each
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tube. Figure 4.4 shows a 3-tube actuation unit prototype.

Sizing Components

The power required to achieve the linear design specifications above (20 N at
15.24 cm/sec) is 3.048 W. Thus, we chose a 10 W, 25 mm Maxon RE series DC brushed
motor (#118743) to actuate the nut and thus cause lead screw linear translation. To
achieve the required speed and force given this motor, a variety of lead screw pitch
and motor gearhead combinations are possible. We selected a 0.5 in/turn lead screw
pitch from the range of standard 3/8 inch ACME screw pitches (1.0-0.0625 in/turn
from Nook Industries, Inc.). This selection was made both for efficiency (inversely
related to pitch), and because it sets the required motor gearhead near a standard
value (4.4:1). There is also a 85:84 gear ratio between the motor gear and the gear
affixed to the lead screw nut, a consequence of available stock sizes. The manufacturer
specifies that this lead screw requires 0.101 inch-pounds of torque to achieve one
pound of output force, and that its efficiency is 79%. Thus (neglecting friction and at
motor stall), the actuation unit is capable of applying a linear force of 224 N. Further,
(again neglecting friction) the speed when applying 20 N will be 21.0 cm/sec. The
500 count quadrature encoder resolves position with this system to 0.00143 mm.

A smaller and lighter motor is desirable to actuate the lead screw directly, be-
cause this motor must translate with the tube base. Torque and speed specifications
described previously (162.4 mNm and 3.33 rev/sec) yield a power of 3.4 W. Thus
we chose a 4.5 W 16 mm Maxon RE series DC brushed motor (#118730). Using a

19:1 gearhead, with a 2:1 gear ratio on the pulleys of the toothed-belt transmission
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Figure 4.4: Photo of a three tube, six-DOF actuation unit prototype.

between motor and lead screw implies that the system is capable of 1094.4 mNm at
stall, and 200 rev/sec while applying 162.4 mNm. The 512 count quadrature encoder

resolves position to 0.00463°.

4.2.2 Manual Actuation Mechanism

The manual actuation mechanism (used for the experiments described in Section
4.6) provides acrylic disc handles affixed to tube bases as shown in Figure 4.5. Radial
lines etched on the discs every 10° enable manual axial rotation to desired angles.
The linear translations of the discs can be set using a 1 mm resolution ruler etched
onto the acrylic support structure. Spring-loaded locking pins can fix wheel positions

in both degrees of freedom.

4.3 Cannula Design and Mechanics

The active cannula shown in Figure 4.1 is made of three precurved Nitinol tubes,
with a largest section diameter of 2.4 mm, tapering to a smallest section diameter

of 0.8 mm. Forward kinematics an active cannula is a description of complete de-
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Figure 4.5: Manual actuation mechanism. Both tube and wire have circular input
handles etched to encode rotation and the support structure features a linear ruler
etched to encode translation. Spring pin locking mechanisms hold wheels at desired
linear and angular positions.

vice shape in terms of joint variables: component tube linear positions and rotations.
This requires a model of how precurved tubes cause one another to bend. The one
“link” model developed this section maps from the axial rotation angles of concentric
curved tubes to their common equilibrium curvature and bending plane. The model-
ing process also provides various design insights, notably curvature limits to prevent
self-plastic deformation of cannula component tubes. The main (experimentally val-
idated) assumptions in this model are that tubes can be considered to directly apply
moments to one another, and that (due to circular component tube precurvatures)
those moments can be considered constant along the length of a link.

All previous studies of active cannulas and similar needle designs mentioned in
Section 4.1.2 have been restricted to component tubes that have a straight transmis-
sion with a circular constant curvature section at one end [48,65,118,145,146,178,179].
While this is also our primary concern in this paper, we note that the models pre-

sented here are in principle general enough to account for component tubes with
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1

Figure 4.6: The “links” or regions of unique overlap of a 3—tube cannula composed
of tubes like those in Figure the upper image of Figure 4.7. Links start and end at
transition points, and the j™ link is between T; and T, ;. In this configuration, the
largest tube transitions from straight to the left of T} to curved to the right. The
same is true of the middle tube at 75 and the smallest tube at T}.

multiple constant curvature and straight sections along their lengths, as illustrated
in Figure 4.7, via increasing the number of transition points and thus the number of

links considered.

4.3.1 Active Cannula Features

There are several particularly noteworthy theoretical and practical features of
active cannulas. In comparison to many previous continuum robot designs, active
cannulas can be smaller and incorporate more bending sections. While it is often
challenging to add additional bending sections to other continuum robot designs, an
important feature of the active cannula is that additional sections can be easily added
by increasing the number of tubes.

The central idea of the active cannula is the precurvature of the component tubes.

Considering only circular precurvature (as we do in this chapter) simplifies analysis
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Figure 4.7: (Top) Tubes used in all active cannula studies to date (including this dis-
sertation), consist of a straight transmission of length L, with a constant curvature
section of length d at one end. (Bottom) Our models presented here are in prin-
ciple general enough to account for piecewise circular/straight tubes with multiple
transition points.

and design. However, we note that other variable curvature shapes may be suited
to specific surgical interventions, and may even be customized individually to meet
patient-specific operative goals.

While prototype active cannulas discussed in this chapter are all made from Niti-
nol (e.g. Figure 4.1) we note that active cannulas may be made of any elastic material,
including plastics. Desirable characteristics are materials that can sustain high strain
without damage, and have high torsional rigidity compared to their flexural rigid-
ity. However, Nitinol also has additional potential benefits that have not yet been
exploited. While the prototype active cannulas described in this paper make use of
only the superelastic properties of Nitinol, it is worth noting that if suitable heat
transmission mechanisms are used, the design may be able to simultaneously take
advantage of both the superelastic and shape memory effects of Nitinol.

Features of the active cannula design that seem particularly appealing are that

miniaturization enhances dexterity (smaller tube diameters permit larger precurva-
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tures as discussed in Section 4.3.3), and that compliance is tunable through design
(adjusting individual tube stiffnesses by choosing wall thickness, diameters, preformed
shapes, and/or material properties), as well as configuration. Compliance (whether
intentionally tuned or not) is inherent in the design, and is expected to enhance
active cannula safety, reducing potential tissue damage in the event of inadvertent
cannula/tissue contact.

It is often convenient to model snake-like robots as a mathematical curve (e.g.
a series of circular arcs [94], or more general curves). Robot kinematics is approx-
imated, more or less accurately depending on the robot and the configuration, as
the curve. However, with the active cannula’s circular precurvatures, and provided
model assumptions drawn from experimental observation [145,178] are accurate, no
approximation is needed. The active cannula will actually be a series of circular arcs.
Further, when representing many other continuum robot designs as a mathematical
curve, it can be quite challenging to fully describe the effect of physical joint limits,
and the robot may inadvertently damage itself [93]. The properly designed active
cannula (Section 4.3.3) is not subject to this danger, since it combines both elastic
elements and force transmission elements directly into the extensible backbone. Ac-
tive cannulas have no joint limits and no danger of self-damage anywhere in their
configuration spaces. Any joint limits that are present are an artifact of a specific
actuation unit design, and actuation units can in principle be constructed to allow
as much motion as desired, as is the case with our prototype (the lead screws can be

lengthened).
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4.3.2 Precurvature Limits

The selection of the initial curvature to be preset into each tube is an important
design consideration. Without specific clinical requirements, smaller radii of precur-
vature are generally desirable, since they enable the cannula to negotiate tighter turns
within anatomy. However, if the radii of precurvature are chosen too small, the can-
nula may damage itself (plastically deforming one or more of its component tubes)
at certain positions in its configuration space.

While some medical interventions may not require access to the full configura-
tion space (for example, one or more tubes may not be required to perform 360°
rotations) and thus permit smaller radii of curvature, it is generally desirable to de-
sign tube precurvatures to eliminate the possibility of active cannula self-damage.
This is accomplished by ensuring that the maximum strain in all component tubes is
maintained within the elastic region for all possible robot configurations.

While fatigue life is another factor that can limit maximum curvature in continuum
robots, active cannulas are intended to be disposable medical devices. This possible
due to their mechanical simplicity. Bulk costs of Nitinol tubing are also low enough
to make disposable active cannulas an economically feasible and attractive option.
Thus, the cycle-life of an individual active cannula will be low, and fatigue is not
expected to be a limiting factor in active cannula curvature design. Thus, material
recoverable strain is expected to be the limiting factor in choosing active cannula
precurvatures.

Since superelastic materials can sustain high strain without plastic deformation,
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Figure 4.8: Relationship between tube wall length changes and strain.

we selected Nitinol (a superelastic alloy of nickel and titanium) as the material for
the tubes in our initial prototype. Nitinol has been reported to sustain recoverable
strains of as much as ¢ = 11% [56], but most estimates place recoverable strain near
8%.

For small diameter tubes, this corresponds to a large curvature, or equivalently
a small radius of curvature. Figure 4.8 shows a small section of initially straight
tube that has been curved into a circular shape by an external force distribution (not
pictured). The midline length is ¢, as are the initial lengths of the top and bottom
surfaces of the tube. When the initially straight tube is bent into the circular shape
shown, the top and bottom surfaces are lengthened and shortened, respectively, by a
fraction € of their initial length. The arc length ¢ of a section of radius r and angle ¢

is given by ¢ = r¢. The arc length of the bottom surface of the tube is thus given by

t-et=(r-2)s. o

Substituting fi for ¢ and simplifying, we arrive at an expression for the radius of
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curvature as a function of strain,

D ) 2¢e
r= % or equivalently, k= —.
€

(4.2)
Thus, using 8% strain (¢ = 0.08) and a 1 mm tube, the minimum possible circular
radius around which it is possible to deflect a straight Nitinol tube without plastic
deformation is 6.25 mm.

The situation differs slightly when straightening an initially curved tube (rather
than curving an initially straight tube). In this case, the bottom surface begins
shorter than the top surface, and so reaches its strain limit first. Accounting for

this requires a minor modification to the above analysis, and one can show that the

minimum radius of curvature is now

D n D valent] 2¢e
r=— — Or equlvalen R=——-.
2 2 q v D(1+¢)

(4.3)
Note that since ¢ is small, % << 2%. Thus, there will generally be little difference (in
terms of curvature limit) between straightening an initially curved tube or curving
an initially straight tube.

However, in either case the curvature of the tube is inversely proportional to tube
outer diameter D. Thus, smaller tubes can sustain higher preset curvatures. This
means that as the design is miniaturized, it will be able to reach around tighter
corners, enhancing its dexterity. Tradeoffs for enhancing dexterity in this manner
may be a reduction in stiffness and/or size of the central working channel.

Other design considerations may necessitate choosing a curvature somewhat less
than this maximum value. For example, finite torsional stiffness means that if a tube

is expected to smoothly rotate 360° within another tube (with acceptable elasticity
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release near bifurcation, as described in Sections 4.4-4.5), one may have to choose a
curvature less than the theoretical maximum for each tube.

Another possible design criteria for curvatures is to choose them to preclude can-
nula self-damage. Generally one or more tubes in the active cannula will have to
bend back upon itself (further than straight) to “negative curvature”. To evaluate
the design implications of this (Section 4.3.4), we must first examine the effect of

precurved coplanar tubes on one another.

4.3.3 In-Plane Beam Mechanics

If several precurved tubes are placed concentrically, their curvatures will “inter-
fere” with one another, causing bending and making the combined shape different
from the natural rest shape of individual tubes. It is this interference effect, com-
bined with both rotation and extension—retraction of the tubes, that we use to change
the shape of the active cannula. To describe the complete shape of the active cannula,
we must first develop a model for the shape of a single “link” composed of several
overlapping concentric curved tubes. Provided the model assumption that tubes can
be considered to directly apply moments to one another is valid (the rationale for
which is described below), each link will be a circular arc with an associated cur-
vature and plane. The circularity of links has been experimentally observed in that
circular arcs are capable of closely fitting images of active cannula shape [145,178],
lending support to the idea that tubes can be considered to directly apply moments

to one another.
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Figure 4.9: (Left) Parallel spring position equilibrium. (Middle) Analogous curved
tube equilibrium. Dashed lines indicate natural tube curvatures, solid lines show the
effect of placing tubes inside one another. (Right) Photograph of experiment. Initially
straight wire and initially curved tube shapes are superimposed on a photograph of
the combined wire and tube.

Figure 4.9 shows the effect of concentric tubes of different precurvatures on one
another in the planar case. Here, the tubes have not been axially rotated with respect
to one another and their natural curvature planes are aligned. The Bernoulli-Euler
beam equation describes the instantaneous curvature of a beam with respect to arc

length as

_de M
"= ds T EI

(4.4)
where ¢ is the angle measured from the tangent vector, s is arc length, M is the
moment applied to a differential element, E is the Modulus of Elasticity (Young’s
Modulus), and I is the cross-sectional moment of inertia.

Using circular preset tube curvatures permits an idealization of the beam equa-

tion. Because the curvature is constant for each tube, the tube will apply a constant

moment on the tubes exterior to or within it, namely

M = EIA&k. (4.5)
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If the tubes are axially aligned so that they naturally curve in the same plane, Equa-
tion 4.5 is analogous to Hooke’s law for a linear spring, i.e. “F' = KAX”, as illustrated
in Figure 4.9. In the analogy, the bending stiffness, E', of a tube corresponds to the
spring constant, the moment, M, corresponds to the linear force, and curvature, k,
is a “position” variable. Just as we can describe the equilibrium position of linear
springs of different lengths and stiffnesses when connected in parallel by a force bal-
ance, we can describe the resultant curvature of two overlapping tubes whose natural

planes of curvature are aligned by

E Lk, + Ey Lk, Yoy Eilik;
K= =

or K="H——— 4.6
BV + Byl Zi:l Eil; (4.6)

for n tubes, where k; are the preformed curvatures of the individual tubes. This

model is verified experimentally in Section 4.3.5.

4.3.4 Design Implications of Tube Interaction

Rotating one tube 180° with respect to the other is analogous to attaching a linear
spring to the other side of the wall, so that its initial position is now —z (—k for the
tube). Thus, the equilibrium position of the more compliant of the two springs will,
in general, be on the opposite side of zero from where it begins. For the tubes, this
corresponds to bending further than straight (further than zero curvature). We can
define Ak, for each tube as Akyax = Ko — min(ke,). The minimum k., will occur
when all other tubes are rotated 180° with respect to the tube in question. The
AKmax values for each tube must be kept at or below the bounds in Equation 4.3,

to prevent the possibility of plastic deformation in any tube for all possible active
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cannula configurations.

4.3.5 In-Plane Experimental Validation

We experimentally validated the in-plane beam mechanics model Equation 4.6
using curved Nitinol tubes and straight wires as shown in Figure 4.9. Table 4.1 illus-
trates our results. The Nitinol tubes were plastically deformed to an initial curvature
k;. The wires were initially straight, with k; = 0. Photographs of each tube was taken
against the 5 mm grid both before and after wires were inserted. The best-fit circle
was then determined manually by examining the photographs and adjusting the di-
ameter of a fitting circle until it closely matched the curvature in the photograph. We
estimated the error associated with fitting a circle in this way to be 10% of the actual
circle radius. It would be preferable to have Nitinol preshaped by the manufacturer
in the desired circular shape, but this would have added significant cost at the very
small quantities used in this study. It is also be possible to heat set a curvature into
straight Nitinol tubes after purchase, but this is a delicate process. Nitinol requires a
specific heat-time profile that is strongly dependent in small changes in composition

of the alloy to set a shape while retaining superelasticity.

Tube Wire Combined
ID OD K OD K r meas | r pred
(mm) | (mm) | (1/mm) | (mm) | (1/mm) | (mm) | (mm)
0.622 | 0.800 | 0.044 | 0.430 0 26.0 25.5
0.965 | 1.27 0.020 | 0.800 0 62.5 61.2
1.47 | 1.78 0.021 1.30 0 75.5 72.8
2.01 | 2.39 0.028 1.60 0 49.8 50.5

Table 4.1: Verification of Bernoulli-Euler based beam mechanics model.
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Figure 4.10: (Left) If two concentric curved tubes are axially rotated with respect to
one another, they will reach a minimum energy equilibrium between their individual
or ‘natural’ planes. They will also begin to straighten from the curvature they would
exhibit with aligned natural planes. (Right) Cross-sectional view of tubes at link

base. Assuming torsional rigidity this is also the cross section anywhere along the
link.

4.3.6 Axial Tube Rotation

When curved tubes are rotated axially, their natural planes of curvature are no
longer aligned and the direction of the bending moments they apply changes. In
addition to bending moments, a torsional moment is also generated by such motion.
We will begin in this section by considering bending only, and proceed to incorporate

torsion to the model in Section 4.3.8.

Beam Mechanics Model with Rotation

Intuitively, if two precurved tubes with same stiffness (ET) and initial curvature k
are placed within one another and rotated 90° with respect to one another, one would

expect the plane of the combined tubes to be directly between their natural planes,
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at 45°. One would also expect them to straighten out somewhat, since at 180° they
ought to be completely straight. This is illustrated in Figure 4.10. If the tubes do
not have the same stiffness, then the combined plane should shift toward the stiffer
tube.

This intuition can be formalized in terms of the beam mechanics described earlier.
Tubes whose natural planes are rotated with respect to one another exert a moment
on one another about their respective x axes, caused by their initial precurvature
about this direction. Figure 4.10 shows a cross-sectional view of the tubes inside one
another. The tubes are rotated by angles 6;, and the equilibrium plane angle is ¢.

As before, each tube applies M = EI(Ak), but now this moment has two com-
ponent projections on the base frame x and y axes. Assuming torsional rigidity, the
component projections are the same for the x and y axes of any copy of the base
frame slid along the link in the z direction. Summing the moments about = and y

yields

_ Zl Elflkl COS (91 and . Zz Ez[zkz sin 91

_ 4,
X S ElL v S Bl (4.7)

respectively.

Assuming infinite torsional rigidity, Equation 4.7 would be sufficient to describe
the shape of a complete active cannula made up of several such links (as described
in Section 4.4). However, since these are superelastic tubes, torsional deformation
will occur. It will be particularly important in the straight transmission sections
of the tubes that lie between the actuators and the first curved link, since these

transmissions are long relative to the curved section lengths.
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Figure 4.11: When transmissional torsion is included, actuator inputs are no longer
equivalent to link base angles for each tube.

4.3.7 Transmissional Torsion

If transmissional torsion between actuators and the first curved link is included
in the model, link-base tube angles (#;) will no longer be the same as actuator input

angles («;). The cross section of the tubes will then be as shown in Figure 4.11.

4.3.8 Flexural and Torsional Elastic Energy

To determine link base angles, we will use a minimum energy strategy (Section
4.4.2). Doing so requires expressing the total energy of the cannula using both bending

and torsional terms. The elastic energy of a beam of length ¢ in pure bending is

l M(S)2
. El ds. (4.8)

Ubend =

When the moment is constant along the length of the beam, this reduces to

EI?
Ubend = TAlﬁz. (49)
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Torsional energy for a beam is given by

Lr(s)?
Utors—/o ﬁd& (4.10)

where 7 is torque applied, G is the shear modulus, J is the polar moment of iner-
tia. When torque is constant along the length of the beam (as it is for the straight
transmission sections), and the angle between ends of the beam is o — 6, this reduces
to

Utors = %(a —0)*. (4.11)
In contrast to bending moments, torsional moments generated by tube interaction
will not be constant along the curved links, as they are in the straight transmissions.

The above energy relationships facilitate the energy method used for kinematics in

the next section.

4.4 Kinematics Via Minimum Energy

The kinematics of continuum and hyperredundant robots are often decomposed
into two mappings. One is from actuator (joint) space to arc parameters (curvature,
plane, and length of each section), while the other is from arc parameters to Cartesian
positions of the robot. We follow a similar strategy in the analysis of the active
cannula. The first mapping (Sections 4.4.1 and 4.4.2) is generally robot-specific,
since the type of actuators and design of the robot strongly influence how actuators
affect arc parameters. The mapping from arc parameters to shape (Section 4.4.3), on
the other hand, is common to all robots that can be modeled as piecewise constant
curvature.
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The shape of an active cannula is defined by a sequence of unique overlap regions
(“links”) between transition points 7}, as shown in Figure 4.6. Each of these links
remains circular both by assumption and observation [145,178], although the bending
plane and curvature change as tubes are axially rotated. Thus, an active cannula has
piecewise constant curvature, consisting of a series of constant curvature links, each

tangent to adjacent links.

4.4.1 Determining Link Lengths

The first step in describing the shape of an active cannula is determining the
number of links and link lengths. These are defined by component tube transition
point locations, which are functions of tube preshaped geometry (Figure 4.7) and
translational “joint” positions of tube bases. These combine to create a sequence of
links between transition points as shown in Figure 4.6. For the 3-tube active cannula
illustrated (where each tube has a straight transmission followed by a single circular
arc), there are 5 curved links. More generally, n tubes result in 2n — 1 links (or
2n, if an initial straight link is included). The length of some links reach zero when
transition points align. It is straightforward to determine the lengths of the links in
the cannula, given actuator displacements and component tube geometries.

For the example in Figure 4.6, the lengths of the m (in this case five) regions of

overlap ¢;,j € {1,...,m} are given by the actuator translational positions of the n
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Figure 4.12: The arc parameters of a link of curved tube consist of curvature (k),
equilibrium plane angle (¢), and arc length (¢;), respectively).

tubes p;,i € {1,...,n}, and the lengths of the curved portion d; of each tube as,

by = pa — p1, by = pa + dy — p3,

by =p1+di—p2, ls=p3+ds—ps—dy. (4.12)

b3 = p3 — p1 — di,
A general procedure easily amenable to software implementation for determining all ¢;
is to sort transition points in terms of arc length, with link lengths given by differences
between adjacent transition points. We also note that if component tubes themselves

have more than one transition point, additional active cannula links are the result.

4.4.2 From Joint Space to Arc Parameters

Active cannula joint space is parametrized by axial translations, p, and rotations,
a, applied at the base of each tube, namely g = (p1, a1, ..., pn, ). In what follows,
the subscript ¢ € {1,...,n} refers to tube number, while j € {1,...,m} refers to
link number. Cannula links are circular segments described by the arc parameters

curvature, plane, and arc length (k, ¢, and ¢), as shown in Figure 4.12. The mapping
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from ¢ to ¢ was described in the previous section, while the mapping from ¢ to (k, ¢)
can be accomplished by generalizing the single-link model described above, as follows.

Attach a coordinate frame, T;, at the base of the link by sliding a copy of the
cannula base frame along the backbone (without rotation about z) to the base of the
link. The model then yields x and y curvature components for the link in the link

frame as

. Zz EzllkZJ COS 91‘7]'

Zi Ezlzkz,j sin 91'7]'
= > Bl

> Bil; ’

respectively. The sums over ¢ € A; only include the tubes that overlap the j™ link.

and y; =

Since the intrinsic (preformed) curvature is piecewise constant along each tube, k; ;
denotes the intrinsic curvature of the i tube in the ;' link. Note that these values
change as a function of the actuator translations, because the overlapping regions
change as described above, i.e. k;; = k;j(p). E; is the elastic modulus, I; is the
cross-sectional moment of inertia, and 6;; is the axial i'" tube angle about the j™
link frame z axis. There is a direct relationship between curvature components and

arc parameters, namely

_ Y;
¢; = tan™! (Xf) , and K =4 /XF+ 7 (4.13)

Neglecting torsional compliance completely (that is, assuming infinite torsional
rigidity), 6;; = 0;0 = «; for all j, which results in a direct symbolic mapping (Equa-
tion 4.13) from actuator space to arc parameters for each link. However, when trans-
missional torsion is included, 6;; no longer equals actuator input «;, because the
straight transmission will “wind up” as torque is applied at the actuators. Since
transmissions are generally long compared to curved sections, we assume that tubes
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can be modeled as infinitely torsionally stiff beyond 77, implying that 0, ; = 0,1 = 1;,
for all j > 1. With these definitions, applying Equations 4.9 and (4.11 in all directions

for all tubes yields the total elastic energy stored in the system,

n

Uty tn) = ) 57, (@i —i)?

i=1

J/

-
transmission torsion

= E;l¢;
+ Z Z T(Xj — ki j cos(1;))?

j=1 i€A,
NS

J/

~
z direction bending

“ EL;(; ,
+> —5 (0 = kigsin(ey))®, (4.14)

j=1 i€A,

/

~
y direction bending

where GG is the shear modulus, J is the polar moment of inertia, L is the length of
straight transmission between actuator and curved section of tube, and as mentioned
previously ¢ € A; are the tubes present in the j™ link.

We assume that actuator inputs influence the system “adiabatically” in the sense
that as we move the actuators, the system remains at a local minimum energy. Thus
the angles at the end of the straight transmission (¢, ..., 1, ) are always assumed to
be at a local minimum of Equation 4.14.

As we describe in Section 4.5, there can be multiple stable local minima of Equa-
tion 4.14. Thus the forward kinematics, given the actuator states, is not necessarily a
unique mapping. The particular minimum of Equation 4.14 in which the robot finds
itself is dependent on the path traversed through through joint space to reach current
joint angles.

To obtain the minimum of the energy function Equation 4.14, one can solve for the
critical points where the gradient equals zero. This leads to a set of transcendental
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Figure 4.13: Contour plots of the energy landscape as the angular difference between
the tube bases is increased. Angular difference between the base inputs of the two
tubes is listed in the upper right corner of each plot. For small angular differences,
there is only one global minimum. As the angular difference approaches 180°, two
appear. Beyond 180°, the new minimum becomes the global minimum, and eventually
the only minimum. These plots are for the ‘partial overlap’ experiment in Section 4.6
and are made using nominal parameter values.

equations, which can be solved numerically using a variety of techniques, including

Newton’s method.

4.4.3 End Effector Pose

The shape of the cannula is defined by the arc parameters and the product of

exponentials formula. Using the notation of Chapter 3 (i.e. [123]), the joint twists
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associated with arc parameters are,

T T
€¢={000001} and €j=[001njoo : (4.15)

The full kinematics of the mechanism is then given by the product of exponentials

formula,
g= H e(g(AQL’j))e(gﬂj) (416)
j=1

where A¢; = ¢; — ¢;_1 and g € SE(3) is the transformation from cannula base to tip.
Thus, each cannula link contributes a pair of exponentials to the overall kinematics,

and the pairs are written left to right in order of increasing link number.

4.5 The 3—Link Case

For the remainder of this chapter we consider the specific case of three links,
which corresponds to the prototype with which we perform experimental validation
and parameter fitting in Sections 4.6.3 and 4.6.4. For n = 2 we have m =2n—1 =3
regions of overlap, only the middle of which contains two curved tubes. In this case

the energy (Equation 4.14) is

k1 ko Z
U(th1, 1) = (041 — )+ (062 —1ho)? +locy | —— — cos(y — o) + o C4/€
2ko 2k,
where ¢; = GL1;I1 ,Co = GL2;72, c3 = %féf}f% and ¢y = % The gradient with

respect to ¢ is then

—c1(0q — 1) + Lacg sin(yy — 1)
v = o, (117)

—ca(rg — g) — Lacssin(vy — )y)
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where the unknowns are (i9,1), and (aq, o) are the inputs.
Adding the two Equations in 4.17 yields ¢, = Z—;(Oél — 1) + a9, which when

substituted back into Equation 4.17 yields

¢1 — 1 = fgbl SiD(OéQ + bQOél — (1 + b2)¢1), (418)
where
b= and by = &L (4.19)
C1 Co

The transcendental Equation 4.18 can be approximately solved using a variety of
techniques. Here, we use a 5" order Taylor expansion of the sine term about the
most recent available previous value of 1. We note that in practice on a robotic
system, a close approximation for the true value of ¢; about which to expand is
readily available, because generally the robot will only move a small amount between
computer servo cycles. We choose the real root of the resulting polynomial that is
closest to the previous value as the solution. While this procedure worked well for our
data set (there always appeared to be one, and only one, non-complex root), a more
careful solution of Equation 4.17 that is guaranteed to find all possible critical points
as well as resolve the path-dependence issue is a topic left to future study. In the
context of the current work, we found it sufficient to frequently inspect visually the
roots returned, and to evaluate Equation 4.18 with the 1); value obtained to ensure

that the numerical values of the left and right hand sides are approximately equal.
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Figure 4.14: Contour plot of the energy function at the bifurcation point. The * de-
notes the position of the system (from Equations 4.21 and 4.22) just before bifurcation
to a new minimum.

4.5.1 Bifurcation and “Snapping”

For small actuator angle differences (ay —ay ), there is a unique global minimum of
the Equation 4.14 with respect to 1. As the difference between actuator input angles
approaches 180°, a bifurcation in the energy landscape in the torsion angles (11, 1s)
introduces two spurious critical points: a saddle and local minimum (see Figure 4.13).
As the actuator input difference approaches 180° from below, the new minimum
deepens, and the minimum in which the system rests rises, until at (ag — ay) = 180°
the heights of the minima are equal. Just beyond an actuator difference of 180°, the
spurious minimum actually becomes the global minimum, but the system remains in
the original local minimum due to the “torsional windup” history effect. As the input
angle difference continues to increase, the system remains in the local minimum until

it reaches another bifurcation, at which point the local minimum disappears, leaving
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only the global minimum above 180°. At this point the system “snaps” to the global
minimum, releasing built-up torsional energy.

At a bifurcation point, the local minimum and saddle merge. This effect happens
when the Hessian is singular (concavity changes) while simultaneously the gradient is

zero (critical point). This is illustrated in Figure 4.14. The Hessian is singular when

det *U = 14 =0 4.20
e (a—w) = c1¢9 + (€1 + ¢2)lyc3 cos(hy — 9) = 0. (4.20)

Combining this with the zero gradient constraint (Equation 4.17), it is possible (for a

fixed «) to solve for the 1y, 1o and input s at which the bifurcation occurs. These

are given by

o 1 C1Co 2
U = C—l\/(fzcs)Q - (01 n 62) ; (4.21)

-1 C1Cg
= _ 4.22
Yy = 1y + cos ( hea(or + 62)) : (4.22)

ay = \/ (€8)2 + cos~! (ﬁ) (4.23)

where the bifurcation parameter 5 = —c3/co — ¢3/c;. In Section 4.6.3 we experimen-

tally determine input angles that cause bifurcation, and use the closed-form expression

of Equation 4.23 to facilitate bifurcation parameter fitting.

4.6 Experiments and Parameter Fitting

Two types of experiments were undertaken to evaluate the ability of the model dis-
cussed above to capture cannula shape, bifurcation behavior, and endpoint position.
A second goal of these experiments was to calibrate the active cannula, estimating

model parameters.
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Figure 4.15: Experimental photo from one of the stereo cameras showing the cannula
with fiducial markers.

4.6.1 Materials and Sensing

The manual actuation unit described in Section 4.2.2 was used for these experi-
ments. Acrylic handles were affixed to the base of a 2.39 mm outside diameter (OD)
and 2.01 mm inside diameter (/D) Nitinol tube, and 1.60 mm diameter Nitinol wire.
The tube has a a 93.5 mm straight transmission and a 92.3 mm curved section created
via plastic deformation with a curvature of 0.0099/mm. The wire has a 218.5 mm
straight transmission and an 85 mm long circular curved section created via plastic
deformation with a curvature of 0.0138/mm.

Fiducial markers (bands of black tape) were placed along the cannula for stereo
triangulation as shown in Figure 4.15. The position of these fiducials were sensed using
a stereo vision system composed of two calibrated Sony XCD-X710 firewire cameras
running at a resolution of 1024 x 768 pixels. One source of error in this data collection
procedure is the accuracy of manual point selection in images, which is estimated at
2 pixels or 0.6 mm. Another is fiducial size (they are not perfect points), causing
small differences in intended selection locations. We estimate fiducial dimensions to
introduce error of no more than the diameter of the wire itself (1.6 mm). Thus our

overall vision system measurement error is estimated at approximately 2.2 mm.
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4.6.2 Parameter Estimates from Physical Quantities

Writing model parameters in terms of basic material properties and measured
dimensions is the first step in determining reasonable physical expectations of param-
eter values. This can be accomplished by combining Equation 4.19 with the formula
for cross-sectional inertia of a circular section (I = Z(OD* — ID")), and the rela-
tionships between shear and bending quantities (J = 21 and E = 2G(1 + v) where v

is Poisson’s ratio), to produce

b o E2]2L1k1k2(1 + V1> b . E1]1L2(1 + I/2>
! E1[1 + EQ[Q ’ 2 EQ[QLl(l + l/1> '

(4.24)

Reasonable parameter ranges for b; and by can be deduced from the uncertainty
in each quantity upon which they depend. Nitinol dimensions are specified by the
manufacturer (Nitinol Devices and Components, Inc.) to +0.0010 inch, while the
elastic modulus F is reported as 41-75MPa. Poisson’s ratio is not quoted, but is
often taken to be approximately 0.35 for Nitinol. It has also been noted that plastic
deformation can increase Poisson’s ratio for Nitinol to 0.5 or more [186], so we will
assume a range of 0.30-0.55. Measurement errors in straight transmission lengths
are estimated to be 1 mm, and measurement accuracy of curvature was estimated at
10% (Section 4.3.5). Applying error propagation, the variance in parameters b can
be determined by !

Q= Joe Qe Iy (4.25)

where (2 is a diagonal matrix of variances in each quantity upon which b depends (de-

noted by the ¢), and J is the Jacobian between parameters and quantities containing

'For the sake of estimating parameter variances, we assume that physical parameter ranges are
equally-scaled variances.
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error (Jbg = g—i’). The square roots of the diagonal entries of 2, yield the variance in
parameter values, based on the uncertainty in the physical quantities upon which they
depend. These yield a b; range of 3.36-7.06 and a by range of 3.14-8.45. A similar
calculation for the bifurcation parameter (§ = —b;(by + 1)) yields a range for 3 of

-41.45 — -29.41. These ranges provide a basis for comparison with fitted parameter

values produced by the calibration procedures described below.

4.6.3 Bifurcation Point Experiment

To experimentally determine the bifurcation parameter 3 for the cannula, the tube
was fixed in place and the wire was rotated until the bifurcation angle was reached,
at which time the cannula visibly “snapped” to the new global minimum. This was
done for twelve linear translational positions in 5 mm increments for /5 from 82.3
to 27.3 mm. A sampling of this data is shown in Table 4.2. Note that the input
angle at which bifurcation occurs is always more than 180°, and often significantly
more. This illustrates the torsional windup that occurs in active cannulas. The [
parameter was fit to this data using Matlab’s nlinfit, which computes a nonlinear
regression using least squares. Using this procedure, we estimated § at —44.91, with
a 95% confidence interval of 42.02, which is which is near (though slightly above) the
ranges described in Section 4.6.2. In Section 4.6.4 we explain how unmodeled effects
should be expected to increase experimental 3 in this type of experiment, but we first
determine [ again in Section 4.6.4 through a different procedure that uses data more

uniformly distributed over cannula workspace.
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0, (mm) | 82.3 | 72.3 ] 62.3 | 52.3 | 42.3 | 32.3 | 27.3
as (deg) | 295 | 283 | 265 | 240 | 225 | 205 | 200

Table 4.2: Sample experimental bifurcation angles for various lengths of curved
tube/wire overlap

An important feature of active cannula bifurcation behavior is that it ceases to
occur for some values of 5. For a given cannula with fixed curvatures, this corresponds
to a minimum length of curved tube overlap. Below this length, the energy landscape
always has a single global minimum and thus it is not possible to simultaneously
satisfy Equations 4.17 and (4.20. Using [ = —44.91, the predicted ¢ from Equation
4.23 is 22.3 mm (the value at which cos™* <ﬁ> becomes undefined). Minima at
slightly larger /5 values will be very near one another (and very near 180°), and
friction will also mask very small bifurcation motions. These effects cause a first
discernible experimental cannula bifurcation at ¢, = 27.3 mm, only slightly higher
than the bifurcation experiment predicted value.

It is also possible to view the point at which bifurcation ceases as a design tool.
Cannula curvatures can be selected so that bifurcation is prevented even for complete

overlap. For fixed curvatures, we will further explore ¢, prediction comparison to

calibrated parameter values using shape data.

4.6.4 Shape Experiment

Using the stereo camera system described above and with the base of the tube
fixed, cannula shape information was captured for multiple angles at two distinct

linear positions of the base of the wire. One, called the “full overlap” position caused
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¢; = 10 mm (tube curved, wire straight), fo = 82.3 mm (both curved), and (3 =
2.7 mm (tube ended, only curved wire present). The other, called the “partial overlap”
position caused /1 = 48.0 mm, f5 = 44.3 mm, and {3 = 40.7 mm, with the same tube
and wire combinations in each link. For the full overlap case, 15 input angles were
applied at 20° increments from 0° to 280°. For the partial overlap case, 11 input
angles were applied at 20° increments from 0° to 200°.

Using data collected from these experiments, we fit b; and by. The transformation
between the stereo camera coordinate frame and a frame fixed at the base of the
cannula was first estimated using point cloud registration [15]. Images of a 15 mm
checkerboard pattern (with corners at known physical locations with respect to the
cannula base frame) were captured. Sixteen corners on the checkerboard were trian-
gulated with the stereo vision system. Since the points were coplanar, this registration
was only expected to provide a rough estimate of the frame transformation. Thus six
“nuisance parameters” (a 3—vector for position and a 3—vector for orientation with
magnitude of rotation encoded as length) describing the cannula base frame were
included in the calibration procedure, and initialized with the results from the point
cloud registration.

Parameter fitting was accomplished using Matlab’s fmincon, with angular nuisance
parameter bounds set to £ 0.349%, from initial estimates. The objective function
was the sum of Euclidean distances from experimental to theoretical 1) tip position

(Equation 4.16), 2) outer tube endpoint (Equation 4.16 up to link m — 1), and 3)

2This is equivalent of £20° converted to radians. However, since magnitude is also encoded in
these variables, this bound cannot be strictly thought of as an angle.
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position of fiducial band nearest the cannula base (a fixed distance along the straight
cannula transmission between T and 77). The optimization rapidly converged to
by = 7.92 and by = 4.11 from a wide range of initial b; and by values. Nuisance
parameters showed only small changes during optimization, with cannula base frame
orientation moving 4.4° while position of the base tape fiducial translated 1.1 mm.
These small changes in nuisance parameters are reasonable given the coplanar data
used to compute our initial frame transformation estimate. Average tip error was
reduced from 10.1 mm (22.10 mm max) with no fitting to 3.0 mm (8.76 mm max)
with fitting. Given estimated measurement error of 1 mm in individual tube straight
and curved lengths, and the estimated 2.2 mm error in vision system data, a final
average tip error of 3 mm appears reasonable.

Furthermore, the fitted by was within the range determined in section 4.6.2, while
b; was near it. The energy bifurcation parameter they imply (6 = —40.49) is also
now within the reasonable parameter range. Small differences in § compared to the
bifurcation experiment (which produced = —44.91) are the results one would ex-
pect from unmodeled torsional deformation (in the curved regions) and unmodeled
friction. Both would serve to increase the bifurcation experiment estimate of 3. In
that experiment all data is from the edge of workspace where the highest possible
cannula internal forces occur. The shape experiment used data more uniformly dis-
tributed over the workspace. If effects of friction and unmodeled torsion cause a 5.4%
reduction in each experimental bifurcation angle (Table 4.2), this would account for
the difference in 5. Further, § = —40.49 generates the prediction that bifurcation will

cease at o = 24.7 mm, only 2.6 mm less than the experimental value (¢ = 27.3 mm
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Figure 4.16: Shown above are the final angle of the partial and full overlap positions
(200° and 280° respectively), the data points with the greatest overall tip error for
each case above. The overlaid model predictions clearly show that torsion is a vital
part of an accurate active cannula kinematic model.

found in 4.6.3), and slightly closer than the ¢; = 22.3 determined in the bifurcation

experiment.

4.6.5 The Importance of Torsion

As we have described in this paper, including torsion in active cannula models
leads to transcendental equations. Because of this (as outlined in Section 4.1.2),
models have been proposed in the literature that assume infinite torsional rigidity
and treat active cannula kinematics as a pure beam bending problem. While this
is analytically attractive, our experimental results indicate that assuming infinite

torsional rigidity precludes accurate prediction of active cannula shape. Without
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torsion, there is only one model parameter present in the kinematic model (Equation
4.13), namely the ratio of tube flexural rigidities (B = %) The feasible range for
B using the tolerances described in Section 4.6.2 is 0.630-4.33.

Applying the same fitting procedures described in Section 4.6.4 to the torsionless
case, we first determined a tip error of 24.78 mm (54.32 mm maximum). We then
fit model and frame nuisance parameters and found convergence over a wide range
of initial values to B = 3.98, nuisance angle = 36.93°, and nuisance distance =
1.11 mm. Average tip error was reduced to 13.60 mm (31.48 mm maximum). Thus,
tip errors remain large for the torsionless model even with calibration. Further, the
angular nuisance parameters changed significantly during the optimization, resulting
in highly inaccurate predictions of overall cannula shape throughout the workspace.

To explore the possibility that nuisance parameters were not well suited for tor-
sionless calibration, we also applied calibration procedures to the torsionless model
while holding the nuisance parameters fixed values known to give approximately cor-
rect frame transformations. Fixing nuisance parameters at initial estimates from
Arun’s method, we optimized B alone and determined a value of 3.59. This resulted
in average tip error of 23.50 mm (53.94 mm max). The other approximately correct
set of nuisance parameters available are the calibrated values found for the torsion-
included model in Section 4.6.4. Holding nuisance parameters fixed at these values,
we determined B = 3.98. This resulted in an average tip error of 22.20 mm (52.39 mm
maximum).

All of the above efforts to calibrate torsionless active cannula models result in

tip errors remaining large. This indicates that active cannula models that do not
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include torsion are structurally insufficient for making accurate predictions of our
experimental active cannula shape. They also cannot predict bifurcation behavior,
since infinite torsional rigidity implies that tube angles are equal to base input angles
at all points along the cannula. Results are illustrated visually in Figure 4.16 for
values in the middle of the feasible range and using the initial frame estimate. If
the cannula design were modified to use a different material with higher torsional
rigidity for straight transmissions, the torsionless model may be more successful.
However, doing so would be challenging from a prototype manufacturing standpoint.
For our current all-Nitinol prototype, inability to account for torsional windup in the

torsionless model makes it inaccurate except in a small neighborhood of (e — ) = 0.

4.7 Differential Kinematics

Given active cannula forward kinematics (see Section 4.4.3) we wish to compute

the spatial Jacobian, JZ,, satisfying
Vi =Jala)d (4.26)

We will begin by deriving the Jacobian for one link, and then use this as the building

block to derive the complete active cannula Jacobian.

4.7.1 Single-Link Jacobian

The forward kinematics of a single link (omitting j and st subscripts for clarity)
is given by
g= e(gd’)e@), (4.27)
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where, £, and £ are given by Equation 4.15 and the spatial velocity is

> > g dg
Vi=gg9' = ( cL) g ' = Z ( g‘1> i,
=1 aqL =1 aqL

for N joint variables. Inserting the definition of g, we arrive at

- [(§) 0 ()

Since &, is constant, this simplifies to

N D¢ (A ) ) (A)
Ve = E ‘., g+ el&?) [ = ¢ 14, 4.28
st - |:§¢ 94, € ( 9%6 9 9q ( )
Since & varies with q,, its derivative is somewhat more complicated, but can be written

in terms of an infinite series of nested Lie brackets [136]:

0 (7 0 -~ 2
a—qbe(ff) = dexp@é) <8qi (fﬁ)) 6(54)

where,

and

[A,C) := AC — CA.
The specific matrices we are interested in here are

R el ezl R e esl
ér = and  (€0) = ,
0 0 0 0

where a = k¢ and ' denotes a derivative with respect to ¢,. Note that (Zz) and (@)’

do not commute, so dexp cannot be simplified in the same manner as was possible
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for the &4 derivative. However, it can be simplified by algebraic manipulation to form

sine and cosine series as follows. Writing out a few terms of dexp yields

. e’ esl'| 1 |0 éegy
dexp g ((€0)') = +t o +
0 0 0 0
110 &%aesy| 1 |0 &’alesy
31 +I +..., (4.29)
0 0 0 0

where v = ol — o/l = kll' — k"0l — k'l = —K'¢*. The upper right entry of this matrix

can now be manipulated to obtain trigonometric series:

Ve 1 1 1
est + 2'€1+3'€1 oz—l—Ee 302 +. esy

1 1 1 1 1 1
_ R _ 1 ~2
_63£+l(5 e —i—6|oz +. ) 1—1—(3' 5'04 —1—7 :l:...)€1:|63’)/
1 ~ . ~
=e3l' + pe [(—cos(a) + 1) & + (—sin(a) + a) &7 ezy
1
=e3l' + el [(cos(a) — 1) ex + (sin(ar) — a) e3] 7.

Applying this in Equation 4.29 results in

~ éa (6’ + M‘;)—Q)) e + L@ o)
! @
dexp &) ((€0)) = |
0 0

~~
—
A,

which was the desired result needed in Equation 4.28, yielding

Z [&wﬁ gte §‘1"25)14 e(€) g ' (4.30)

1

Moving ¢g~! inside the sum, and converting to twist coordinates (taking the ¥ of both

sides), yields the spatial Jacobian in terms of arc parameter derivatives:

‘/si = |:(11 | e | CLN:| 47 (431)
—_—

s
Js t
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where

K sin(¢) (cos(kl) — 1) /K2
— ' cos(¢)(cos(rl) — 1) /x?
0 — K (sin(kl) — K0) /K2
cos(¢) (K€ + (')
sin(g) (k'€ + ')

¢/

If k = 0 then & = [es 0]” and 8%6@) = £0e@ . In this case, a, = 0o o0o0 ¢

Only one final modification, to account for nonzero initial base angle, is needed

to make this result general. When applying the above formula to a multi-link robot,

each link will have an initial angle from the previous link. Thus, we must substitute

(¢j — ¢j—1) for ¢ in the expressions above. In summary,

K'sin(¢; — ¢j-1)

—r'cos(¢j — Pj1

a, =

¥ -

and

0" — K'(sin(kl) — Kkl) /K>
cos(p; — pj—1) (Kl + U'K)

sin(¢; — ¢j—1) (K€ + U'K)

(cos(kl) — 1) /K>

)(cos(kl) — 1) /K>

/
7—1

V;i:[a1|...|aN1q'-

—————
T3
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4.7.2 Arc Parameter Derivatives

In the preceding section we derived the Jacobian J (¢, k', ¢') for an active cannula
link in terms of arc parameter derivatives (with respect to joint variables). We now
compute these arc parameter derivatives. Recalling from the discussion in Section
4.4.1 and the example (Equation 4.12) that ¢(p) will be a simple algebraic function
(between discrete changes as transition points pass one another), its derivative will
be straightforward to compute, as shown in the examples in Section 4.7.4.

The expressions for ¢ and x (Equation 4.13) are more complex. However, if the
system evolves adiabatically (as was our assumption in forward kinematics) such that

it remains at local minimum of Equation 4.14

Y™ = argmin U (v)),
P

then we can apply the chain rule as follows,

8/@- . 811]- 81/1*
dqg  oY* Jq

and similarly for ¢;. The derivatives of k; and ¢; with respect to ¢* are straightfor-
ward computations given (4.13).
We take derivatives of ¥* with respect to ¢ as follows. Given the adiabatic as-

sumption and Equation 4.14, we have VU = F(q,¢*) = 0, and
D,F = DiF + (DyF) (D*) = 0.
If the Hessian (D,¢*) is invertible,

Dg* = —(DoF) (D1 F).
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Thus

,  Ow; [ OF\'OF ,  0¢; ( OF\ ' OF
oot (o) a6 S(oE) a6

4.7.3 Multi-Link Jacobian

Given the single-link Jacobian from Section 4.7.1, and the arc parameter deriva-
tives in Section 4.7.2, it is straightforward to compute the Jacobian for a multi-link
active cannula. All that is necessary is to express the individual link Jacobians in the

spatial frame by applying relevant adjoint transformations,
Jsst = Jl + Adgm ']2 + Adgoz J3 + ..., (435)

where J; is the 5 link Jacobian computed via Equation 4.33 and the individual arc

parameter derivatives discussed in the previous section.

4.7.4 Examples: The 3—Link Case

We will consider two examples of the 3-link case, including an initial straight link
at the base of each. The first example is when the curved portions of the tubes do
not intersect, while the second is when they do. The example with no curve overlap

is illustrated in figure 4.17.

173



Figure 4.17: Diagram of a 2-tube, 3-link active cannula, with an initial straight base
link. Shaded regions indicate where the tubes are curved. In this example curved
sections do not overlap. At the wall shown, p = 0.

Link 1 Link 2 Link 3 Link 4
14 P1 — dy dy P2 — dy — P1 dsy
FiI1 k1
2 0 Bl iBD 0 k2
¢ | 0 (arbitrary) | ¢ = a1 | 0 (arbitrary) | ¥ = ag

Table 4.3: Table of arc parameters for the case where curved portions of tubes do not
overlap (Figure 4.17).

Here, the inner tube has been extended far enough out of the outer tube that
its curved section (shaded region) has completely passed the curved section of the
outer tube. The zero translational positions (p) of both tubes are when their tips
align with the wall from which they protrude. Table 4.3 shows the arc parameters for
this cannula. Recall that d denotes length of the curved sections, and « the angular
actuator input.

Since x and ¢ are constant for every link in this configuration, arc parameter
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derivatives are simple, as are the individual link Jacobians, namely

0 es 00 0000
Jy = Jy =

00 00 es 00 0

0 —e3 0 eg 00 0 0
Jy = J, =

—e3 0 0 O 0 0 e3 O

The situation is a bit more complex when curved regions overlap, because the
curved sections now interact, forcing tubes to bend and also store torsional energy as
a function of joint variables. Figure 4.18 illustrates this configuration and Table 4.4
gives arc parameter expressions. Working through the arc parameter derivatives in

Section 4.7.2 produces the following:

Figure 4.18: Diagram of a 2-tube, 3-link active cannula with overlapping curved
sections. Shaded regions indicate where the tubes are curved.

Link 1 Link 2 Link 3 Link 4
14 p1 — dy p2 — dy — (Pl - dl) P1— (P2 - d2) P2 — P1
K 0 Ch (see below) ko
¢ | 0 (arbitrary) (0 (see below) (1S
Table 4.4: Table of arc parameters for example with overlapping curved sections.
Here Cl - ElEIifrlngz and CQ - Eﬁffgzlz ’

The expressions for k3 and ¢3 are

Ky = \/(Cl cos(¢1) + Co cos(wg))2 + (Cysin()y) + Cy sin(wg))2
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1 {Cicos(¢r) + Cycos(tha)
¢3 = tan (Cl Sil’l(wl) -+ CQ Sin(d}g) > '

From Equation 4.5 we have

—(ar —P1) + (p1 — p2 + da)by sin(i1 — )
VU =F = =0
—p; (a2 — ) — (p1 — pa + d2)by sin(¥1 — 12)

Computing the relevant matrices from Equation 4.34, we obtain

oF |1+ (p1 — p2 + d2)bicos(thr —1h2)  —(p1 — pa + d2)by cos(¢1 — 1)

5=
v —(p1 = p2 +da)brcos(thy — ) g+ (p1 — p2 + da)by cos(vhr — ¢n)
aF B —1 bl sin(wl — wg) 0 —bl Sin(?ﬁl — ¢2)
o

0 —bl Sin(1/11 - ¢2) —é b1 Sil’l(lpl - Q/JQ)
For link 1, the derivatives are simply %%1 = [0 10 0], 88—'21 = [0 0 0 0], and

88;’;1 = 1[0 0 0 0], which are the same as in the non-overlapping case above. For link

2,% =10 —101),%2=[00],and %2 =[1 0]. For link 3, 22 =0 1 0 —1],

T g
T
2C1 cos(11)(C1 sin(p1)+Ca sin(1p2))—2C1 (C1 cos(p1)+Ca cos(2)) sin()1)
% _ 24/ (C1 cos(1)+C3 cos(12))2+(Cy sin(1)+Cy sin(12) )2
81/} 2C5 cos(12)(C1 sin(1)+C2 sin(1h2)) —2C2(C1 cos(h1)+Ca cos(2)) sin()2)
24/(C1 cos(1)+C3 cos(2))2+(Cy sin(1p1)+Cy sin(t2) )2
and
% = C1(C1+C3 cos(P1—12)) C2(C2+C cos(1—12))
aw C%+202 COS('lZ)l*'lZJQ)Cl‘FCQQ C%+2CQ COS(lﬁl 71/;2)6’1+C§

For link 4, §4 = [0 —1 0 1], 2% = [0 0], and 53 = [0 1].

In summary, the Jacobian for the active cannula can be written in closed form,

despite the lack of closed form forward kinematics.
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4.8 Discussion

This chapter has presented kinematic and differential kinematic modeling of ac-
tive cannulas. The modeling process produced a number of design tools which are
summarized here in the context of a general design methodology. This is a methodol-
ogy proposed for developing customized active cannulas for specific medical scenarios,
and it also illustrates opportunities for future research. In approaching customization

of active cannulas for a new clinical application, the general design steps are:

o Study Clinical Objectives, Generate Design Specifications. The designer of a
customized active cannula must first translate clinical objectives into a set of
design specifications. Important considerations include the payload, diameter,
stiffness, and workspace required to accomplish the surgical goal. Often, doctors
cannot provide specific engineering constraints. What they can provide are
medical images, and detailed descriptions of the various tasks the customized
cannula must perform. Physicians can also provide qualitative validation of the
performance of prototypes relative to their desired objectives for the tool. Thus,
it will often be necessary to iteratively develop and test prototypes. The design
tools presented in this thesis provide a basis for guiding this iterative design

process.

e Consider Payload and End Effector Actuation. One important consideration is
the surgical end effector (payload) the active cannula must carry to accomplish
its objectives. Examples of possible end effectors include a gripper or biopsy
collection mechanism (possibly actuated by a push-pull Nitinol rod in the central
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working channel), an optical fiber for visualization or energy delivery, a cautery
electrode, etc. Active cannulas with no end effector will also be useful for
suction. To assess the effect of end effectors on active cannula kinematics and
differential kinematics, one must determine what additional forces they apply
to the cannula either during actuation, or through their weight. For many
possible end effectors (e.g. electrocautery wires, optical fibers), these effects are
expected to be negligible. Such payloads may be included straightforwardly in
the models presented in this dissertation — they will simply add an additional

straight cylinder (0 mm ID tube) that spans all active cannula links.

Determine Mazimum Tool Diameter. The maximum diameter possible for the
given surgical application will influence the maximum number of possible tubes,
which affects the stiffness and workspace of the cannula. In soft tissues, for
example, the maximum desirable diameter would likely be similar to commercial
radiofrequency ablation needles (13-14 gauge or 2.4-2.1mm). Similar largest
diameters (with smaller inner tubes) would also likely be applicable in the lung,
given the 4 mm diameter of conventional bronchoscopes. However, miniaturized
active cannulas will also be useful for microsurgery applications such as within
the eye, and a wrist similar to an active cannula is currently being explored for

this application at Columbia University [183].

FEvaluate Stiffness. The required stiffness of the active cannula for the surgical
objective will likely be best investigated experimentally. To determine the force

that the active cannula must apply, one can instrument existing tools (e.g.
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during open procedures). In general, active cannula stiffness will be dependent
on the direction of applied force, as well as the workspace position of the active
cannula. The displacements and forces at the end effector can be related using

a generalized form of Hooke’s law, namely,

W=K-¢, (4.36)

where W is the wrench applied to the tip of the active cannula, and £ is
the resulting differential displacement of the end-effector frame, and K is the
configuration-dependent 6 x 6 compliance matrix of the active cannula. Deter-
mining K analytically is a topic for future research. Until this is accomplished,
it will be useful to assess active cannula stiffness experimentally, using proto-
types to interact with anatomical models and ex vivo examples of the desired
surgical site. Active cannula stiffness can be adjusted by modifying a number
of parameters including (1) tube diameters, (2) tube wall thicknesses, (3) tube
material (changing the elastic modulus), or (4) using a more favorable part of
the active cannula workspace of a better angle of approach. Items 1-3 affect
the flexural rigidity of the active cannula. With regard to workspace, using
a configuration where active cannula tubes are nearly retracted will stiffen the
structure. Also, since active cannula stiffness will be different for different direc-
tions of force application, it is also possible to adjust stiffness by changing the
angle of approach to the target site. Thus, it will also be important to evaluate
the active cannula workspace to assess the feasible directions of approach, and

how they are affected by choice of tube precurvature.
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o Fxplore Workspace Requirements. The active cannula workspace dimensions
can be calculated using the forward kinematics described in this thesis. The
Jacobian also permits determination of Active Cannula manipulability via con-
dition number calculation. An example workspace for the prototype in Figure
4.1 is shown in Figure 4.19. When customizing an active cannula for a spe-
cific medical objective, one must ensure that the workspace meets the size and
dexterity requirements of the application. Fully characterizing active cannula
workspace is a topic for future study, as are determining the effects of anatomical
constraints. In these studies, the access path must also be taken into account,
particularly in scenarios like the lung, where the cannula must traverse a an

introductory path like the throat and airways to access the area of interest.

e Study Bifurcations. In some medical applications it may be useful to design
active cannulas to preclude bifurcation. The analysis of bifurcation in this
thesis provides the necessary tools to test whether a given active cannula design
(set of tube sizes, properties, and precurvatures) will exhibit bifurcation. In
some applications (e.g. when the active cannula is embedded in soft tissue) it
will likely be useful to design the cannula to preclude bifurcation, so as not to
apply undue force or impulse to tissue. In other applications (e.g. where the
cannula has to turn a sharp corner) it may be useful to design a cannula with
bifurcation, particularly when the cannula only needs to access the portion of

the configuration space that does not trigger this bifurcation.

o (Consider Control Interface. 1t is also important to consider the user command
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Figure 4.19: The workspace of the prototype active cannula shown in Figure 4.1,
shown in comparison to the human head to illustrate relative size. This workspace
was generated under the assumption that outer tubes are much stiffer than inner ones.
It was made by evenly discretizing the joint space and computing forward kinematics
for all joint combinations. Applying the results of this thesis to calculate workspace
limits and manipulability in the presence of tube flexibility is a topic for future work,
as is analyzing the effect of tissue-imposed geometric constraints on active cannula
workspace.

interface for the active cannula, which will differ for various surgical applica-
tions. In some scenarios (e.g. deployment in the lung or a body cavity) it may
be useful to teleoperatively control the active cannula. In others, (e.g. appli-
cations more similar to traditional needle placement) it may be useful to use
the active cannula as a CAD-CAM device to automatically servo the tip to the
desired location. It will also be important to consider for a given application
whether manual or robotic actuation is appropriate. Manual actuation will be
most suited for rapid regulatory approval, but a robotic solution will permit

coordinated motions of all active cannula joints.
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o Select Guidance Method. The active cannula will often be used under some form
of image guidance. This imaging may be optical, or from a medical imaging
source such as Ultrasound, flouroscopy, CT, MRI, etc. Which imaging method
to use will depend on the clinical objective and the type of information required.
For example, if the active cannula is deployed in soft tissue, Ultrasound guidance
may be appropriate, whereas in free space applications (e.g. lung) an imaging

method such as fluoroscopy may be most useful.

During the design of a customized active cannula, it will be important to continuously
test and iterate with the above considerations in mind to arrive at a suitable or optimal
design.

Among the future extensions to the modeling work in this dissertation are the
extension of our models to account for arbitrarily preshaped tubes, and incorporat-
ing torsional effects in curved sections. Arbitrarily shaped tubes will permit patient-
specific active cannulas to be constructed whose shapes are specifically designed based
on patient anatomy from preoperative medical images. Note that the models pre-
sented here are useful for computing the forward kinematics for piecewise constant
precurvature tubes with arbitrarily many pieces. Thus, the models presented in this
dissertation can be applied fairly generally, by approximating even general tube curva-
tures as many short constant curvature sections. However, continuous representations
will likely be more accurate and are currently under development. Such continuous
representations are also expected to more naturally account for torsion in curved

sections of the cannula.
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Frictional effects are also present in a system like the active cannula. However,
they are not a dominant effect in the experimental prototype used in this chapter.
This assertion is based on qualitative observation of the cannula, which does not
exhibit significant hysteresis or stick-slip behavior, even without lubrication. Fur-
ther support is provided by the previously noted observation that experimental and
theoretical bifurcation parameters would match if friction accounted for only a 5.4%
difference in experimentally observed bifurcation angles. However, it is possible that
with active cannulas of different designs (e.g. smaller inter-tube tolerances) frictional
effects may become more pronounced. In this case, it will be possible to at least par-
tially account for friction by reducing the torsional spring constant. This is because
the effects of reduced torsional stiffness and friction will be similar to one another in
that both will contribute to lag in tip angle with respect to base input angle of the
tube.

The overall goal of a robot like the active cannula is to become part of a surgical
robotic system such as the CAD-CAM or Surgical Assistant systems mentioned in
Chapter 1. As mentioned there, the active cannula blurs the distinction between the
two, since it can be used as either depending on application requirements. In a CAD-
CAM application, the active cannula could be useful for working with an imager to
automatically place the tool tip at a desired location in the body through a curved
trajectory. It would also provide the degrees of freedom necessary to compensate
for unmodeled effects (e.g. external perturbing forces on straight needles) that can
lead to tip error with traditional straight tools. In a Surgical Assistant application,

an active cannula could be teleoperated as shown in Figure 4.20. The closed-form
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Jacobian presented in this dissertation is expected to be useful in both CAD-CAM
and Surgical Assistant applications to enable velocities to be commanded at not only

the end effector but also various other points along the active cannula backbone.

Controller

® Master Interface

® Slave control

\ ® Path Planning Assist.

e Registration to Images
& preoperative data & Enlarged view

© Virtual Fixtures & higher . ’ of one arm
Level Task Assist.

Figure 4.20: Active cannulas have the potential to become new slave robots in a
teleoperated Surgical Assistant system. In this capacity, they may enable access
to locations that cannot be reached with traditional slave robotic tools which are
characterized by larger diameters and straight shafts.

4.9 Conclusion

Miniature flexible robots like active cannulas are a means to bring the benefits of
MIS to difficult-to-reach locations in the human body while enhancing patient safety.
By building precurvature into the tubes that form the backbone, active cannulas can
be small in diameter, have many curved links with little mechanical complexity, and
exhibit improved dexterity with miniaturization. They do this using high bandwidth
actuation (DC motors) rather than slower heat or electrically activated materials (e.g.
shape memory effects).

This chapter provides design, modeling, analysis, and experimental results that

are foundational steps toward realizing the potential of active cannulas in medicine
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and beyond. Actuation unit considerations, analysis relating tube elastic deformation
limits to precurvatures, and tools to characterize and (if desired) prevent bifurcation
behavior are among the design contributions presented. Beam mechanics-based mod-
els of cannula link shape were derived and generalized into a framework for forward
kinematics of multi-link cannulas. This framework is closed form in the torsionless
case, and it was shown how torsion can be included through energy minimization.
The importance of torsion and the accuracy of the model were evaluated experimen-
tally and parameters were fit through two complementary calibration procedures that
agree well with expected parameter ranges calculated from material property toler-
ances and physical geometry. Experimental results lead to the conclusion that when
modeling active cannulas, torsion must be taken into account for accuracy in describ-
ing cannula shape, and to make models structurally capable of predicting observed
bifurcation behavior.

Despite the inclusion of torsion giving rise to transcendental equations in kinemat-
ics that are not closed form (though numerically solvable), differential kinematics can
be written in closed form, even with torsion included. The (experimentally validated)
assumption that cannula shape locally minimizes stored elastic energy facilitates the
closed-form derivation of differential kinematics.

The modeling results pose some interesting challenges for future active cannula
designs and applications. One is to solve various robotics problems for active cannu-
las (e.g. motion planning, inverse kinematics, etc.) in an analytically more complex
setting without the aid of closed-form kinematics. Another is to approach the prob-

lem from a design perspective and try to create active cannulas that more closely
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approximate torsionless kinematics, perhaps by constructing them from innovative
materials (e.g. with internal windings as in flexible drive shafts).

The results presented in this chapter lay the foundation for active cannula de-
sign and control, and have been published in [178,179] and relevant patents applied
for [181]. The work presented here is also currently in preparation for archival journal
publication [174,182]. Building on these studies, it is expected that active cannulas
will become a diverse family of both robotic and manual surgical devices. A fully
robotic teleoperated active cannula might also incorporate algorithms (currently un-
der development at JHU and elsewhere) on cooperative assistance algorithms embed-
ded in the controller, as well as motion scaling and tremor cancellation. Eventually, a
complete system may also assist in path planning, and incorporate information from
preoperative medical images into the surgery. Thus, active cannulas appear to be a
means of bringing the many advantages normally associated with computer-assisted

surgery to currently inaccessible surgical sites.
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Chapter 5

Conclusions and Future Work

This dissertation has explored tool manipulation and dexterity enhancements for
medical robotic systems. The motivating challenges that drove these endeavors in-
clude (1) combining the accuracy and precision of machines with the judgment and
skill of clinicians, (2) reducing the trauma of surgery by providing minimally inva-
sive alternatives to open procedures, (3) providing new ways of reaching challenging
targets to reduce the number of conditions considered “untreatable” or “inoperable”,
and (4) making deployment of medical robotic systems more feasible in challenging
clinical environments where machines must interact with (often demanding) human

operators, and maintain accuracy under uncertain conditions.

5.1 Virtual RCM

Toward these ends, Chapter 2 dealt with algorithms to make robotic tool manip-

ulation systems easier to calibrate and use in the clinical setting, that also facilitate
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rapid prototyping of research systems to manipulate new kinds of tools. The main
result was the Virtual RCM algorithm which can be carried out using image-based
robot pose measurement (or other tracking system), requires little calibration, does
not require encoding (allowing encoders to potentially become redundant safety fea-
tures), can tolerate unknown transformations (e.g. passive positioning arms) in the
kinematic chain, and does not require the tool to be coincident with a mechanically
enforced RCM. The proof-of-concept prototype system achieved 0.78 mm translation
and 1.4° rotational accuracy using a tracker with 2.54 mm RMS error, and did so
rapidly (within approximately one second of motion).

Since initial development, the Virtual RCM has been used in conjunction with
3D Ultrasound reconstructed from tracked 2D Ultrasound [20,23]. It has also been
successfully demonstrated phantom studies, proven to be capable of greater accuracy
than a surgeon who employed current clinical gold-standard technique, and success-
fully used in animal studies [18,19]. Thus, it has demonstrated its usefulness under
realistic clinical conditions.

Future goals in Virtual RCM research include replacing the tracker with a CTF
scanner or other image-based pose sensing device. It would also be useful to demon-
strate experimentally the theoretical features of the algorithm noted in Chapter 2,
namely that it can be accomplished with a robot whose wrist axes do not intersect,
and that it can be accomplished on an unencoded robot whose Cartesian stages are
not orthogonal. In terms of algorithmic enhancements, it will be useful to account
for target and treatment volume uncertainties into our algorithm to choose an initial

alignment with the best probability of delivering the treatment to the desired target
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indicated by the doctor. Segmentation and planning software should also be included
in the system to assist the doctor with choosing the target and initial entry trajectory
optimally. As active cannulas and steerable needles move toward clinical trials, the

Virtual RCM will be useful for positioning them prior to deployment.

5.2 Steerable Needles

Chapter 3 addressed design and modeling of bevel-based needle steering, which
can correct for uncertainties like tissue motion, deformation, and inhomogeneity, as
well as steer around obstacles. Features of a successful bevel-tip needle steering
system were described, including actuation, needle, phantom tissue, and tip tracking
considerations. We modeled needle tip trajectory as a nonholonomic system that
executes a series of constant curvature arcs described using Lie group theory, and
determined by actuator input profiles. To facilitate clinical acceptance and to provide
a standard by which to judge the success of model-based controllers, we developed a
teleoperation system which allows the radiologist to remain “in the loop” during the
procedure.

Since its initial development, the nonholonomic model and experimental testbed
described in Chapter 3 has facilitated many further needle steering results. These
include closed-loop, model-based control [3,96,97], path planning with uncertainty
and/or in the presence of obstacles [6,7,10,12,57,137], and needle design to enhance
curvature [59,60]. See Section 3.6 for a more detailed description of these recent

results.
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Future goals in needle steering research include further design and analysis of bevel
tip effects, including modeling and experiments evaluating such design possibilities
as including a kink a short distance from the tip, or using a tip that is larger than
the shaft. Further experiments in ex vivo and live animal tissues will be necessary to
determine the accuracy and suitability of existing models, controllers, and planners
in biological tissues. Integration of steerable needles with various imaging modalities
is an area of future work, including such challenges as sensing the 6-DOF pose of the
tip from image data or making use of lower dimensional sensing by using observers.
In such studies a key point will be to determine the optimal levels of control vs. rapid

replanning.

5.3 Active Cannulas

The active cannulas described in Chapter 4 achieves steerable needle-like trajec-
tories without reliance on reaction forces from the soft-tissue medium. A key insight
of active cannulas is that it is possible to achieve greater curvature at smaller size by
making use of precurvature rather than initially straight structures, and the design
becomes more dexterous with miniaturization. We developed several general design
tools for component tube precurvature selection as well as actuation systems, which
can be used to eliminate the possibility of cannula self-damage and/or bifurcation,
or to achieve other application-specific design goals. Beam mechanics-based mod-
els of cannula link shape were derived and generalized into a framework for forward

kinematics of multi-link cannulas that is closed form in the torsionless case and tran-
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scendental in the torsion-included case. Experiments demonstrated the importance
of torsion modeling and the accuracy of the model, verifying that cannula shape lo-
cally minimizes stored elastic energy. It was also shown that, despite the inclusion of
torsion giving rise to transcendental equations in kinematics, differential kinematics
can still be written in closed form.

Active cannulas have great promise in medicine, and have received a great deal
of recent interest [65,145,178,179], and a similar design has recently proposed for
use as a miniature robot wrist in an eye surgery system [183]. The work presented
in this dissertation is the most physically realistic model describing active cannula
kinematics, with the most extensive experimental validation, that has been published
to date.

Future goals in active cannula research include modeling enhancements that will
account for torsion in all parts of the robot and account for variable tube precurva-
tures, and also possibly the effects of friction (if necessary). Current and new models
and calibration algorithms should be verified on cannulas with a large number of
links to ensure that they remain as accurate as they are in the 3-link case. From a
control standpoint, visual servoing algorithms will be useful to drive active cannulas
automatically toward desired goals. The Jacobian derived in this dissertation will fa-
cilitate teleoperation, and derivation of the compliance matrix for active cannulas will
facilitate using their flexibility combined with shape sensing to sense the forces and
torques applied to the cannula by the environment. A workspace characterization will
also be useful for design purposes, and path planning algorithms are needed to reach

targets within the body. Constructing active cannulas from alternate materials such
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as plastics may endow them with further beneficial properties. When considering all
these research topics, it will be useful to choose a specific medical application and
tailor the design to do a specific clinical task. Considerations and methods for doing
so were discussed in Section 4.8. The most promising high-impact first application
area (see Section 4.1.1 for others) appears to be the lung, where active cannulas will
be able to reach deeper down bronchioles than is possible with current tools that ac-
cess the lung via the throat. Active cannulas may thus provide a minimally invasive

alternative the traumatic procedure of open-chest surgery.

5.4 A Unified Dexterity System

It is possible to combine nearly all of the currently available techniques for needle
and needle-like robot dexterity into a single system. Such a system might consist of
a robot utilizing the Virtual RCM (or other fulcrum enforcement method) to manip-
ulate a straight stiff introduction tube the diameter of a large-gauge needle. This
introduction tube would be the first stage of the device and would enter tissue only
a short distance. By robotically controlling the forces and torques applied to the
base of the introduction tube, the robot can use the “stiff needle” steering techniques
described in Section 3.1.3. Stiff needle steering is achieved by using the needle (in-
troduction tube) to controllably deform tissue, and offer a high degree of steerability
near the tissue surface. An active cannula can be deployed from the tip of this intro-
duction tube, providing the capability to traverse not only soft tissue media, but also

air or liquid-filled cavities within the body. Finally, a flexible, steerable needle can
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be deployed from the active cannula, steering either via bevel forces or other flexible
steerable needle tip designs (alternatives were discussed in Section 3.1.3).

Such a “Unified” Dexterity System is expected to combine the most beneficial
aspects of nearly all the needle and active cannula dexterity methods that have been
developed to date. It would also permit a comparison between their relative merits
in a variety of tissue types, clinical scenarios, and depth ranges. It would permit
studies to determine exactly how complex a steering system needs to be (e.g. in
some circumstances more than one or two steering methods may not produce better
clinical outcomes). It would also provide current and future closed-loop controllers
with more steerability, enabling them to converge to planned trajectories and targets
within anatomically realistic distances. This dissertation has addressed many of the
key pieces of such a system, as well as lain the foundation for optimization of dexterity

enhancement systems for specific clinical interventions.
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Appendix A

Needle Steering

Parameter Identification Data

The data expressed on the following tables are those used in Chapter 3 for fitting
the model parameters of the unicycle and bicycle models. All “Single Bend” and

“Double Bend” data were fit simultaneously.

Note: All data in the following tables in this appendix are expressed in centimeters.
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"Double Bend" Data

Run 1 Run 2 Run 3 Run 4 Run 5
X y X y X y X y X y

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.0 -0.3 0.1 -0.3 0.1 -0.3 0.1 -0.3 0.0 -0.3
0.2 -1.3 0.2 -1.3 0.2 -1.3 0.2 -1.3 0.2 -1.3
0.3 -2.3 0.4 -2.3 0.3 -2.3 0.3 -2.3 0.3 -2.3
0.4 -3.3 0.7 -3.3 0.6 -3.3 0.5 -3.3 0.7 -3.3
0.9 -4.3 1.1 -4.3 0.9 -4.3 0.8 -4.3 1.0 -4.3
1.2 -5.3 1.4 -5.3 1.2 -5.3 1.2 -5.3 1.3 -5.3

1.6 -6.3 1.9 -6.3 1.6 -6.3 1.4 -6.3 1.9 -6.3

2.0 -7.3 2.3 -7.3 2.0 -7.3 1.9 -7.3 2.2 -7.3

2.2 -8.3 2.7 -8.3 2.3 -8.3 2.2 -8.3 2.5 -8.3

2.5 -9.3 3.0 -9.3 2.5 -9.3 2.3 -9.3 2.8 -9.3

2.7 -10.3 3.1 -10.3 2.8 -10.3 2.6 -10.3 3.1 -10.3
2.9 -11.3 3.3 -11.3 2.9 -11.3 2.8 -11.3 3.2 -11.3
3.1 -12.3 3.5 -12.3 3.0 -12.3 2.9 -12.3 3.3 -12.3
3.2 -13.3 3.6 -13.3 3.1 -13.3 3.0 -13.3 3.4 -13.3
3.1 -14.3 3.5 -14.3 3.2 -14.3 3.1 -14.3 3.5 -14.3
3.1 -15.3 3.4 -15.3 3.0 -15.3 3.1 -15.3 3.3 -15.3
3.0 -16.3 3.3 -16.3 2.9 -16.3 2.9 -16.3 3.2 -16.3
2.8 -17.3 3.2 -17.3 2.7 -17.3 2.8 -17.3 3.1 -17.3
2.7 -18.3 3.0 -18.3 2.4 -18.3 2.6 -18.3 2.9 -18.3
2.4 -19.3 2.7 -19.3 2.2 -19.3 2.5 -19.3 2.7 -19.3
2.2 -20.3 2.4 -20.3 2.0 -20.3 2.2 -20.3 2.4 -20.3
1.9 -21.3 2.1 -21.3 1.5 -21.3 1.9 -21.3 2.0 -21.3
15 -22.3 1.7 -22.3 1.2 -22.3 1.6 -22.3 1.7 -22.3
1.2 -23.3 1.1 -23.3 0.8 -23.3 1.2 -23.3 1.2 -23.3
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Appendix B

Active Cannula

Parameter Identification Data

The data expressed on the following tables are those used in Chapter 4 for fitting
the model parameters of the torsionless and torsion included active cannula models.
“Partial Overlap” and “Full Overlap” data were used together for fitting, as were

base, tip of outer tube, and tip of cannula positions, as described in Chapter 4.

Note: All linear data in the following tables in this appendix are expressed in

millimeters.
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"Full Overlap" Condition

Tip Data Base Data
Angle
(deg) X Y Z X Y Z
0 -94.4 24.2 7016 | -50.4 | -96.0 [ 654.3
20 -94.2 23.1 706.0 | -50.6 -96.6 | 655.9
40 -92.3 22.3 708.7 [ -50.4 | -96.0 | 654.3
60 -91.6 20.7 712.2 | -50.4 | -96.0 | 654.3
80 -89.9 195 | 7149 | -50.4 | -96.0 | 654.3 Homogeneous Transformation
100 -88.5 18.8 720.5 | -50.5 -96.5 | 655.0 From Camera To Cannula Frame
120 -85.9 18.1 723.3 | -50.6 | -97.0 | 655.7 From Point Cloud Registration
140 -83.4 18.9 | 7234 [ -50.4 | -96.0 | 654.3 0.0857 | -0.346 | 0.9343 [-640.03
160 -80.9 17.8 729.1 | -50.4 [ -96.0 | 654.3 0.9963 | 0.0399 [-0.0766| 104.89
180 -77.4 | 182 | 728.2 | -50.3 | -96.5 [ 655.0 -0.0108( 0.9374 | 0.3481|-113.19
200 -74.5 18.2 731.1 | -50.4 [ -96.0 | 654.3 0 0 0 1
220 -71.8 18.3 733.1 [ -50.4 | -96.0 | 654.3
240 -68.2 19.1 731.2 | -50.2 -96.0 | 654.3
260 -64.2 20.8 731.3 | -50.2 -96.0 | 654.3
280 -60.4 | 23.0 | 7295 | -50.2 | -97.1 | 653.8
290 -58.2 25.5 728.7 | -50.2 -96.0 | 654.3
"Partial Overlap" Condition
Tip Data Outer Tube Tip Data Base Data
Angle | Y z X Y z X Y z
(deg)
0 -120.5 | 41.6 713.2 | -84.3 31.6 702.2 | -50.2 -96.3 [ 654.1
20 -119.5 | 40.2 717.8 | -83.4 31.1 703.0 [ -50.5 -96.1 | 652.4
40 -117.0 | 38.4 725.3 | -82.9 29.1 707.6 | -50.4 -97.0 | 655.7
60 -113.9 | 36.4 729.0 | -82.3 28.7 711.1 [ -50.2 -96.0 | 654.3
80 -110.9 | 34.8 739.7 | -81.0 28.2 713.5 [ -50.1 -95.7 | 652.6
100 | -106.2 | 34.8 | 7417 | -79.8 | 27.7 | 7146 | -50.2 [ -96.0 | 654.3
120 -102.7 | 34.2 746.7 | -78.7 27.8 716.8 [ -50.2 -96.7 | 654.0
140 -96.4 35.2 748.7 | -76.6 27.9 718.2 | -50.2 -96.0 | 654.3
160 -91.8 35.8 753.8 | -75.2 27.9 718.2 [ -50.2 -96.3 | 654.1
180 -85.5 | 373 | 7559 | -733 | 274 | 7195 | -50.2 [ -96.2 | 653.3
200 -79.1 40.4 754.9 | -72.7 27.5 722.1 [ -50.3 -96.5 [ 655.0
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