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Abstract
Robotic needle steering is a promising technique to improve the effectiveness of needlebased clinical procedures by computer-controlled, curved insertions of needles within
solid organs. The concept of needle steering is based on the observation that long,
thin flexible needles with tip asymmetry will curve during insertion within tissue. By
exploiting this behavior, steerable needles can be redirected within tissue to reach
targets that would be unreachable with traditional straight needles. The goal of this
dissertation is to develop an integrated needle steering system with a user interface,
capable of operating within the constraints of clinical environments.
This thesis focuses on the design, implementation, and experimental validation
of a robotic needle steering system that addresses three key challenges related to
clinical needle steering. The first topic of this thesis is the characterization of needle
steering in ex vivo and in vivo biological tissue. The effects of a variety of needle and
insertion parameters (including needle geometry and insertion velocity) on needle
behavior were evaluated in ex vivo biological tissue under fluoroscopic imaging. The
first robotic needle steering experiments in living tissue were also conducted to explore
how needle behavior changes in vivo. Additionally, potential clinical applications of
robotic needle steering for biopsy, brachytherapy, and ablation are presented, through
the use of standard clinical tools in conjunction with steerable needles.
An important component of needle steering is the ability to control needle curvature during insertion. This has previously been done via duty-cycled spinning control.
The second topic of this thesis is the development, modeling, and experimental evaluation of two new methods for duty-cycled control of steerable needle curvature that
do not require continuous needle spin are presented. These methods enable the use
v

of sensors such as electromagnetic trackers and force/torque sensors with steerable
needles, which are important for implementation of teleoperated needle steering.
The third topic of this dissertation is the development of an intuitive teleoperation
control scheme for a human operator. Needles that steer by needle-tip asymmetry
are nonholonomic systems, which are difficult for humans to control manually due
to under-actuation and unintuitive kinematic constraints.

A new teleoperation

approach for nonholonomic systems (steerable needles in particular) is presented. This
algorithm allows a user to command the desired position of a robot in Cartesian space
and provides force feedback to represent kinematic constraints and the position error
of the robot. A user study with a virtual needle steering environment was conducted
to evaluate the effectiveness of Cartesian-space teleoperation in a steerable needle
targeting task in comparison to traditional joint space teleoperation. Cartesian-space
teleoperation significantly improves performance metrics, including time-to-target,
overall needle insertion length, and targeting error. We implemented an integrated
teleoperated robotically-driven steerable needle and virtual reality environment,
relevant to clinical scenarios. The integrated system was evaluated in an animal
cadaver using Cartesian space teleoperation, under live fluoroscopic imaging.
The work in this thesis enables future clinical application of robotic needle steering,
as well as patient-specific pre-operative needle steering training simulators.
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Chapter 1
Introduction
1.1

Motivation

Needle insertion into organs is associated with many common medical procedures,
including biopsies, ablation, and brachytherapy. The effectiveness of a procedure
can be decreased by inaccurate needle placement, unexpected tissue deformation,
unanticipated needle deflection, and difficulty accessing targets due to anatomical
obstacles. The goal of robotic needle steering is to solve these problems by allowing
for controlled needle insertion and real-time correction of the needle’s direction inside
tissue.
In addition to improving existing needle-based procedures, steerable needles might
enable treatments for patients who are not candidates for a particular procedure, due
to anatomical challenges, or even lead to the creation of new types of needle-based
surgical techniques. For example, in prostate brachytherapy, pubic arch interference
(PAI) is a condition in which a portion of an enlarged prostate is blocked by the
pubic bone and cannot be reached with a straight needle [26]. PAI could disqualify
the patient for brachytherapy, leaving more radical treatments as the only alternative.
The dexterity provided by steerable needles could allow radiologists to reach portions
of the prostate blocked by the pubic arch, thus making patients with this condition
candidates for a less invasive medical procedure (Fig. 1.1.a).
Another promising application for steerable needles is the treatment of medium
1
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Figure 1.1: Examples of potential clinical applications enabled by steerable needles.
Examples include: (a) using steerable needles for hard-to-reach locations of an enlarged
prostate which are blocked by the pubic arch or urethra, (b) treating large hepatocellular
carcinomas with overlapping ablations, and (c) facilitating puncture of the portal vein in a
TIPS (transjugular intrahepatic protosystemic shunt) procedure, (c).

and large inoperable hepatocellular carcinomas by creating tumor-specific ablation regions. In clinical practice, complete necrosis of large tumors treated with overlapping
ablations occurs in less than 50% of cases [46], primarily due to placement errors of
the ablation probe. The key challenges are not only identifying the appropriate target
tissue intra-operatively, but also observing and correcting for tissue deformation, and
maintaining appropriate distance between ablations to ensure complete treatment.
Robotically-driven steerable needles can be used to improve success rates as needles
can be systematically reinserted to reach multiple targets within an organ precisely
with computer control (Fig. 1.1.b). In addition to tumor size, tumor location can
present challenges for percutaneous needle insertion. For example, tumors at the
dome of the liver are very difficult to reach with straight needles primarily due to
the lack of a sonographic window for ultrasound guidance. Additionally, access to
these targets under fluoroscopic imaging is limited, due to the posterior and lateral
pleural reflections which make it difficult to find a straight line path to the target [47].
Steerable needles could be inserted at a safer location that does have a sonographic
window, and then steered in a curved path to the tumor under fluoroscopic imaging.
Finally, applications for steerable needles extend beyond percutaneous interventions. In a TIPS (transjugular intrahepatic protosystemic shunt) procedure, interventional radiologists use a combined needle-catheter system to connect the portal
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and hepatic veins with a vascular shunt to treat portal hypertension [83]. TIPS is
often cited as the most difficult procedure in interventional radiology as it requires a
high level of technical expertise to visualize the portal vein, and maneuver a needle to
ensure successful puncture of the vein [84]. Steerable needles, combined with an intuitive teleoperation strategy and improved 3D patient visualization could significantly
reduce the long operation time and frequent errors associated with this procedure
(Fig. 1.1.c).
In this dissertation, we seek to design, implement, and experimentally validate
robotic needle steering systems capable of steering needles in biological tissue through
an intuitive teleoperation interface.

1.2

Contributions

We briefly summarize the major contributions of this dissertation as follows:
• A new needle steering robot designed for use in the interventional suite under
fluoroscopic imaging. This robot, with its small, compact, and modular design,
fits within a carry-on suitcase. It is easy to disassemble and sterilize.
• The first evaluation for steerable needles in biological tissue, using both ex vivo
tissue and a live animal.
• Two novel control algorithms for duty-cycled control of needle curvature which
enable the use of wired sensors as well as analyze various design choices for
implementation of these algorithms.
• An intuitive Cartesian space teleoperation algorithm for 2D or 3D needle
control.

In a user study, our Cartesian space algorithm improved several

performance metrics in a targeted needle steering task.
• An integrated robotic needle steering system that can teleoperate steerable needles using a Cartesian space teleoperation control strategy and a virtual reality
user interface. This system was evaluated in an animal cadaver experiment with
fluoroscopic imaging.

4
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• Demonstrations of clinical applications for robotic needle steering for a variety of
needle-based procedures such as biopsy and ablation, in biological tissue under
medical imaging.

1.3
1.3.1

Prior Work
Robotic Needle Steering Techniques

Several approaches exist to implementing robotic needle steering (Fig. 1.2.a). The
most common approach to is to use long, thin, flexible needle shafts, typically made
from nitinol wire, with asymmetric tips [106], [40], [79]. As these tip-asymmetric
needles are inserted into tissue, a force imbalance at the needle tip causes the needle
to deflect and curve in the direction of asymmetry. One of the first published works
relating needle deflection to needle tip geometry comes from Sitzman and Uncles [94].
They measured deflection of fine-gauge spinal needles of various gauge (18-29-gauge)
and with different needle tips (i.e., Quincke, Sprotte, Whitacre) at different insertion
depths. Sitzman and Uncles aimed to identify which needle gauges and tip minimized
deflection; in robotic needle steering the aim is to increase deflection and as a result,
identify parameters that lead to the most needle curvature. The degree and type of
needle tip asymmetry is one parameter which affects needle curvature. Webster et
al. [104] present bevel needles that have an angled tip, along with pre-bent needles
that consist of a short bent section near the tip of the needle. Bevel-tipped needles
can be modeled using a nonholonomic kinematic model, such as a unicycle or bicycle
model. Pre-bent needles could be modeled either with an additional constraint, or
considering a time-varying curvature constant [104]. Wedlick and Okamura explored
the use of a pre-curved tip needles [107]. Pre-curved needles have greater dexterity and
curvature than bevel or pre-bent needles; however, they do not exhibit nonholonomic
kinematics and could be more unpredictable in their behavior [107]. An enlarged bevel
could also be used to increase needle curvature [23]. It is not known if this needle
has the same nonholonomic behavior as other bevel-tip needles; however, controlling
these needles with a duty-cycled spinning technique has been shown to be repeatable
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for controlling needle shaft curvature [59]. Finally, a flexure-tip steerable needle can
also be used [95]. While the kinematics of this needle have not been presented, the
behavior of this needle is comparable to a pre-bent needle and there is visual evidence

1 cm

that this needle may cause significantly less tissue damage that pre-bent needles.

Double
Cannula

Needle Rotation

⌧

Bevel
Tip

F

F
Needle
Insertion

Base Manipulation
Curved/Pre-bent Tip

F

Tissue
manipulation

(a) Needle Steering Methods

(b) Tip-Asymmetric Needles in Artificial Tissue

Figure 1.2: (a) Pictorial representation of various needle steering methods including steering
via needle tip asymmetry, base manipulation, tissue manipulation, and active cannulas [79].
(b) Examples of tip-symmetric needles steered within artificial tissue in a variety of paths.

A related technique for robotic needle steering is to actively control the degree
of asymmetry of the needle tip.

Ryu et al. [87] present an approach in which

shape-memory alloy wires are used in conjunction with laser-heated optical fibers
to control the deflection of the needle tip. Another approach is to use a multisectioned, biologically-inspired needle. The prototype needle in this case consists
of either two [42], or four individual needle sections [28], [43]. Each section can
be inserted further than the remaining sections to increase needle-tip asymmetry,
preferentially in one direction. While these are novel concepts for control, neither of
these methods have demonstrated greater needle curvature than traditional passive
steerable needles. The smallest needle radius of curvature achieved experimentally for
shape-memory actuated needles is approximately 20 cm [86] and approximately 13
cm [13] for a biologically inspired needle [13]. Passive pre-bent needles have achieved
radii of curvature of 1.2 cm in artificial tissue, and 3.4 cm in ex vivo tissue [79].
Examples of the degree of needle dexterity possible with passive steerable needles is
shown in Fig. 1.2.b.
Another needle steering technique is to control the needle path through base
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manipulation. DiMaio and Salcudean presented a base manipulation technique where
a three-degree-of-freedom robot controlled needle insertion, translation of the needle
base perpendicular to the insertion axis, and rotation about the insertion axis [17] [16].
They present a two-dimensional needle insertion model that includes needle deflection
and tissue deformation as well as a control strategy to allow users to steer needles in
the presence of obstacles. Glozman and Shoham present a simplified needle insertion
model by approximating the steerable needle as a linear beam supported by virtual
springs [30]. This simplification allows for real-time simulation and path planning.
For experimental validation experiments in chicken breast under fluoroscopic imaging,
Golzman and Shoham [31] implemented this needle steering technique with an existing
six degree-of-freedom parallel robot manipulator; however, control of the needle used
three degrees of freedom (i.e., insertion, lateral translation, and axial rotation). While
base manipulation is a feasible method for steering a needle, there are concerns
regarding the amount of needle dexterity possible, as well as concerns about potential
tissue damage from the high lateral forces applied at the needle insertion site.
Tissue manipulation is another technique for needle steering. The motivation for
tissue manipulation is the concern that due to the complex needle-tissue interaction,
the target mass inside tissue may move during needle insertion and become unreachable for the needle. This concept was first proposed by Mallapragada et al. [52] as
a part of a real-time robotic system for breast tumor biopsy. The robotic system
presented consists of three external linear actuators that can apply external forces to
the tissue in order to keep a stiffer tumor mass in line with the needle. This is done
by localizing the tumor in 2D images and determining a desired tumor position based
on the needle direction. Based on the position error, the external actuators move to
align the tumor with the desired tumor position [54], [53]. Torabi et al. [98] present
an automated procedure planning technique that selects a desired needle insertion
location, location for a single external manipulator (unilateral, gripper, or shaped
type), as well as parameters for closed-loop control of the needle to reach the desired
target while avoiding sensitive tissue moved out of the needle path by the manipulator. The goal of this system is to assist with low dose brachytherapy seed placement.
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The planner uses stochastic optimization to minimize a cost function defined for needle insertion that consists of summed disturbance errors and expected forces applied
by the manipulator by using a mass-spring model for simulated needle insertion and
tissue deformation.
Finally, a number of these needle steering techniques can be combined into one
needle steering system as described in [79](Fig. 1.2.a). For example, Okazawa et
al. [68] presented a combined pre-curved steerable needle stylet with a single outer
stiffer cannula designed as a hand-held steerable needle device. The advantage of using
a stylet is the ability to control the degree of stylet tip asymmetry simply by inserting
or retracting the cannula. The combined stiffness of the stylet and cannula is such
that the entire needle shaft is still able to follow the initial needle stylet trajectory.
The cannula presented in [68] is straight. However, steerable needles can also be
combined with pre-curved cannulas [12], [65], [91]. The advantage of manipulating
cannulas with a pre-formed curved shape is that they can be manipulated in free
space, without solely depending on a flexible needle steering through tissue to define
the shape of the combined robot. There has been a rich history in active cannulas
since they were first introduced [91], [105].

1.3.2

Needle-Tissue Interaction

Needle curvature depends heavily of the mechanics of needle-tissue interaction.
Factors affecting needle curvature include needle shaft diameter, needle tip geometry,
and tissue mechanical properties. A summary of work related to needle insertion into
soft tissue can be found in [1]. For bevel-tip steerable needles specifically, Misra et
al. [61] used finite element simulations to study the effect of tissue material and needle
tip geometric parameters on tip forces. Parameters include tissue rupture toughness
as well as the nonlinear material properties of the tissue. This work was extended
to develop a mechanics-based model of needle steering in which needle deflection can
be predicted based on properties of the soft tissue [63]. This model was presented as
an alternative method to characterizing needle behavior versus the kinematic model
in [104]. In this thesis, we use the needle kinematic model as obtaining necessary
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tissue properties for the mechanics-based model was not feasible in our experiments,
and the kinematic model was sufficient to explain our experimental results.

1.3.3

Steerable Needle Control, Path Planning, and Sensing

Extensive research has been performed to develop control algorithms, path planners,
and needle sensing techniques to facilitate autonomous needle steering. Here, we will
specifically describe prior work related to tip-asymmetric steerable needles.
Some of the early work in autonomous needle control includes work from Kallem
et al. [38], [39], on developing a nonlinear observer-based controller to keep steerable
needles within a planar slice of tissue during insertion with a human operator and
work from Reed et al. [78] on developing an integrated needle path planner and
image-guided control algorithm for planar needle steering. Reed et al. [78], [80]
also developed an automated controller to detect and correct for undesired torsional
friction effects through the integration of a mechanics-based model of needle rotational
dynamics. Swensen and Cowan [96], [97] presented a new, time-varying model for
torsional dynamics that includes needle torsional dynamics both within, and outside
of tissue. They incorporate this model with a new version of a planar controller
from [39] and show significant improvements in controlling a needle to a plane under
fluoroscopic guidance. Related to autonomous control is the idea of using duty-cycled
spinning to control needle curvature, first presented by Engh et al. [23]. In duty-cycled
spinning, which will be described in more detail in Chapter 4, needle curvature can be
controlled by varying the ratio of periods of pure needle insertion, which corresponds
to a maximally curved needle, to periods of needle insertion with continuous axial
spin which corresponds to a straight needle path [22], [23], [60], [109], [111]. This is
important as the desired needle curvature is rarely constant during needle insertion.
Finally, in recent work, Rucker et al. [85] presented a sliding mode controller for
the insertion of steerable needles which does not require a priori knowledge of any
model parameters. They validated the system in ex vivo liver tissue in 3D experiments
with an electromagnetically tracked steerable needle and demonstrated sub-millimeter
targeting errors.
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For path planning, Park et al. [71] present a diffusion-based motion planning
algorithm to numerically compute a needle path to reach a specific target. Alterovitz
et al. [5], [4] [6], developed needle steering planners that incorporated workspace
uncertainty and obstacles, as identified from pre-operative medical images. To speed
up path planning to a few seconds or less, Duindam et al. [19] presented a 3D screw
based motion planning algorithm. Hauser et al. [34] developed a planning algorithm
based on helical needle paths which was robust to perturbations and incorporated
a tissue deformation term. More recently, there has been a trend to use real-time
path-planning for needle control, using assumptions that duty-cycled spinning can be
used to control of needle shaft curvature. Patil and Alterovitz present an interactive
motion planner for steerable needles that uses rapidly-exploring random trees (RRT)
and knowledge of the reachable workspace for a steerable needle at any given pose in
3D space [74]. The fast nature of this algorithm enables physicians to interactively
edit the desired needle path. Park et al. [72] employed a path-of-probability algorithm
to plan needle paths in the presence of gaussian noise for the needle tip measurement,
and demonstrate how the algorithm can be used for needle control. Berg et al. [99]
presented a method to first optimize a pair of needle path and sensor placement (e.g.
position of c-arm to obtain a fluoroscopic image of the needle), in the presence of
uncertainty and obstacles, and then enable an LQG-based controller to guide the
needle along that path. Bernardes et al. [10], [11] also present an adaptive motion
planning approach to needle steering under closed-loop image control. Very recently,
needle detection, path planning, and control using ultrasound images has also been
explored [3], [33], [101]„ [102].
For needle sensing, needle position is typically measured through image-based
methods, either using a camera [38], fluoroscope [79], or ultrasound probe [3], [102].
Recently, electromagnetic trackers combined with a hollow steerable needle have also
been used to measure the needle tip position in space [50], [85]. They can also be used
to detect needle deflection as presented by Sadjadi et al [88]. Park et al. [73] presented
a sensors to detect needle curvature using fiber Bragg gratings, and Elayaperumal et
al. [21] used fiber Bragg gratings to develop a new needle with force sensing capability
at the tip. A new imaging method to detect needle shape with Doppler ultrasound
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has also been presented and validated [3], [33]. A number of groups have used
force/torque sensors with steerable needles. However, force and torque data were
only acquired during pure needle insertions, due to issues related to cable wind up.
In this dissertation, we will present alternative control strategies for steerable needles
that enable the use of wired sensors during needle control in 3D. Measuring needle
insertion forces is an especially important measurement as it might be able to be used
with patient-specific factors (e.g. age, ethnicity, organ tissue density etc.) to detect
the presence of cancer [112].

1.3.4

Needle Steering in Biological Tissue

Prior to the the work in this dissertation, there were very few examples of needle
steering in biological tissue in the literature. Webster et al. [104] demonstrated one
needle insertion of a tip-asymmetric steerable needle in bovine muscle and Minhas et
al. [59] demonstrated needle insertions in cadaveric brain tissues using different dutycycles to control needle curvature. The first demonstrations of using steerable needles
to perform a therapy in biological tissue were an overlapping ablation demonstration
conducted by Burdette et al. [12] and demonstrations of biopsy, brachytherapy,
and mock overlapping ablation by Majewicz et al. [51].

To our knowledge, no

extensive experiments to characterize the behavior in ex vivo tissue, or needle steering
experiments in living tissue had been demonstrated prior to the work presented in
this thesis [48], [51].

1.3.5

Human-in-the-Loop Control of Nonholonomic Systems

Nonholonomic systems are a class of mechanical systems which have nonintegrable
velocity constraints.

Classic examples of nonholonomic systems include wheeled

systems like automobiles, bicycles, and mobile robots. Steerable needles are modeled
as nonholonomic systems with a steering constraint based on the observation that
they insert in circular arcs and are unable to instantaneously move sideways, much
like a bicycle with a fixed steering angle [104]. The question of how a human should
control nonholonomic systems, such as steerable needles, becomes interesting when
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considering that nonholonomic systems have a mismatch between the number of
control inputs and the motion degrees of freedom of the system.
Humans have been controlling nonholonomic systems for a long time. In fact,
the wheel is one of man’s oldest and most ubiquitous inventions. While extremely
prevalent in our daily lives, nonholonomic systems can occasionally be unintuitive to
control [7]. Parallel parking a car, for instance, is a maneuver that takes a considerable
amount of effort and practice to learn as it consists of many subtasks that must be
achieved in the right order [45]. It might be possible to include haptic guidance
(e.g. force feedback or tactile sensations) to assist with control of nonholonomic
systems such as cars, bicycles, or steerable needles; however, several studies have
shown that haptic guidance may impair motor learning in the long run [15]. The
inconsistencies in the literature regarding the relationship between motor learning
and haptic feedback is likely due to the fact that this complex relationship has
yet to be fully understood [41]. In attempt to create a haptic guidance strategy
that does not adversely affect motor learning, Crespo and Rienkensmeyer proposed
an adaptive, “guidance-as-needed" approach to assist users with steering a virtual
wheelchair. However, only marginal improvements in short-term learning of the task
were observed [15]. This suggests that rather than attempting to decrease the learning
time associated with nonholonomic steering tasks, perhaps limiting the degrees of
freedom controlled by the user, or changing the teleoperation mapping entirely, might
be a more effective approach for the control of complex systems.
Often in teleoperation of a single nonholonomic system, human inputs are mapped
to the input degrees of freedom for the slave. To explore limiting degrees of freedom
available to a human user, Romano et al. [82] implemented teleoperation of steerable
needles where certain degrees of freedom of the needle were controlled autonomously
using an open-loop strategy. Using a Freedom 6S haptic device, translation motion
of the haptic device was mapped to needle insertion, and spin of the haptic stylet
was mapped to needle axial rotation. They evaluated targeting accuracy for human
users teleoperating steerable needles in three control modes: (1) user control of both
needle insertion and spin, (2) user control of needle insertion with computer-controlled
needle insertion, and (3) computer controlled needle insertion and spin (i.e., fully
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autonomous needle steering). Additionally, during user control of the insertion degree
of freedom, three teleoperation mappings were evaluated: (1) position control, (2)
rate control, and (3) hybrid control based on computer mouse ballistics. They found
that the hybrid control law resulted in the best targeting accuracy yet note that if
closed-loop control was available at the time of the experiments, it would have likely
outperformed the human operator. However, teleoperation is important to keep the
human in the control loop, especially for initial clinical use of steerable needles.
Rather than directly mapping user inputs to a single robot’s input degrees of
freedom, it is also possible to teleoperate nonholonomic systems using asymmetric
teleoperation.

Asymmetric teleoperation is a term first coined by Malysz and

Sirouspour, which implies the master and slave systems have different degrees of
mobility [55], [56]. A classic example of an asymmetric teleoperation control scheme
is the control of multiple agents, such as nonholonomic robots [70] or UAVs [44], by a
single user input to a haptic device. Another example of an asymmetric teleoperation
strategy is controlling a wheelchair through the use of haptic feedback to a control
joystick which reflects the kinematic constraints to the operator, effectively allowing
them to control the wheelchair in Cartesian space. The benefit of this approach is
that the user is no longer burdened with understanding the nonholonomic constraints
of the wheelchair, which may be unintuitive, rather, the user can focus on the task
which is wheelchair positioning [100]. This type of approach is similar to the Cartesian
space teleoperation algorithm for steerable needles presented in this thesis.

1.4

Dissertation Overview

In this chapter, we presented the motivation for our research in robotic needle
steering, specifically work that addresses topics relevant to clinical use of robotic
needle steering. We also presented the pertinent prior work for this research.
Chapter 2 describes the evaluation of robotic needle steering in both ex vivo and in
vivo tissue. The effects of a variety parameters, such as needle geometry and insertion
velocity, on needle curvature are evaluated in experiments with ex vivo caprine liver
under planar fluoroscopic imaging. This work was extended to consider the three
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dimensional shape of a steerable needle, as well insertion forces, in tip-asymmetric
steerable needles and cone-tip stainless steel straight needles in both ex vivo and in
vivo liver, kidney, and prostate tissue from a canine animal model. Demonstrations
for using steerable needles to perform clinical procedures are also presented.
As the desired path of a steerable needle is rarely a single arc of a fixed radius
of curvature, it becomes important to enable control of needle curvature during
insertion. Needle curvature can be controlled with duty-cycled spinning; however,
this algorithm limits the use of wired sensors due to the need of continuous needle
spin. In Chapter 3, we present two new methods for duty-cycled control of steerable
needles that do not require continuous needle spin and validate them experimentally.
Additionally, we describe various parameters important in the implementation of
our duty-cycled spinning algorithms and explain how to select parameters to achieve
optimal performance.
Our live animal experiments from Chapter 2 highlighted the importance of an
intuitive user interface for steerable needles. In Chapter 4, we present a Cartesian
space teleoperation algorithm which allows users to control the path of the steerable
needle by iteratively commanding a desired needle tip position in two- or threedimensional space with a haptic device. Our algorithm plans a local arc to connect
the current needle position to the desired needle position, and steers the needle
along that arc with a error-based insertion velocity, using the duty-cycling methods
from Chapter 3. Force feedback can be given to the user to display position errors
and needle kinematic constraints. We compare our Cartesian space teleoperation
algorithm, with and without force feedback, against a joint-space teleoperation control
algorithm where the user controls the needle input degrees of freedom (i.e., needle
insertion and axial spin). We present results from users controlling steerable needles in
a haptic environment for both two-dimensional and three-dimensional teleoperation,
in simulation as well as in experiments with a needle steering robot. The feasibility of
using our integrated teleoperated needle steering system in a needle targeting task was
evaluated experimentally with an animal cadaver, under live fluoroscopic imaging.
Finally in Chapter 5, we summarize our main results and present topics for future
work in robotic needle steering that build upon ideas presented in this dissertation.

Chapter 2

Evaluation of Needle Steering in
Biological Tissue

In this chapter, we evaluate efficacy and repeatability of needle steering in ex vivo
(i.e., outside the organism) and in vivo (i.e., in a living organism) solid organs from
an animal model. Biological tissue, in particular, visceral organs, are characterized
as nonlinear, viscoelastic, inhomogeneous materials [69], [93]. As needle steering is
highly dependent on the needle-tissue interaction [61], it is important to evaluate how
well needle steer in biological tissues and to understand the effects of needle geometry
on needle behavior.

This chapter describes three types of studies.

The first study (Section 2.1)

evaluates robotic needle steering in several ex vivo organs. The second study (Section
2.2) evaluates robotic needle steering in several in vivo organs. The third study
(Section 2.3) describes clinical applications of needle steering and demonstrates
several mock procedures.
14
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Effects of Needle Geometry and Insertion Parameters on Needle Steering in ex vivo tissue

Insertion velocity, tip asymmetry, and shaft diameter may influence steerable needle
insertion paths in soft tissue. In this section we examine the effects of these variables
on needle paths in ex vivo goat liver, and demonstrate practical applications of
robotic needle steering for ablation, biopsy, and brachytherapy. All experiments
were performed using a new portable needle steering robot that steers asymmetrictip needles under fluoroscopic imaging. For bevel-tip needles, we found that larger
diameter needles resulted in less curvature, (i.e., less steerability), confirming previous
experiments in artificial tissue. The needles steered with radii of curvature ranging
from 3.4 cm (for the most steerable pre-bent needle) to 2.97 m (for the least steerable
bevel needle). Pre-bend angle significantly affected needle curvature, but bevel angle
did not. We hypothesize that biological tissue characteristics such as inhomogeneity
and viscoelasticity significantly increase path variability. These results underscore
the need for closed-loop image guidance for needle steering in biological tissues with
complex internal structure. Portions of this work were published in [51].

2.1.1

Background

We use a needle steering technique that incorporates flexible needle shafts with
asymmetric tips. Forces applied normal to the surface of the asymmetric tip cause the
needle to bend in the direction of the asymmetry. By simply inserting and rotating
the needle shaft, needle steering can be achieved [104]. This work presents the effects
of needle insertion design variables on needle shaft curvature in ex vivo biological
tissue.
For comparison, we now describe two prior examples of needle steering in ex vivo
tissue. Minhas et al. tested the steering of a custom needle with a large stainless
steel tip attached to a thin flexible Nitinol wire in cadaveric brain tissue [59]. They
measured the error of reaching a desired target. A surgeon controlled the needle
manually by adjusting the duty-cycled spinning and needle tip orientation of the
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Tissue Platform
Rotation
Subassembly

Pantograph
Mechanism
Linear Slide
Figure 2.1: Model of the portable needle steering device.
needle. Burdette et al. [12] developed and tested an integrated steerable needle (using
active cannulas) and ablative device. They demonstrate the use of the device for
ablating ex vivo bovine liver. Our needle characteristics are different from those of
these other studies, and our experiments consider the effects of needle parameters
and a broader set of potential needle steering applications.

2.1.2

Portable Needle Steering Device

We have developed a portable needle steering device for the insertion and control
of flexible needles in soft tissues (Fig. 2.1). Borrowing heavily from the existing
needle steering robot at Johns Hopkins University [106], the portable system can
insert and rotate a flexible needle, enabling needle steering. This is achieved though
a rotational subassembly mounted on a linear slide. The linear slide is mounted on
a manual pantograph mechanism which allows the entire stage to move vertically.
Linear bushings and guides are used to maintain a level stage; however, some manual
adjustments are needed due to backlash in the pantograph mechanism. This system
was designed for portability and standardization, and consists of easily detachable
subassemblies.
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Fluoroscope
Console
Portable Needle
Steering Device

X-ray Detector
Liver

X-ray Source
Figure 2.2: Image of experimental setup, including the portable needle steering device, the
fluoroscope, and the liver.

The translational subsystem consists of the linear slide with limit switches, a 2phase stepper motor, and a controller from Velmex, Inc. The controller communicates
serially with a Lenovo ThinkPad laptop running Ubuntu Linux 9.04 via a serial-toUSB converter to receive motion commands and send position information. The
rotational subsystem consists of a 12V DC Maxon motor, an encoder, and a power
amplifier. The rotational motor is controlled via analog outputs from a PCMCIA
National Instruments DAQcard-6024e, which also reads in position data from the
encoders through an external quadrature clock converter chip.

This device is

controlled using existing software developed for the non-portable needle steering
system, and uses the CISST software libraries [24] for many functions.

2.1.3

Experimental Methods

A series of experiments were performed on goat liver to identify the effects of insertion
velocity, needle tip asymmetry, and shaft diameter on shaft curvature. Fluoroscopic
(x-ray) images were taken before and after insertion using a 9-inch XRII OEC series
9600 fluoroscope (Fig. 2.2).
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Insertion
Zones

Insertion
Zone

(a) Goat liver 1

(b) Goat liver 2

Figure 2.3: Slices of volume-rendered goat livers generated using fluoroscopic images and
3D Slicer software.

2.1.3.1

Tissue Choice and Insertion Zone Identification

Fresh ex vivo goat liver was chosen as the biological tissue for these experiments.
The liver has a complex internal structure consisting of blood vessels and bile ducts,
surrounded by hepatocytes, and ligaments that separate the liver into various lobes.
Preliminary experiments showed that these structures can compromise steerability.
Therefore, we used CT scans to identify and avoid these regions as much as possible.
The three-dimensional (3D) Slicer software package was used to render a volume
from the scans, and thresholding parameters and cropping were employed to identify
larger internal structures. Based on these models, an insertion zone with the most
homogeneous tissue was chosen to avoid insertion complications (Fig. 2.3).

2.1.3.2

Needle Selection and Fabrication

The needles used in these experiments were made out of superelastic Nitinol, which
was chosen for its flexibility and resistance to plastic deformation. Two types of needle
tip asymmetries were tested in these experiments: bevel tip and pre-bent tip (Fig. 2.4).
Bevel-tip needles have a single angled tip, while pre-bent needles have a bent section
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θ

Figure 2.4: Bevel-tip needles have a single angled tip defined by the variable α. Pre-bent
needles are characterized with a bend angle, θ, and bend length, l. Pre-bent needles may
also have bevel angles.
Table 2.1: Needle Tip Measurements
Diameter Tip Parameter
0.74 mm Bevel
α (deg)
0.58 mm

Bevel
Bent

α
θ

(deg)

α
l
0.48 mm

0.38 mm

(mm)

Values for 5 needles
- 43.5
-

-

11.0

27.5

45.0

56.0

79.0

8.0

16.0

34.0

42.0

56.0

43.5

42.0

45.0

44.0

45.0

3.45

3.69

4.92

3.25

3.73

Bevel

α

9.0

28.0

46.0

59.0

79.0

Bent

θ

8.0

15.0

22.0

35.0

58.0

α

46.0

44.5

44.0

42.0

42.0

l

3.49

3.28

4.13

3.88

4.66

α

-

-

46.0

-

-

Bevel

in the vicinity of the tip, which can also be beveled. Bevel tips were hand-ground
using ISO 6344 standard 320, 400, and 600-grit sandpaper, and a custom fixture was
used to hold the needle shaft at a particular angle. Pre-bent needles were also formed
by hand, first by grinding a bevel tip. Pliers were used to grasp approximately 3 mm
of the shaft and the tip was bent so that the angle of the bend was in line with the
bevel angle. Due to errors inherent in machining needle tips by hand, all needles were
inspected and measured using a Mitutoyo Toolmaker’s microscope (Table 2.1).
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2.1.3.3

Needle Insertion Angle Calibration

To facilitate image interpretation, needle bending in the horizontal plane was desired.
The bending plane of the needle depends on the orientation of the needle about the
axis of the needle shaft. Bevel-tip surfaces must be orthogonal to the surface plane
and pre-bends must lie in the plane to keep the needle shaft in the plane. Small
deviations in orientation will cause the needle to move vertically in the tissue during
insertion. The needle insertion angle was calibrated using the method from [106].
The needle was manually aligned prior to insertion, deviations from the plane were
observed in trial insertions, and the angle was modified accordingly. This method,
by its manual nature, can introduce error into the estimation of final tip positions
and curvature. A planar controller has been developed to minimize this error [78].
However, this method requires the use of stereo or 3D images, which was not possible
with the single plane fluoroscope available for these experiments.

2.1.3.4

Obtaining Needle Coordinates from Fluoroscopic Images

The images obtained from the fluoroscope, and used for these experiments, are warped
due to internal factors associated with the x-ray detector and external factors such as
surrounding magnetic fields. Due to the geometric nature of our analysis, distortionfree images are critical. Therefore, we used an image rectification and calibration
technique to correct the images [89]. By imaging an object with known dimensions,
we were also able to obtain a pixel-to-millimeter scaling factor, which is a reasonable
approximation since the steering occurs in a plane parallel to the detector and the
radiation cone is small.
The images were segmented in order to determine the locations of the needle shaft
and the needle tip. First, a combination of background subtraction, conservative pixel
value thresholding, and smoothing was applied to prepare the images for processing.
This resulted in images with large lengths of visible needle shaft and also large regions
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of visible liver deformation. Pixel values are:

1 likely needle location or large tissue deformation
Irow,column ≈
0 unlikely needle location or tissue deformation
A previously developed kinematic model [104] was used to construct an algorithm
to intelligently search for the needle in the images. Previous work determined that
circular arcs describe the steering trajectory of bevel-tip needles within a plane [62].
These experiments assume that the needle is steering in a plane parallel to the x-ray
detector, which projects to a circle in the images. Therefore, segmenting a bevel-tip
needle in an image can be reduced to fitting a circular arc to the image. This approach
is similar to the method used in [68], but the algorithm presented below does not use
least squares and is relatively robust to the initialization parameters and regions of
large liver deformation.
The algorithm is initialized with three pixel locations: the approximate location
of the needle base, Bn ; the needle tip, Tn ; and some pixel on the needle shaft between
the tip and the base. A sub-pixel corner finder precisely locates the needle base and
the needle tip. The third point is used to approximate the radius, Rn , of a circular arc
connecting the needle base and needle tip and to approximate the needle’s concavity,
Sn . Using these arc parameters, a simulated needle image was generated:

S(Rn , Bn , Tn , Sn )r,c


−1 on circular arc;
=
0 otherwise.

The arc is thickened so that its width in pixels is approximately equal to the width
of the needle in the x-ray images. The correlation between the simulated image and
circular structure in the x-ray images can be quantified by:
X
Corr(S(Rn , Bn , Tn , Sn ), I) =

r∈rows,c∈cols

Ir,c × Sr,c

num(Sr,c = −1)

≤ 0,

which penalizes the length of an arc describing the needle, ensuring that the arc stops
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at the tip of the needle and does not attempt to characterize the motion of the tissue
near the tip. The task of segmenting the needle in the image can now be stated as
min

Corr(S(Rn , Bn , Tn , Sn ), I)

{Rn , Bn , Tn , Sn }
which can be solved with Matlab’s simplex optimization search (fminsearch) initialized using the approximate arc parameters previously determined.
2.1.3.5

Experimental Variables

Two main experimental variables were considered: insertion velocity and tip asymmetry. Three insertions in two different goat livers were performed for each experiment.
Experiment 1 – Insertion Velocity Needles were inserted 10 cm at five velocities:
0.5 , 1.0 , 1.5 , 2.0 , and 2.5 cm/s. Each needle had a 45° bevel angle at the tip. Four
needle diameters were tested: 0.38 , 0.48 , 0.58 , and 0.74 mm.
Experiment 2 – Tip Asymmetry The effects of tip asymmetry were studied by
varying the degree of asymmetry of the needle tip and by inserting needles 10 cm
at 1.5 cm/s. Two types of needle tip asymmetry were used: bevel-tip and pre-bent
tip. The following nominal bevel angles were used: 10°, 30°, 45°, 60°, and 80°. The
pre-bent needles each had a nominal 45° bevel at the tip and had a nominally 5°, 15°,
30°, 45°, or 60° bent section approximately 3 mm long. Two needle diameters were
tested: 0.58 mm and 0.48 mm. Table 2.1 provides actual dimensions for the needles,
which differ from the nominal values.

2.1.4

Results and Discussion

2.1.4.1

Experiment 1: Insertion Velocity

The effect of insertion velocity on final needle shaft shape is demonstrated using
curvature measurements (Fig. 2.5). A Kruskal-Wallis test was used to determine the
significance of the effects of diameter, tip asymmetry, and insertion velocity on needle
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Figure 2.5: Effects of insertion velocity on shaft curvature for four different shaft diameters
and three different insertions in two livers (one insertion into Liver 1 (L1.1) and two insertions
into Liver 2 (L2.1, L2.2)).

curvature. This test is appropriate for distributions with a large number of outliers,
as is the case with our data. However, we note that the Kruskal-Wallis test (and most
standard tests, including analysis of variance) has limited modeling power due to the
inhomogeneity of variance seen in our data, found using Bartlett’s multiple-sample
test for equal variance. As shown in Table 2.2, the Kruskal-Wallis test for the insertion
velocity experiment shows significant differences between the diameter groups, but not
velocity or liver sample. A p-value of less than 0.05 indicates a group has statistically
significant differences. To further identify which groups were significantly different
from others, a post-hoc Scheffe Test was done using the Kruskal-Wallis statistic. For
the four diameters tested, each diameter was significantly different from all the other
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Table 2.2: Kruskal-Wallis p-values for Curvature
Source
Diameter
Velocity
Tip Angle
Liver

Insertion Bevel Tip
Velocity Asymmetry
0.0000
0.2058
0.9938
0.0914
0.6048
0.5379

Bent Tip
Asymmetry
0.5476
0.0019
0.0107

diameters except for adjacent levels (e.g., 0.74 mm and 0.58 mm).
These results confirm models and previous experiments in artificial tissues, showing that curvature decreases as diameter increases. Increased stiffness of the needle
dominates over the effect of a larger bevel or pre-bent surface. The lack of statistical
significance between the two liver samples is also promising; if needles behave similarly in relatively homogeneous regions of liver from two different animals, we might
also see such consistency across patients with similar stages of a particular disease.
2.1.4.2

Experiment 2: Tip Asymmetry for Bevel-Tip Needles

The effect of bevel angle on curvature for various needle insertions was also studied
(Fig. 2.6). We calculated the significance of diameter, bevel angle, and liver using
Kruskal-Wallis tests, as shown in Table 2.2. Similar to Experiment 1, the applicability
of standard tests is compromised by inhomogeneous variance. There are no clear
significant differences between any of the groups, so post-hoc tests do not apply.
The lack of significance of bevel angle can explained by tissue inhomogeneity,
which results in increased variance. Specifically, changing the bevel angle does not
increase the surface area/direction of the cutting tip enough to produce the forces
necessary to cut though though membranes and vessels without causing deviation
from the expected path.
2.1.4.3

Experiment 2: Tip Asymmetry for Bent-Tip Needles

The effect of bent-tip angle on curvature is shown in Fig. 2.7. We calculated the
significance of diameter, bend angle, and liver using the Kruskal-Wallis test, as shown
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Figure 2.6: Effects of bevel-tip angle (α) on shaft curvature for two different shaft diameters
and three different insertions in two livers (one insertion into Liver 1 and two insertions into
Liver 2).

in Table 2.2. In this case, there was homogeneous variance between diameter groups.
There was a significant effect of bend angle and liver sample, but not for diameter.
As with Experiment 1, to further identify which groups were significantly different
from others, a post-hoc Scheffe Test was done using the Kruskal-Wallis statistics
to indicate which angle groups were significantly different. There is a significant
difference between the groups with a nominal bend angle of 5◦ and those with a
nominal angle of 45◦ . The other angle groups fall within the mean ranks of the other
angles, so they are not significantly different than the rest.
Although tip asymmetry did change the path of the needle, we expected significance between more groups. We hypothesize that this is because needles with very
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Figure 2.7: Effects of pre-bent tip angle (θ) on shaft curvature for two different shaft
diameters and three different insertions in two livers (one insertion into Liver 1 and two
insertions into Liver 2).

large tip asymmetries (e.g., 60◦ ) are exposed to greater tip forces, which increase the
variance and curvature of the needle paths. Due to the larger amount of curvature
exhibited by the pre-bent needles, they likely left the homogeneous regions of the
livers that were selected for these experiments. Consequently, the liver-specific tissue
inhomogeneities may have resulted in the statistical significance between livers. These
results indicate the need for patient-specific organ models for clinical needle steering.
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Summary of Parameters Affecting Needle Steering in ex
vivo Tissue

We have performed experiments to characterize the effects of insertion velocity, tip
asymmetry, and shaft diameter on needle insertion for needle steering in ex vivo
biological tissue. The lack of trend for bevel tip angle (in contrast to studies in
artificial tissues) is likely due to the increased inhomogeneity and viscoelasticity of
biological tissues. Pre-bend angle does have a significant effect, however additional
tests will need to be done to identify the exact relationship between pre-bend angle
and curvature. We also successfully demonstrated several steerable needle-based
medical procedures typically performed with rigid needles. This work provides a
proof of concept that steerable needles can be used to accomplish useful clinical tasks,
although much work remains to develop systems that can be used with patients.
These experiments could be improved using more accurate needle machining
techniques, a larger data set, and improved methods for imaging and insertion
orientation calibration.

Fitting a constant radius of curvature to bevel needles

seems to be a good assumption, however, it is not always appropriate for pre-bent
needles [107]. Future work is needed to model pre-bent needle behavior.
Understanding the complex dynamics of needle steering in biological tissue is far
from complete. This section is a first step in developing that understanding and,
by adding clinical relevance, it facilitates our group’s goal of developing a complete
needle steering system that integrates path-planners, controllers, and needle insertion
robots.

Future work includes characterizing needle steering in various types of

clinically relevant tissue, such as prostate and kidney, and also studying percutaneous
insertions. Needle steering in vivo also needs to be studied since breathing, blood
flow, edema, and other factors may affect steering behavior. When studying steering
in vivo, any tissue damage caused by steering can also be measured.
Because changing the bevel and bend angle may not be enough to ensure
predictable needle steering, the combination of our needle steering technique with
additional techniques, such as base manipulation [17, 31], using a cannula [68],
or tissue manipulation [98], could prove to be the most effective way to achieve
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predictable and accurate robotic needle steering.

2.2

Behavior of Tip-Steerable Needles in ex vivo
and in vivo Tissue

In this section, we explore the capabilities, challenges, and clinical relevance of
asymmetric-tip needle steering though experiments in ex vivo and in vivo tissue.
We evaluate the repeatability of needle insertion in inhomogeneous biological tissue
and compare ex vivo and in vivo needle curvature and insertion forces. Steerable
needles curved more in kidney than in liver and prostate, likely due to differences
in tissue properties. Pre-bent needles produced higher insertion forces in liver and
more curvature in vivo than ex vivo. When compared to straight stainless steel
needles, steerable needles did not cause a measurable increase in tissue damage
and did not exert more force during insertion. The minimum radius of curvature
achieved by pre-bent needles was 5.23 cm in ex vivo tissue, and 10.4 cm in in vivo
tissue. The curvatures achieved by bevel tip needles were negligible for in vivo
tissue. The minimum radius of curvature for bevel tip needles in ex vivo tissue was
16.4 cm; however, about half of the bevel tip needles had negligible curvatures. We
also demonstrate a potential clinical application of needle steering by targeting and
ablating overlapping regions of cadaveric canine liver.
This section builds upon the ex vivo experiments in Section 2.1 to allow for statistical analysis of the effects of various parameters on tip-steerable needle behavior.
Additionally we present additional data for needle insertion forces and analysis of the
three-dimensional needle shape. This work was previously published in [48].

2.2.1

Background and Motivation

Needle-based procedures are commonly used for medical diagnosis and intervention
when there exists a nearly straight-line path between an entry point and subsurface target.

Examples of needle-based procedures include biopsy, ablation, and
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brachytherapy. For many procedures, accurate needle placement is critical for acquiring diagnostic samples and providing accurate delivery of therapy. However, tissue deformation can cause a straight needle to deviate from a desired path. Robotic
needle steering is a promising technique that allows for correction of a needle path
inside tissue, and may also enable new procedures currently not feasible with straight
needles.
In the last decade, a number of needle steering techniques have been developed,
along with associated mechanical models of needle-tissue interaction, path-planning
algorithms, control strategies, and experiments to characterize parameters that affect
needle steering in artificial and ex vivo tissue [2], [17], [22], [31], [68], [91], [104], [61], [51].
Complete needle steering systems, with integrated robotic devices, planners, and
image-guided control, are also being developed and validated [79], [12], [31]. However, to become a clinically relevant technology, the usability of steerable needles to
perform treatments in biological tissue must be demonstrated. No previous studies
have measured steerable needle behavior in in vivo tissue, and our understanding of
the repeatability of steerable needle insertion is far from complete.
In this section we explore the capabilities, challenges, and clinical relevance of
tip asymmetric needle steering in prostate, kidney, and liver. We present the first
known work demonstrating needle steering in in vivo tissue (inside an intact, living
organism) and conduct extensive needle insertion experiments ex vivo tissue (whole
organs removed from an organism).

Needle behavior includes needle curvature

from three-dimensional needle reconstructions (CT or stereo X-ray) and insertion
forces. We compare steerable needles to straight stainless steel needles and present
a potential clinical application for needle steering for the treatment of large tumors
with overlapping ablations.
This work uses a particular needle steering technique in which thin, flexible needle
shafts curve during insertion due to tip forces induced by needle tip asymmetry. Our
needle tips have either a simple bevel or a bevel combined with a permanent bend
of the needle shaft very close to the tip. Control of the six-dimensional pose of the
needle tip can be achieved by various patterns of needle insertion and rotation (spin
about the needle’s long axis), where rotation reorients the direction of asymmetry. In
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these experiments, we focus on the degree and repeatability of needle curvature, as
well as needle insertion force.

2.2.2

Related Work

Previous needle steering experiments in ex vivo tissue include: studying needle-tissue
interaction forces for bevel-tip needles in chicken breast [61], steering custom needles
with large stainless-steel tips in cadaveric brain tissue [59], developing and testing
an integrated active cannula and ablation device in ex vivo bovine liver [12]. Our
preliminary work characterized the effects of various parameters on needle curvature
in ex vivo goat liver [51]. In vivo forces associated with needle insertion have been
measured for human prostate [77] [112], porcine liver [103], and both porcine liver
and kidney [58]. However, the needles used in these experiments were conventional
stainless steel needles. To date, the authors are not aware of any prior work to
characterize steerable needle insertion in living tissue.

2.2.3

Experimental Methods and Materials

Steerable needles were inserted into ex vivo and in vivo liver, kidney, and prostate of
a canine model to study the three-dimensional shape of the needle, insertion forces,
and repeatability over multiple insertions.
2.2.3.1

Needle Steering Robot

The needle steering robot can steer a flexible needle with an asymmetric tip by
insertion and rotation of the needle shaft (Fig. 3.3). A similar robot is described
in [51]. A rotational subsystem mounted on a translational subsystem provides the
insertion and rotational motion needed for steering. The rotational subsystem consists
of a 12V DC Maxon motor, an encoder and quadrature clock converter circuits, a
power amplifier, and a 6-axis ATI Nano17 force-torque sensor. The translational
subsystem consists of a linear slide, a 12V DC Pittman motor, an encoder, a motor
control circuit to allow for manual or computer control, and a power amplifier. The
robot presented in Section 2.1 consisted of a stepper motor as part of the translational
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Figure 2.8: Needle steering system including the robot, computer, control and sensing
electronics, and power supply.

subsystem; however, noise from the stepper motor interfered with the force-torque
data, motivating the switch to a DC motor. As with our previous version of the
needle steering robot, computer control is performed using a Lenovo ThinkPad laptop
running Ubuntu Linux 9.04 via a National Instruments PCMCIA DAQCard-6024e.
2.2.3.2

Animal Model

A canine model was used for both the ex vivo and in vivo experiments.

The

determining factor in our selection of an animal model was the need for an accurate
representation of the human prostate in terms of size and pelvic anatomy. In the
literature, the canine model is well established and commonly used [14]. For the ex
vivo experiments, a set of organs (liver, kidneys, and prostate) were harvested from
five fresh cadavers, obtained from an existing, unrelated non-survival experiment.
Canine prostate size can vary widely based on the age, species, and size of the animal,
and older, larger canines are more likely to develop enlarged prostates. As robotic
needle steering could be used to treat enlarged and cancerous prostates, a larger
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prostate was desired for the in vivo experiments. One male canine (~80 kg and >5
years old) was selected for these experiments. The experiment protocol was approved
by the Johns Hopkins Institutional Animal Care and Use Committee (IACUC).
2.2.3.3

Needle Selection and Fabrication

Three types of needles were used in the experiments: steerable nitinol bevel tip and
pre-bent tip needles, and stainless steel cone tip needles (Fig. 2.9). The cone tip
needles were used as a control to compare steerable needles to needles with straight
trajectories, such as needles used in current clinical practice which are not designed
to steer. Each needle type was inserted into all three organs. The needle diameters
and degree of asymmetry were selected based on initial experiments in cadaveric
canine livers, kidneys, and prostates to identify needles with a range of curvatures
and sufficient repeatability. A needle diameter of 0.74 mm was chosen for insertions
into the liver and the prostate, and a needle diameter of 0.58 mm was chosen for
insertions into the kidney. A cone tip of 30° was chosen for the straight needles. A tip
angle of 30° was chosen for the bevel tip steerable needles. The pre-bent tip steerable
needles had a 15° pre-bent tip angle with a 30° bevel angle.
All needles were fabricated from solid wires. Cone tips were ground using a
MultiPrepTM System from Allied High Tech Products, Inc., where a custom fixture
held the needle at a specific angle. The needles were held at 15° to horizontal and
rotated in place to create the final 30° cone tip. The bevel and bent tips were
manufactured by hand, using the same procedure described in [51]. All needle tips
were ground with sandpaper, increasing in grit from 180 to 300 to 600. Finally, as
the surface textures of the stainless steel and Nitinol wires were different, the shafts
of all needles were smoothed with 500 grit sandpaper by hand to ensure even surface
texture.
2.2.3.4

Ex Vivo Needle Insertion Experiments

Experimental Setup For ex vivo experiments, the robot was mounted on a
pantograph mechanism as described in [51]. The organ sample was positioned on
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Figure 2.9: Types of needles. Bevel-tip needles have a single angled tip defined by angle
α. Pre-bent needles have a bend angle θ, a bend length, l, and may also have a bevel angle.
Cone-tip needles have a uniformly defined cone shaped tip defined by angle α. This expands
the information in Figure 2.4 as it introduces cone-tip needles as a control to represent
needles in current clinical practice.

a platform and covered with a 1 mm thick latex rubber sheet secured to the platform
for stabilization. The sample was also wrapped in a thin plastic cling film to prevent
drying of the capsule, leaving a small opening in the film for needle insertion. The
experiments were conducted under X-ray imaging with a 9-inch XRII OEC series
9600 fluoroscope (X-ray source and CCD camera). An FTRAC, a single-image-based
fluoroscope tracking fiducial, was mounted on the tissue platform to aid in pose
recovery of the fluoroscope [36]. Images were acquired from the fluoroscope using a
Canopus ADVC 110 frame grabber (Fig. 2.10).
Experimental Procedure Five sets of canine organs (liver, two kidneys, and
prostate from each animal) were used in these experiments. For insertions into the
liver (left lateral lobe) and the prostate, each needle (cone, bevel, bent) was inserted
three times in different locations, resulting in a total of 9 needle insertions per organ.
For insertions into the kidney, the cone and bevel needles were inserted into one
kidney, three times each, and the bent needles were inserted in the other kidney,
three times each, resulting in a total of 6 insertions in one kidney and 3 in the other,
for each kidney pair. This was done to minimize overlap between individual needle
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Figure 2.10: Ex vivo experimental setup. The robot was mounted on a pantograph
mechanism connected to a platform supporting the tissue. The platform was positioned
under a fluoroscope.

Table 2.3: Ex Vivo Needle Experiment Summary
Total #
Insertions
45
45
27

Organ Sets Organ
Used
Types
5
Liver
5
Kidney
3
Prostate

Needle
Diameter (mm)
0.74
0.58
0.74

tracks, due the relatively small size of the kidneys. Two prostates were unusable
due to small size and toughness, so a total of 27 needle insertions into prostate were
recorded. Insertion speed was 0.5 cm/s for all needle insertions. Table 2.3 summarizes
the ex vivo experiments.
X-Ray Stereo Reconstruction and Needle Shape Analysis The three-dimensional
shape of the needle was reconstructed from two X-ray images from a single fluoroscope, taken at -5° from vertical (left image) and +5° from vertical (right image).
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Background images at each fluoroscope pose were also needed for needle segmentation. As the fluoroscope available did not have position encoders, an FTRAC fluoroscope tracking fiducial and associated software was used to estimate the pose between
the two stereo X-ray images. The FTRAC is accurate to approximately 0.6 mm [36].
Details of each step associated with stereo reconstruction including image calibration
and rectification, pose estimation, needle segmentation, and needle pixel triangulation
are in the following section.
For needle shape analysis, our custom Matlab program fits a circle to the needle
reconstruction, eliminating outliers greater than 1.5 standard deviations away from
the mean until the result converges. If convergence does not occur before all outliers
are removed, program will fit a straight line to the data. The program returns the
circle or line equation and a root mean squared standard error associated with the
fit.
3D Reconstruction of Steerable Needles in 2D Images The stereo reconstruction of needles in the ex vivo experiments had 5 major steps:
1. Dewarp and Calibrate: The needle and background images were dewarped and
calibrated to correct for geometric and magnetic warping and obtain intrinsic
camera parameters using the calibration phantom and methods presented
in [89].
2. Fluoroscope Pose Estimation: The FTRAC was used to estimate the pose
between the stereo image pair. First, the FTRAC positions were segmented
manually using the graphical user interface from [37]. The fluoroscope pose was
then found from the FTRAC positions using functions provided by the authors
of [37].
3. Needle Segmentation: The needle was segmented from both needle images
images in user-selected regions of interest.

Background subtraction, top-

hat filtering, and intensity adjustment highlighted the needle in the images.
Connected component labeling was used to remove outliers based on the
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component orientation and shape, and morphological operators were used to
extract needle centers in each image.
4. Needle Pixel Correspondence: Using a method similar to [107], pixel correspondence is found by searching along epipolar lines. In our implementation, the
epipolar line was generated by using the fundamental matrix, found through
the Epipolar Geometry toolbox from [57]. This process was repeated using the
center needle pixels in the second image resulting in two sets of corresponding
pixels – right image pixels corresponding to left image needle centers, and left
image pixels corresponding to right image needle centers.
5. Needle Pixel Triangulation: Each set of needle points is then triangulated using
methods from [37], and both sets of triangulated points are combined to define
the three-dimensional needle reconstruction.
2.2.3.5

In Vivo Needle Insertion Experiments

Experimental Setup The in vivo experiments took place at the Johns Hopkins
Medical Institutions Radiology Research Center in an animal operating room under
the guidance and supervision of a surgeon, a postdoctoral surgical fellow and multiple
veterinarians and technicians.
The robot was mounted on a six-degree-of-freedom passive arm with a custom
attachment (Fig. 2.11). Images were acquired with an Allura Xper FD20 from Philips
Healthcare, a commercially available angiographic system. This system was equipped
with the XperCT option, enabling C-arm cone-beam CT (CBCT) acquisition and
volumetric image reconstruction [25]. For each CBCT scan, 312 projection images
were acquired with the motorized C-arm. The images were reconstructed into a
volumetric image dataset at 1 mm isotropic resolution for a 25 cm × 25 cm × 20 cm

volume, where the 20 cm direction was the axial, z-direction.

For insertions into the prostate, the canine was placed in a supine position on
the imaging table, with the hind legs pulled in towards the torso, and the robot was
mounted on a movable cart in front of the perineum (Fig. 2.12a). After each needle
insertion, the needle was detached from the robot and the cart was moved to allow

2.2. BEHAVIOR OF TIP-STEERABLE NEEDLES IN BIOLOGICAL TISSUE 37

Figure 2.11: In vivo experimental setup. The robot was attached to a 6DOF passive arm,
mounted either on the surgical table or a cart. The animal was placed under a C-arm CBCT
scanner.

the C-arm to rotate around the canine. For insertions into the kidney, the animal was
placed in a lateral position to expose the left kidney (Fig. 2.12b). For insertions into
the liver, the animal was placed in the supine position (Fig. 2.12c). The robot was
mounted directly on the imaging table for kidney and liver experiments. All needles
and robotic components touching the animal were chemically sterilized prior to the
procedure and other components were covered with sterile plastic covers.

Animal Preparation and Surgical Procedure The canine was sedated, placed
on a warm water circulating blanket, and then placed under full intravenous anesthesia
and mechanical ventilation. Throughout the procedure, heart rate, end tidal CO2,
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Insertions into
the prostate

C-arm CT

(a) Insertions into the prostate
Insertions into
the kidney
C-arm CT

(b) Insertions into the kidney
Insertions into
the liver
C-arm CT

(c) Insertions into the liver

Figure 2.12: Positions of the canine during in vivo needle insertions into prostate (a),
kidney (b), and liver (c).

and body temperature were monitored. The perineum, skin above the kidneys, and
upper abdomen were shaved and surgically prepped before making incisions. After
needle insertions for each organ, the surgical site was cleaned, all surgical towels were
removed and counted, and the incision was sutured.
Needle Insertions in Prostate A small incision (2 cm) was made through the
tough skin of the canine’s perineum to allow for needle insertions. A transrectal ultrasound probe was used along with CBCT scans and trial insertions with brachytherapy
needles to locate the prostate and align the robot. A straight cone-tip needle was
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inserted robotically into the prostate and insertion forces were recorded. Then, the
needle was detached from the robot, the robot was pulled aside, and a CBCT scan
was taken. After the scan, the needle was removed manually and this process was repeated for the bevel and bent tip needles for a total of 3 needle insertions. Retraction
forces were not measured.
Needle Insertions in Kidney A lateral incision 5 cm below the twelfth rib was
made to access the kidney. Due to the unique canine anatomy, kidney stabilization
within the abdominal cavity was not possible. Rather, the kidney was carefully pulled
out of the incision and stabilized with surgical towels. A straight cone-tip needle was
inserted in the lower pole of kidney, along the longitudinal axis of the organ. Evans
blue dye was used to mark the insertion sites to aid in histology post-mortem. During
insertion, force data was collected. After insertion, a CBCT scan was taken and the
needle was retracted, while recording force data. This process was repeated for the
bevel and bent tip needles.
Needle Insertions in Liver Access to the liver was obtained through a 10 cm
midline laparotomy. A Finochietto rib spreader was used to retract the wound edges
and the lobes of the liver were stabilized using surgical towels. Due to the deep chest
of the canine, some lobes of the liver were not accessible; we performed one set of
needle insertions in the right medial lobe and then two in the left medial lobe. A
straight cone-tip needle was inserted in the left medial lobe while force data was
collected. Evans blue dye was used to mark the insertion sites to aid in histology
post-mortem. After insertion, a CBCT scan was taken and the needle was retracted,
while recording force data. The needle was then repositioned to the right medial
lobe and the process was repeated twice. The same procedure was executed for the
steerable bevel and bent tip needles, resulting in a total of 9 insertions, 3 for each
needle type.
Table 2.5 summarizes the types of needles used for the in vivo experiment. The
insertion speed of all needles ranged from 0.5 cm/s to 1.5 cm/s and the retraction
speed for kidney and liver was 0.5 cm/s.
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After the experiments, and the animal was covered in a heated blanket to raise
body temperature, as some was lost during surgery, and was taken off anesthesia and
ventilation when appropriate. The animal was monitored daily for seven days until
euthanasia was required for histological analysis.
CBCT Needle Segmentation and Needle Shape Analysis The scans from
the Philips XperCT were converted into DICOM format and imported to Matlab
for analysis. A custom Matlab program was written for semi-automated analysis of
CBCT scans where the user specifies threshold levels for segmentation and defines
regions containing the needle. The program then automatically fits either circles or
lines to the 3D data as described in Section 2.2.3.4.
Tissue Health Assessment Tissue health was assessed through blood work and
histological analysis. Blood samples (10 mL) were taken several days prior to the
procedure (baseline), immediately after the procedure (day 0), and on the first, third,
and seventh day following the procedure. A complete blood count analysis, including white blood cells (WBC), red blood cells (RBC), hemoglobin (HGB), hematocrit
(HCT), and platelets, was performed on each sample. Additional tests for liver function (bilirubin, aspartate aminotransferase (AST), alanine aminotransferase (ALT),
gamma-glutamyl transferase (GGT), lactate dehydrogenase (LDH), and albumin) and
kidney function (creatinine and blood urea nitrogen) were also performed. We note
that when the canine arrived from the supplier, his front right paw was swollen from
a previously acquired infection. Antibiotics were administered two days prior to the
procedure.
The canine was euthanized on the eighth day following the procedure.

The

left and right medial lobes of the liver, the left kidney, and the prostate were
immediately harvested and placed in a 10% formalin solution. Signs of needle entry
were not evident grossly on the prostate or kidney. Faint traces of Evans blue dye
were noticeable on the liver; however, no needle injury could be seen. The organs
were removed from the solution after seven days and sectioned into specimens for
histological analysis.

2.2. BEHAVIOR OF TIP-STEERABLE NEEDLES IN BIOLOGICAL TISSUE 41

The prostate was sectioned entirely into ten specimens. Ten specimens were
obtained from the upper pole of the kidney, where the needles were inserted. Ten
specimens were also obtained from both the left and right medial lobes of the
liver, mostly near the regions where the needles were inserted. The specimens were
processed into slides using standard histologic techniques with one slide from each
specimen. The slides were stained with hematoxylin and eosin to better distinguish
cellular components.

2.2.4

Results

2.2.4.1

Experiment 1 – Ex Vivo Needle Insertion

Curvature Analysis Figure 2.13 shows an example of original 2D X-ray images
and the corresponding stereo reconstruction. The curve-fitting program fit a circle,
rather than a line, to the needle shaft for 20.5% of the straight needles, for 53.9% of
the bevel-tip needles, and 84.6% of pre-bent needles. With the exception of insertions
of stainless steel needles into prostate, needle curvature increased with the amount of
needle tip asymmetry (Fig. 2.14). The minimum radius curvature was 23.92 cm for
straight needles, 16.45 cm for bevel needles, and 5.62 cm for pre-bent needles.
A Kruskal-Wallis non-parametric analysis of variance test was used to determine
significance between groups for curvature (Table 2.4). A p-value of less than 0.05
indicates a group has statistically significant differences; however, we note that due
to unequal variance of some data groups, the Kruskal-Wallis test has limited modeling
power. To further identify which groups were significantly different from each other,
a post-hoc Scheffe Test was performed using the Kruskal-Wallis test statistics. There
is significantly more curvature in pre-bent tip needles than bevel and straight needles,
there is also significantly more curvature for insertions into the kidney than insertions
into liver or prostate. Nitinol needles had more curvature than stainless steel needles.
Finally, planes were also fit to the needle data to characterize planar deviation.
The mean squared error for fitting a plane to ex vivo needle insertions ranged from
6.05 × 10−5 mm to 0.212 mm.
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Figure 2.13: Example of stereo reconstruction (c) from stereo x-ray images (a),(b) for a
needle insertion into kidney. The needle was a 0.58 mm Nitinol bent tip needle and the
radius of the circle fit to the needle shaft is 7.28 cm.

Force Analysis The maximum insertion force, mean insertion force, maximum retraction force, and mean retraction force were extracted from the force data (Fig. 2.15).
Statistical analysis was performed using the method described previously, and the results are shown in Table 2.4. Needle type did not have a significant effect on force.
Insertions into the prostate had higher maximum and mean force than insertions into
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Figure 2.14: Needle curvature for cone, bevel, and bent tip needle types for insertions
into prostate, kidney, and liver for ex vivo experiments. For liver and kidney, the mean of
15 insertions of the same needle type is shown with standard deviation error bars and for
prostate the mean of 9 insertions of the same needle type is shown.

Table 2.4: Analysis of Variance p-values for Curvature and Force in ex Vivo Tissue
Source
Curvature
Force
Maximum Insertion
Mean Insertion
Maximum Retraction
Mean Retraction

Needle
Type
<0.0001
0.5779
0.2220
0.1408
0.1895

Organ

Needle
Diameter
<0.0001 <0.0001

Needle
Material
0.0002

<0.0001
<0.0001
<0.0001
0.0002

<0.0001
<0.0001
0.0022
0.0019

0.0190
0.0062
0.5212
0.2709

kidney or liver. Maximum and mean insertion forces were higher for larger diameter
needles and for stainless steel needles. The maximum and mean retraction forces for
prostate were lower than for liver and the mean retraction force for liver was significantly higher than kidney as well as prostate. Stainless steel needles had lower
maximum and mean retraction forces than Nitinol needles.
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Figure 2.15: Needle insertion and retraction forces for ex vivo experiments. For liver and
kidney, the mean of 15 insertions of the same needle type is shown with standard deviation
error bars and for prostate the mean of 9 insertions of the same needle type is shown.
2.2.4.2

Experiment 2 – In Vivo Needle Insertion

Curvature Analysis An example of a CBCT reconstruction for a needle insertion
into liver with a fit curve is shown in Figure 2.16. In this case, a 10.4 cm circle was
fit to the needle. Table 2.5 summarizes the curve fitting and the root mean squared
error associated with the fit. The program fit circles, rather than lines, to 20% of the
straight needles, 20% of the bevel-tip needles, and 80% of the pre-bent needles. For
all insertions, the errors of fitting are on the order of the needle diameter. For cone
and bevel tip needles, there was almost no curvature of the needle shaft. For bent
needles, the insertion into the prostate had no curvature, however, needle insertions
into the kidney and liver had radii of curvature ranging from 10.4 cm to 14.2 cm. As
with ex vivo needle insertions, planes were fit to the data. The mean squared error
of the planar fitting ranged from 0.073 mm to 0.416 mm.
Force Analysis Figure 2.17 shows force profiles for insertions into the prostate,
and insertion and retraction in the liver and kidney.

The maximum and mean

insertion and retraction forces were extracted from the force data and are shown
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Figure 2.16: Example of curve fitting for needle insertion into liver with a 0.74 mm Nitinol
bent tip needle. The radius of the fit curve is 10.4 cm.

in Fig. 2.18. Insertion forces are higher for the larger diameter needles and forces in
the liver and prostate are higher than in the kidney. In addition, cone tip needles
have higher insertion forces than bevel tip needles, and retractions in the liver have
lower retraction forces than the kidney. For the in vivo experiments, there is not
enough data perform statistical tests.
Some other interesting effects noticed in the data include tissue inhomogeneity,
tissue relaxation [35], and delayed capsule puncture [112]. Breathing effects are also
present, especially for insertions into liver. These effects increase with insertion depth.
The forces due to breathing during maximum insertion of the needle had an average
amplitude of 0.452 N (0.153 SD) for liver and 0.193 N (0.061 SD) for kidney. These
values were found by fitting a sinusoid with the same frequency as the ventilator to
the insertion force data for all needle insertions and averaging across organ groups.
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Figure 2.17: Insertion and retraction forces during in vivo needle insertions into prostate,
kidney, and liver. Insertion speeds ranged from 0.5 cm/s to 1.5 cm/s and the retraction
speed was 0.5 cm/s.

Breathing effects are negligible for prostate.

2.2.5

Discussion

2.2.5.1

Experiment 1 – Ex Vivo Needle Insertion

The experiments in ex vivo tissue confirm previous experiments showing that curvature increases with increased needle tip asymmetry and that curvature increases
with decreased needle diameter [51] [106]. Previous experiments in artificial tissue
also indicate increased artificial tissue stiffness results in increased needle curvature
as well [68], [63]. For biological tissue, we found needle insertions into the kidney had

1
2
3
4
5
6
7, 8, 9
10, 11, 12
13, 14, 15

Dataset

Needle
Type
Cone
Bevel
Bent
Cone
Bevel
Bent
Cone
Bevel
Bent
Prostate
Prostate
Prostate
Kidney
Kidney
Kidney
Liver
Liver
Liver

Organ

Needle
Needle
Insertion
Fitted
Diameter (mm)
Material
Distance (cm)
Curve (1/cm)*
0.74
Stainless Steel
11
κ = 0.0082
0.74
Nitinol
12
κ=0
0.74
Nitinol
11
κ=0
0.58
Stainless Steel
5
κ=0
0.58
Nitinol
5
κ=0
0.58
Nitinol
5
κ = 0.0952
0.74
Stainless Steel
7, 9, 8
κ = 0, κ = 0, κ = 0
0.74
Nitinol
9, 9, 9
κ = 0, κ = 0, κ = 0
0.74
Nitinol
7, 10, 9
κ = 0.0730, κ = 0.0704, κ = 0.0962
*κ = 0 indicates that a line was a better fit to the data than a circle.

Table 2.5: In Vivo Curve Fitting Summary
RMSE
(cm)
0.0521
0.0803
0.0670
0.0943
0.0782
0.0532
0.1073, 0.0649, 0.0890
0.0603, 0.1099, 0.0840
0.0480, 0.0441, 0.0527
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Figure 2.18: Needle insertion and retraction forces for in vivo experiments. For insertions
into liver, the mean of three insertions of the same needle type is shown with standard
deviation error bars.

higher curvature than prostate and liver; there is some evidence that kidney tissue is
stiffer than liver tissue, which could explain this result [9]. Prostate tissue might be
stiffer than kidney tissue [113]; however, additional effects due to tissue inhomogeneity and smaller organ size may explain why needles did not steer more in prostate
than kidney.
The maximum and mean insertion forces for liver are comparable with previous
experiments for needle insertions into ex vivo liver [35] [67]. Higher insertion and lower
retraction force for the stainless steel needles could be due to a higher coefficient of
friction for stainless steel needles. All needle shafts were ground by hand to ensure
even surface texture between the needles, however, this did not necessarily equalize
the coefficient of friction. Although one might expect higher insertion and retraction
forces for needles with larger curvature and bent tips, no such correlation existed.
2.2.5.2

Experiment 2 – In Vivo Needle Insertion

The in vivo results for needle curvature show that pre-bent tip needles exhibit the
most curvature, and bevel tip needles (without additional modification [22]) do not
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exhibit enough curvature to be clinically relevant. The tendency for larger diameter
needles to have higher maximum and mean insertion forces could be due to larger
needle surface area. High insertion forces for cone tip needles than bevel tip needles
could be due to a higher coefficient of friction for stainless steel needles. This effect
may not have seen in bent tip needles as interaction forces at the needle tip could have
much larger than friction forces [63]. The lower retraction forces in liver as compared
to kidney was a surprising result as in the ex vivo case, the reverse is true. The effects
of blood perfusion on tissue friction for each organ could explain this result and would
need further study.
Large breathing effects are evident in liver, and to a lesser extent in kidney. During
many needle insertion procedures, it may not be possible to place the patient on
a breath hold, so breathing forces should be considered in future needle steering
development.
Qualitatively, both surgeons conducting the experiment noticed a difference
between tip-asymmetric needle steering and straight needle insertions. For insertions
into the prostate, it was clear that the pre-bent needle was following a curved
path; however, due to tissue inhomogeneity and possible needle shape changes from
detaching the needle from the robot, there was no significant curvature of the prebent tip needle shaft after insertion. With a thicker needle, or by using a straight
introduction needle prior to insertion into the prostate, we might observe better
needle curvature of a steerable needle.

Additionally, haptic feedback from trial

insertions with brachytherapy needles was critical to identifying prostate tissue. Thus,
teleoperation for robotic needle steering could benefit from haptic cues.
Blood Work Most of the blood test results remained in the normal range through
day 7. The WBC was high at baseline, most likely due to the existing paw infection,
and peaked on day 1. By day 7, the WBC returned to a normal level. RBC,
HGB, albumin, and AST levels were abnormal following the surgery, but returned
to normal levels by day 7. In general, the blood test results were consistent with
expected responses to surgery, and not consistent with additional trauma that may
have occurred from needle insertion.
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Figure 2.19: Histology section of kidney. Arrow indicates location of needle track, as
evidenced by a narrow, linear region of inflammatory cells demonstrating acute healing.

Histology Examination of the histology slides indicated no evidence of tissue
damage in the majority of specimens. No evidence of acute inflammation or short
term healing was apparent in prostate or liver, which would have been suggestive of
an acute injury from the needle steering. In the kidney slides, inflammatory cells
were present. In some slides, these cells were organized along narrow, nearly linear
regions, which were likely locations of the needle tracks (Fig. 2.19). Neutrophils were
not apparent in kidney sections, indicating a lack of evidence for suppurative infection
caused by the needle trauma. No signs of major or chronic damage were noticed.
2.2.5.3

Comparison of Ex Vivo and In Vivo Needle Insertion

Needles with increased tip asymmetry tend to have higher curvature in both ex vivo
and in vivo tissue. In ex vivo tissue, insertion forces were higher in prostate than
kidney and liver, which could be explained by the higher stiffness and fibrous nature
of prostatic tissue. In in vivo tissue, insertions forces for the liver were higher than
insertions into the kidney, and needle curvature was higher for pre-bent needles in
vivo than ex vivo. This could be due to the fact that the vessels in the liver were
perfused with blood which could have increased the overall stiffness of the tissue, as
compared to the non-perfused ex vivo liver. Needle type did not have a significant
effect on insertion or retraction forces in either ex vivo or in vivo tissue. This result is
promising as it indicates that steerable needles do not exert significantly more force on
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tissue than straight needles. This result is confirmed further by the lack of noticeable
tissue damage for steerable needles. The lack of significant planar deviation matches
previously developed models of bevel-tip needle steering [104], however, more complex
needle paths will most likely require some planar control for accurate targeting [81].
Finally, in both ex vivo and in vivo tissue, needle insertions into the prostate and
needle insertions with bevel-tip needles did not show enough curvature to be clinically
relevant.

2.2.6

Summary of Steerable Needle Behavior in Biological
Tissue

We performed experiments to evaluate the differences of needle curvature and force
in ex vivo and in vivo liver, kidneys, and prostate for various needle types. We
compared straight needles to tip-asymmetric bevel and pre-bent needles, and found
that steerable needles do not seem to damage tissue more than straight needles. In
addition, insertion and retraction forces may even be lower for steerable needles than
for straight needles. The minimum radius of curvature was 5.23 cm for ex vivo organs
and 10.4 cm for in vivo tissue. This difference could be due to the increased stiffness
and increased effect of inhomogeneity due to perfused blood vessels in vivo, and it
indicates a need to study the effects of blood perfusion on tissue properties.

2.3

Clinical Applications of Robotic Needle Steering

To demonstrate the potential clinical applications of a needle steering robot, three
common needle-based medical procedures were simulated in ex vivo tissue: biopsy,
brachytherapy, and ablation.

2.3.1

Biopsy and Brachythereapy in ex vivo Tissue

For the biopsy and brachytherapy examples, the robot was used to steer the needle
to a specific target from a pre-defined insertion location. For the biopsy example, the
target was an artificial tumor made out of hydrocolloid dental impression material
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(a) Needle steered to target

(b) Introduced guide sheath

Biopsied
Sample
(c) Inserted biopsy needle

(d) Biopsied sample

Figure 2.20: Biopsy was performed in ex vivo liver as an example of a needle steering
application. The steered needle was used to deploy a sheath that was then used to introduce
a conventional biopsy gun.
impregnated with iron filings. For the brachytherapy example, there were three
desired targets spaced roughly 1.0 cm apart. Once the needle was at the desired
target location, a teflon sheath was passed over the needle and then the needle was
removed from the tissue. Under x-ray guidance, standard biopsy and brachytherapy
tools were introduced into the sheath. The biopsy was performed using an 20-gauge
biopsy gun (Fig. 2.20). The brachytherapy was performed with a standard 20 gauge
needle and the seeds were 1 mm-diameter, 5 mm-long pieces of stainless steel wire
which is representative of typical radioactive seed dimensions (Fig. 2.21).

2.3.2

Mock Overlapping Ablations in ex vivo Tissue

For the ablation experiment, the needle was inserted to a specific location and then
partially retracted and reinserted three more times with different tip orientations to
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(a) Needle steered to target

(b) Introduced guide sheath

(c) Inserted brachytherapy needle

(d) Deployed radioactive seed
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Figure 2.21: Brachytherapy was performed in ex vivo liver as an example of a needle
steering application. The steered needle was used to deploy a sheath that was then used to
introduce artificial brachytherapy seeds. In these images, two ”seeds” were already placed,
and a third is added. This third insertion demonstrated how pre-bent needles can be used
for straight line paths as well as curved paths by incrementally inserting and flipping the
bend orientation angle.

demonstrate coverage of a region of interest. One way to perform ablation is to make
the needle itself an ablator. A protective sheath/cannula would need to be passed
over it in order to protect the surrounding tissue. Such a sheath can have higher
structural stiffness than the steerable needle; this would deform the tissue but would
not displace the tip relative to the tissue. This method is similar to that used in [12].
A second method is to deploy a cannula over the steerable needle, remove the needle,
and then insert an ablator via the cannula. Finally, a catheter ablator could be used.
Catheter ablators are often used in cardiac ablation procedures in which the flexible,
hollow catheter is passed over a guidewire intravenously to ablate a targeted region
of the heart. In the case of ablation within an organ, a steerable needle can be
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Approximate
Liver Boundary

Potential
Ablation Zones

Figure 2.22: Simulated ablation was performed in ex vivo liver as an example of a needle
steering application. The steered needle was partially inserted and retracted several times
with different tip orientations to demonstrate coverage of a region of interest.

steered to the targeted tissue and can act like a guidewire for the catheter ablator.
A commercial ablator was not available for this experiment, so we merely show a
hypothetical ablation of a region of interest. The diameter of the ablation zone in
Fig. 2.23 is based on an estimate for a typical radiofrequency catheter ablator, heating
for 5 minutes [76]. There are several factors which affect the volume of ablated tissue
including time, frequency, and blood flow.

2.3.3

Ablation in Canine Cadaver

One particularly promising application for needle steering is the treatment of large
tumors with overlapping ablations. In clinical practice, complete necrosis of large
tumors treated with overlapping ablations occurs in less than 50% of cases [46],
primarily due to errors in placement of the ablation probe. Steerable needles can
be used to improve success rates as needles can be systematically inserted, retracted,
reoriented, and reinserted to reach multiple targets within an organ precisely. We used
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(a) Overlaid fluoroscopic images of the ablation
probe
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(b) Gross examination of ablation

Figure 2.23: An overlapping ablation was created using a guidewire-catheter approach
for needle steering [51] to create two overlapping ablations without changing the insertion
site. The needle and ablation probes were inserted under fluoroscopic guidance (a), and the
ablation zones were examined in the excised liver (b).

a guidewire-catheter approach: a needle was steered to a target, a Teflon tube was
inserted over the needle, and a standard medical tool (e.g., a radio-frequency ablation
[RFA] device) was inserted though the Teflon tube to perform a clinical relevant task
(e.g., ablation). We demonstrated overlapping ablation using a tip-steerable needle
and a Rita® StarBurst™ Flex RFA device in a cadaveric canine liver (Fig. 2.23). In
these experiments, the needle insertion depths and shaft rotation angles were planned
by a surgical fellow and executed by the robot, however, the accuracy of the procedure
would benefit from closed loop control under CT or 3D ultrasound combined with
a pre-operative ablation plan using ablation models as described in [18]. Another
group has also demonstrated overlapping ablations using a different needle steering
method (active cannula), using ex vivo tissue rather than in situ tissue, and manual
insertions rather than computer-controlled insertions [12]. In both cases, the use
of nitinol material for either the needle or the cannula, is preferred as nitinol is
intrinsically MRI-compatible and MRI is an ideal way to monitor ablations.
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2.4

Conclusions

We have performed experiments to characterize needle steering in ex vivo and in
vivo biological tissue. Needle behavior is affected by the geometry of the needle tip,
particularly the angle of a pre-bend at the needle tip. In a live animal experiment, we
found no evidence that steerable needles lead to more tissue damage than traditional,
straight needles. Further evidence of this result is the lack of significant differences
between the maximum and mean insertion forces associated with different needle
types. We did find differences in the maximum achievable needle curvature between
needles inserted into ex vivo and in vivo tissue which is likely due to increased stiffness
and an increased effect of tissue inhomogeneity, such as perfused blood vessels, in
living tissue.
Future work includes exploring new needle designs to improve curvature and expand applicability of needle steering to other organs. Additionally, needle steering
systems will need to be integrated seamlessly with existing medical imaging technology and the user interface will need to become more intuitive and natural, perhaps
incorporating haptic feedback with collaborative human-robot needle control to improve needle placement.

Chapter 3
Duty Cycling for Needle Curvature
Control
3.1

Introduction

Robotically steered needles show great promise for improving needle-based medical
procedures (e.g. biopsy, ablation, and brachytherapy), as shown by prior demonstrations of needle steering applications in biological tissue [51], [48], [12], [59]. However,
in needle steering applications, desired needle curvature is rarely constant along the
entire needle trajectory. As such, it is important to develop methods to interactively control needle shaft curvature. In this chapter we describe existing methods
for controlling needle curvature during insertion and present two novel methods for
duty-cycled control of needle curvature that allow the use of wired sensors. Additionally, we analyze various design parameters that are important for duty-cycled control
and present evaluation experiments in artificial and ex vivo tissue. Portions of this
work were published in [50].

3.1.1

Prior Work

Steerable needle curvature has been controlled using two types of approaches: active
and passive. Active control affects needle curvature through direct actuation of needle
57
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(b)

Figure 3.1: Overlaid robotically steered needles after insertion into artificial tissue.
(a) Steerable needle configurations for a variety of needle properties and insertion
scenarios. (b) Steerable needle configurations after insertion, using the specified duty
cycles (0-100%) to control needle curvature.
shape. For example, researchers have demonstrated active control using a shapememory alloy actuator at the needle tip [87] and through a biologically-inspired multisectioned needle [28]. While active control can potentially increase the magnitude and
accuracy of needle curvature, implementation is complex.
Passive control of asymmetric-tipped needle curvature is, arguably, a simpler
approach, because the needle itself includes no active elements, and the mechanical
properties of the needle and the surrounding tissue inherently generate steering forces
that can be modulated through different combinations of robotically controlled needle
insertion and spin. Duty-cycled spinning [60, 109] (Fig. 3.1b) allows path curvature
to be controlled in two or three dimensions, between the maximum possible curvature
(obtained through pure needle insertion) and the minimum curvature (ideally zero,
obtained through continuous spin during insertion). While duty-cycled spinning has
been implemented in several needle steering systems, e.g. [95, 10, 110], physical
limitations related to cable wind-up has limited the use of sensors (in particular,
force sensors and electromagnetic trackers) with these systems, and would require
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hardware changes such as off-axis actuation [75] or the use of slip-rings, which lead to
electromagnetic noise. Further, the asymmetric nature of unidirectional duty-cycled
spinning inherently leads to more error in the desired needle curvature over long
needle insertions.
To solve these problems, we developed two novel, symmetric, duty-cycling algorithms that do not require continuous needle rotation: (1) bidirectional duty-cycled
spinning and (2) duty-cycled flipping. In bidirectional duty-cycled spinning, needle
curvature is controlled similar to prior unidirectional duty-cycled spinning algorithms;
however, the direction of needle rotation alternates between clockwise and counterclockwise. A similar algorithm was implemented in [85]. In duty-cycled flipping,
needles are inserted in discrete steps, facing alternate directions (i.e. bevel left or
bevel right) and of varying length, to achieve the desired path curvature. For all
duty-cycled asymmetric-tipped needles, as well as active needles, the actual curvature of the needle path depends on several factors, including the degree of needle tip
asymmetry, needle diameter and stiffness, and perhaps most importantly, the mechanical properties of the tissue through which the needle steers. In clinical applications,
the tissue mechanical properties are not exactly known, and can change throughout
the organ. However, the maximum curvature of an asymmetric-tipped needle can be
estimated from pure insertion of the needle over a short distance. Duty-cycling control techniques are effective at changing needle curvature in a predictive way, given
knowledge of the maximum needle curvature within a specific tissue of interest.

3.1.2

Contributions

We evaluate our algorithms using a custom hollow steerable needle, with an embedded
EM tracker and a force-torque sensor. We compare the path tracking error, needle
insertion forces, and needle axial rotation torques of our algorithms and found
no significant differences between the two algorithms in terms of tracking error.
Duty-cycled flipping has significantly lower mean insertion forces and torques than
bidirectional duty-cycled spinning, and differences in insertion force and rotation
torque variability were also found. These results may have interesting implications
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for tissue health.
For all the duty-cycling algorithms considered in this chapter, several chosen
parameters (in addition to the inherent geometrical and mechanical properties of
the system) define the resulting needle path.

These parameters include needle

insertion and rotation velocities, duty-cycle step size, control frequency, and dutycycle percentage. In this section, we use models and simulations to characterize
the effects of these parameters on needle behavior.

Through our analysis, we

discovered inherent errors in unidirectional duty-cycled spinning that propagate over
long insertion distances, further motivating the need for alternative duty-cycling
control methods. For each duty-cycling algorithm, we formulated a multi-objective
heuristic method for determining the best set of feasible parameter values that lead
to improved needle insertion behavior. The objective was to minimize error, insertion
time, and insertion forces and torques for simulated needle insertions at a particular
duty-cycle percentage. Additionally, validation experiments with a needle steering
robot and electromagnetically tracked steerable needle show improved needle behavior
with the optimal parameter set for needle insertions in artificial tissue.
The algorithms presented in this paper are less prone to inherent error than
prior algorithms and enable the use of wired sensors with axially-actuated steerable
needles. Many tradeoffs exist in implementation of duty-cycled needle steering; our
analysis provides best-practice guidelines. Because asymmetric-tip needle steering
approximates a nonholonomic system, the approaches described here may extend to
novel methods for controlling movement of other robotic devices that operate under
similar constraints, such as nonholonomic mobile robots.

3.2
3.2.1

Duty-Cycle Controlled Curvature
Background

The motion of a tip-asymmetric steerable needle can be approximated through the
use of nonholonomic kinematic models, specifically, a unicycle model [104]. Using
this model, described below, the six-degree-of-freedom position and orientation of
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the needle tip can be obtained as the result of two input degrees of freedom: needle
insertion speed and axial rotation speed. As described in [104], standard robotics
literature [66] provides a 4×4 matrix gsn (t) to fully describe the configuration of
needle tip coordinate frame N, relative to a stationary world frame, S.
"
gsn (t) =

#
Rsn (t) psn (t)
0

(3.1)

1

where Rsn (t) is the rotation matrix from the base frame to the needle tip coordinates
and psn (t) is the needle tip location in the base frame. The maximum needle curvature,
r, needle rotation speed, ω(t), and needle insertion speed v(t) make up the twist
matrix:


n
Vbsn
(t)

0

−ω(t)

0

0






ω(t)
0
−v(t)/r
0

=
 0 v(t)/r
0
v(t)


0
0
0
0

(3.2)

that can be used to calculate the change in gsn (t):
n
ġsn (t) = gsn (t)Vbsn
(t)

(3.3)

This ordinary differential equation can then be solved for gsn (t) in continuous time to
simulate motion of the needle tip over any time interval, assuming constant insertion
and rotation speed:
bn

gsn (t) = gsn (0)eVsn (t)t

(3.4)

To simulate and analyze any method for controlling a steerable needle in which the
rotation and insertion speeds are piecewise constant, including the duty-cycling algorithms described in the following section, needle motion can be modeled using
iterations of Equation (3.4), where the specific insertion and rotation velocities at
each time step are defined by the control algorithm. In addition to unidirectional
duty-cycled spinning, we developed two new methods can be used to control needle curvature: bidirectional duty-cycled spinning and duty-cycled flipping. These
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algorithms were introduced in a preliminary conference paper [50]. This paper significantly extends the prior work through detailed analysis of algorithm performance,
finding optimal control parameters via simulation, and experimental results demonstrating needle steering performance and use of wired sensors in artificial and ex vivo
tissue.

3.2.2

Duty-Cycled Steering Algorithms

3.2.2.1

Unidirectional Duty-Cycled Spinning

Needle curvature can be controlled via duty-cycled spinning, a technique proposed in
[60] and employed in [110], [23], and [19]. In duty-cycled spinning, needle insertion is
divided into many short insertion steps consisting of either: (1) pure needle insertion
during which the needle curves maximally, or (2) needle insertion with constant speed
axial needle rotation during which the needle inserts in a straight path. Assuming
that needle rotation velocity is much faster than needle insertion velocity, the needle
can be assumed to move in a two-dimensional plane. In this plane, the curvature
of the needle, κ, is defined by the duty cycle (i.e., the proportion of time spent in
the insertion with rotation phase relative to the overall duty cycle period) and the
maximum needle curvature, κmax :
κ = κmax (1 − D),

(3.5)

where a 100% duty cycle corresponds to a straight needle, because the needle is
constantly spinning, and a 0% duty cycle corresponds to the maximally curved needle.
For small enough duty cycle periods, this method can be verified to result in constant
curvature needle paths at high rotation speeds [60].
To implement duty-cycled spinning, the desired duty cycle can be described in
terms of insertion and rotation periods. While assuming constant insertion and
rotation velocities, the duty cycle, D, is defined as
D=

trot
trot
=
,
T
trot + ttrans

(3.6)

3.2. DUTY-CYCLE CONTROLLED CURVATURE

63

where T is the duty cycle period, trot is the amount of time the needle insertions with
rotation, and ttrans is the amount of time the needle inserts without rotation. The
rotational velocity is defined such that the needle completes a full 360◦ rotation within
one rotation period, trot . This ensures that the needle steers within a two-dimensional
plane.
We assume an overall desired insertion distance, s, consisting of k substeps of size
ds. The continuous insertion velocity input, v, and rotation velocity input, ω, are
defined for each iteration, i ∈ (0, k), with t ∈ (0, k · trot ) as follows:
v(t) = ds/trot

2π/trot
ω(t) =
0

3.2.2.2

(3.7)
if iT ≤ t < T (i + D), i = 0, 1, 2
otherwise

(3.8)

Bidirectional Duty-Cycled Spinning

Similar to unidirectional duty-cycled spinning, bidirectional duty-cycled spinning
controls needle curvature by varying periods of pure insertion with periods of insertion
with axial rotation. However, the direction of rotation is alternated, with a maximum
rotation of 360◦ clockwise or counterclockwise.

The needle duty cycle, D, and

resulting needle curvature, κ, are defined the same as for unidirectional duty-cycled
spinning.
To implement our bidirectional duty-cycled spinning algorithm, we choose a
constant insertion velocity of v for each substep, ds = s/k, based on the rotation
period of the rotation motor, trot . This ensures that at each iteration of our algorithm,
the needle tip will return to its prior orientation and will not lead to planar drift over
time. Our insertion velocity input, v, and rotation velocity input, ω, are defined for
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each iteration, i ∈ (0, k), as follows:
v(t) = ds/trot


2π/trot



ω(t) = −2π/trot



0
3.2.2.3

(3.9)
if iT ≤ t < T (i + D), i = 0, 2, 4 . . .

if iT ≤ t < T (i + D), i = 1, 3, 5 . . .

(3.10)

otherwise

Duty-Cycled Flipping

Similar to unidirectional duty-cycled spinning, bidirectional duty-cycled spinning
controls needle curvature by varying periods of pure insertion with periods of insertion
with axial rotation. However, the direction of rotation is alternated, with a maximum
rotation of 360◦ clockwise or counterclockwise.

The needle duty cycle, D, and

resulting needle curvature, κ, are defined the same as for unidirectional duty-cycled
spinning.
To implement our bidirectional duty-cycled spinning algorithm, we choose a
constant insertion velocity of v for each substep, ds = s/k, based on the rotation
period of the rotation motor, trot . This ensures that at each iteration of our algorithm,
the needle tip will return to its prior orientation and will not lead to planar drift over
time. Our insertion velocity input, v, and rotation velocity input, ω, are defined for
each iteration, i ∈ (0, k), as follows:
v(t) = ds/trot


2π/trot



ω(t) = −2π/trot



0
3.2.2.4

(3.11)
if iT ≤ t < T (i + D), i = 0, 2, 4 . . .

if iT ≤ t < T (i + D), i = 1, 3, 5 . . .

(3.12)

otherwise

Duty-Cycled Flipping

In duty-cycled flipping, needle curvature is controlled by inserting the needle in
discrete steps and flipping the needle bevel 180◦ in alternate directions (i.e., bevel left
and bevel right) between each insertion step in order to achieve a variable curvature
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path. The duty cycle, D, for duty-cycled flipping can be defined in terms of the time
the needle inserts in its flipped orientation, tflip , to its unflipped orientation, tunflip .
D =1−

tflip − tunflip
tflip + tunflip

(3.13)

The resulting curvature of the needle path, κ, is defined in Equation (3.5).

To implement the duty-cycled flipping method, we command a constant insertion
velocity, vmax , for each insertion substep, ds = s/k. The time it takes for the needle
to insert a distance equal to ds and complete two bevel flip rotations, 2tr (with
tr = trot /2), is the duty-cycled period, T . Thus, the time for needle insertion in the
flipped state would be tflip = (T − 2tr )D. During flipping and unflipping, insertion

is halted to prevent planar deviation. The direction of needle flips alternates every
duty-cycled period between clockwise and counterclockwise to eliminate effects of
torsional lag and asymmetric lateral forces on the needle that could occur from only
flipping in one direction. To define this behavior algorithmically, we use a direction
term, d, that changes in value between 1 and -1 after each duty-cycle period. The
insertion and rotational velocity inputs are defined for each iteration, i ∈ (0, k), as
follows:



v
if iT ≤ t < iT + tflip


 max
v(t) = vmax if iT + tflip + tr ≤ t < T (i + 1) − tr



0
otherwise


2dπ/trot
if iT + tflip ≤ t < iT + tflip + tr



ω(t) = −2dπ/trot if i(2T − tr ) ≤ t < T (i + 1)



0
otherwise

(3.14)

(3.15)

Figure 3.2 illustrates example control signals for all three duty-cycling algorithms.
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Figure 3.2: Three duty-cycling algorithms. Needle curvature can be controlled by
changing a desired duty cycle, D, which is set to 50% in these examples. The insertion
and rotation control signals for each algorithm are shown graphically. The needle
insertion velocity scale factor, sf, step size, ds, and control frequency are important
algorithmic parameters for controlling the shape of the resulting needle path.
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Preliminary Duty Cycling Evaluation Experiments

3.3.1

Experimental Methods

The purpose of these experiments was to evaluate the three duty-cycling methods
for varying the curvature of a custom EM-tracked steerable needle, inserted with a
needle steering robot. Evaluation metrics include error between the theoretically ideal
needle path, the simulated needle, and the actual needle path, measured from the EM
tracker. Force and torque data was also collected during insertion.
3.3.1.1

Needle Steering Robot

The needle steering robot used in these experiments can steer a flexible needle with
an asymmetric tip through insertion and rotation of the needle shaft (Fig. 3.3). A
similar robot is described in previous sections and [48]. Rotation is achieved through
a 12 V DC Maxon motor with an encoder. The rotation motor is mounted on a linear
stage with a 12 V DC Pittman motor, which provides the insertion degree of freedom
for our robot. Computer control of these motors is performed via power amplifier
circuits, a National Instruments PCMCIA DAQCard-6024e, and a Lenovo ThinkPad
laptop running Ubuntu Linux 9.04. A custom multithreaded C++ application was
developed for low-level motor control, execution of the various duty-cycled spinning
algorithms, data collection, and simulation of the steerable needle. Insertion and
rotation encoders were sampled at 1000 Hz, the low-level motor control loops operated
at 500 Hz for the rotational motor (PD control) and 200 Hz for the insertion motor
(PID control). The EM tracker and force-torque data were sampled and logged at
100 Hz.
3.3.1.2

Electromagnetically Tracked Steerable Needle

Our custom EM-tracked steerable needle consists of a 41.5 cm long Nitinol tube
(0.82 mm OD, 0.50 mm ID) with a pre-bent tip, designed to enclose a custom 6-DOF
electromagnetic sensor (41.0 cm long, 0.45 mm OD) designed by Ultrasonix Medical
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Figure 3.3: The experimental setup with the needle steering robot (a) and and
electromagnetically tracked steerable needle (b-c). The components of the steerable
needle (c) consist of an electromagnetic tracker, a rotating luer-lock, and hollow prebent Nitinol tube with a luer-lock needle hub.
Corporation, partnered with Ascension Technologies, Inc. In clinical practice, the
EM tracker could be removed after steering the needle to the desired target, to allow
for the introduction of a diagnostic or interventional tool. The pre-bent needle tip
was fabricated by inserting a 4 mm long stainless steel solid wire (0.45 mm OD) into
the distal end of the needle, securing with adhesive, grinding a 45◦ bevel as described
in [51], and manually bending approximately 4 mm of the distal end of the needle to
30◦ to create a pre-bent tip. The proximal end of the needle was dipped into a liquid
plastic coating to prevent fraying of the tube with repeated use.
The Nitinol needle is attached to the base of the EM tracker via a luer lock system.
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The needle assembly is held in a custom needle holder that mounts onto the rotational
motor of the needle steering robot. CAD models of the needle holder are available
on our group’s research webpage (http://charm.stanford.edu/Main/Resources). The
pose of the EM tracker was sent via TCP/IP from an Ultrasonix SonixMDP ultrasound machine to our custom C++ needle steering program via a Windows-based
Ultrasonix data acquisition application and the WINE emulation layer.
3.3.1.3

Simulated and Theoretical Needle Paths

In addition to EM tracked position of the steerable needle tip, we generated (1) a
simulated needle path given encoder readings, and (2) an theoretical path based on
the theoretical path curvature for each duty cycle. The purpose of the simulated
needle path is to evaluate the algorithms without errors due to friction and torsional
forces from the phantom tissue, and the purpose of the theoretical path is to compare
how closely our algorithms match theoretical predictions.
Simulated Needle For simulation, the needle position and orientation are updated
given the insertion and rotation encoder readings using a 3D extension of a method
described in our prior work [49]. We assume that (1) the needle tip follows an arc
of minimum radius, rmin , for a fixed tip orientation, (2) the needle orientation is
controlled by rotations about the base of the needle, and (3) the needle shaft follows
the tip path. We describe the position and orientation of the needle tip in a reference
frame, N , with respect to a starting reference frame for the needle, S, using a 3 × 3

matrix gsn (t) ∈ SE(3) [66], [20]. Rsn (t) describes a rotation between S and N at

time t, and psn (t) is the position of the needle tip relative to the starting reference
frame, S.
A simplified version of the needle kinematic model presented in [104], without
angular needle velocity, can be used as an expression for the needle tip configuration.
The relative change in needle orientation, as measured by the rotation encoder, can
be represented by grot which describes a rotation about the needle axis, ~e2 , by angle θ
(between 0◦ and 360◦ ). Combining the change in needle orientation with the change in
insertion distance, ds, as measured by the insertion encoder, allows for computation of
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the new needle configuration, where gsn (0) denotes the previous needle configuration.
n
)
gsn (t) = gsn (0)grot exp(tVbsn
"
#
Re3 (θ) 0
grot =
0
1
h
iT
n
= 0 0 ds ds/rmin 0 0
tVbsn

(3.16)
(3.17)
(3.18)

Theoretical Needle The theoretical needle path is a perfectly circular arc with
an arc length of 12 cm and a radius of curvature defined by (3.5). This path was
generated in MATLAB as a post-processing step. The path generation function takes
the duty cycle, insertion velocity, and time vector corresponding to each experimental
needle insertion to generate a time-matched theoretical path for each needle insertion.
3.3.1.4

Estimation of Maximum Needle Curvature

To generate theoretical and simulated needle data described above, the maximum
curvature of the steerable needle with the EM tracker, κmax , had to be identified.
Curvature depends on needle characteristics (i.e., diameter, stiffness, pre-bend angle,
etc.) and tissue characteristics (i.e., coefficient of friction, stiffness, homogeneity
etc.) [51], [108]. We inserted the EM tracked needle assembly ten times to a depth
of 15 cm in the artificial tissue, ensuring that the needle insertion location was new
for each insertion and that the needle did not intersect previous needle tracks. We fit
circular arcs to the EM data using least squares. The minimum radius of curvature
for the needle, rmin , was found to be: rmin = 1/κmax = 12.67 cm (SD=0.759 cm).
We also measured 10 s of EM data for a stationary needle with the moving robot to
characterize the noise present in our system and found it to be 0.4037 mm (SD =
0.2455 mm).
3.3.1.5

Experimental Protocol

The steerable needle was inserted 12 cm into an artificial polyvinyl chloride (PVC)
phantom (2:1 ratio of plastic to softener) using one of three duty cycle spinning
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algorithms: (1) continuous rotation duty-cycled spinning, (2) bidirectional rotation
duty-cycled spinning, and (3) duty-cycled flipping. Duty cycles of 0%, 25%, 50%,
75%, and 100% were tested for each algorithm, and each insertion was repeated 5
times for a total of 75 needle insertions. For the bidirectional duty-cycled spinning
and duty-cycled flipping cases, needle tip position was measured using the EM tracker,
and insertion forces and torques were measured with a 6-axis ATI Nano17 force-torque
sensor. For all duty-cycling algorithms, the rotational velocity for each iteration step
was approximately 2π rad/s and the insertion velocity was 1 mm/s. The duty cycle
step, ds, was 0.5 cm for the duty-cycled spinning algorithms and 2 cm for the for the
duty-cycle flipping algorithm.

3.3.2

Results and Discussion of Preliminary Duty-Cycling
Experiments

The needle paths for all trials, grouped by duty cycle, are shown in Fig. 3.4. The
theoretical curve and simulated needle based on encoder readings are shown for
each duty-cycling algorithm. For bidirectional duty-cycled spinning and duty-cycled
flipping , the EM needle tip position data is also shown. As the EM tracker was
not registered to the robot coordinate frame a priori, the data was registered to the
simulated needle using a fixed-scale Procrustes analysis [32]. The error magnitude
between the simulated and EM needle tip position data, and the theoretical curve for
each duty cycle is shown in Fig. 3.5. We note that the motors and metallic components
of the robot seem to have some effect on EM needle tip positions errors when the EM
needle tip is close to the robot. The errors present between simulated needle data and
the theoretic needle path are related to various algorithmic implementation choices,
the analysis of which is beyond the scope of this work.
Examples of insertion force and axial torque magnitude profiles over time for 25%
and 100% are shown in Figs. 3.6 and 3.7. Though not shown in this section, we found
that as duty-cycle increases, the insertion force for the duty-cycled flipping algorithm
looks more similar to the bidirectional rotation duty-cycled spinning. Additionally, for
the duty-cycled flipping algorithm, the insertion force has higher variability whereas
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Figure 3.4: Simulated needle paths for all duty-cycling methods. For duty-cycled
flipping and bidirectional duty-cycled spinning steering algorithms, the needle tip
position as recorded with the EM tracker is also shown.

in the bidirectional rotation case, the axial torque has higher variability. Determining
which case, insertion force variability or axial torque variability, has a more significant
effect on tissue damage would be an interesting question for future work. A summary
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Figure 3.5: Example of needle tracking error over time for 100% duty-cycled needle
insertions. The mean of 5 needle insertion for each case is shown with the standard
deviation. EM tracking data is shown for BDCS and DCF, and the simulated needle
error is shown for all algorithms.
of the insertion force and axial torque magnitudes for needle insertions using dutycycled flipping and bidirectional rotation duty-cycled spinning are shown in Fig. 3.8.
A single outlier for the 25% duty cycle bidirectional spinning insertions accounts for
the large standard deviation. The cause of the spike in insertion force and torque,
shown in Figs. 3.6(a) and 3.7(a), beginning at approximately 11.5 cm of insertion, is
unknown.
An analysis of variance (ANOVA) was used to determine significant differences
between groups (i.e., control algorithms and duty cycles) for force and torque data,
as well as final end-point error between the EM needle tip position data and the
simulated tip position data (Table 3.1). A post-hoc Scheffe test was performed
using the ANOVA test statistic to identify significantly different groups.

Effect

significance is identified for p-values less than 0.05. Significant groups are indicated
with parentheses in Table 3.1. Important results from this analysis are as follows.
No significant difference was found on end-point error for either duty cycle or control
method, as measured with EM tracker data or simulated needle insertions from motor
inputs. Duty-cycled flipping has significantly less mean insertion force and mean
axial torque. This result indicates that duty-cycled flipping might be a good choice
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Control Method (DCS, BDCS, DCF)
p
Significant Groups
0.1123
0.3416
0.3734
0.0318
DCF lower
0.0774
<0.0001
DCF lower

p
0.4175
0.0778
0.7291
0.3719
0.0147
<0.0001

Duty Cycle
Significant Groups
0% lower than 25%
0% lower than rest

Table 3.1: Statistical Analysis of Duty-Cycling Experiments
Source
EM End-Point Error*
Sim. End-Point Error
Max. Insertion Force
Mean Insertion Force
Max. Axial Torque
Mean Axial Torque

Interaction
p
0.3556
0.4848
0.0313**
0.0197
0.5109
<0.0001

DCS–duty-cycled Spinning, BDCS–Bidirectional duty-cycled Spinning, and DCF– duty-cycled Flipping. Duty Cycle: 0%, 25%, 50%, 75%, 100%.
* This measurement is only evaluated for DCF and BDCS. ** Insignificant main effects shed doubt on the significance of the interaction effect.
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Figure 3.6: Example insertion force magnitudes for duty cycles of 25% and 100% for
BDCS and DCF steering algorithms.

for implementation of needle steering with biological tissue, as tissue damage might
be reduced. The maximum axial torque was significantly higher for 25% duty cycle
case than 0% duty cycle case, likely due to a single outlier in the bidirectional dutycycled spinning needle insertions. Finally, maximum and average axial torque are
significantly lower for insertions with 0% duty cycle, likely due to the fact that the
needle is not spinning for these cases.
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Figure 3.7: Example axial torque magnitudes for duty cycles of 25% and 100% for
BDCS and DCF steering algorithms.

3.3.3

Summary of Preliminary Experiments

We have demonstrated two novel algorithms for duty-cycled control of roboticallydriven steerable needles without the need for continuous rotation. These algorithms
could be useful in a variety of needle steering applications where the use of a sensor
with a cable is required. We evaluated our algorithms using a custom hollow steerable
needle with an embedded electromagnetic tracker and a force-torque sensor. We found
no significant differences between the algorithms with regard to end-point error, and
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Figure 3.8: Maximum and mean insertion forces and axial torque magnitudes for
BDCS and DCF. The mean of the 5 insertions for each condition is shown, with
standard deviation error bars. The large error bar for 25% duty cycle bidirectional
spinning is due to a single outlier.
significantly lower mean insertion forces and torques for duty-cycled flipping.
An interesting direction for future work could be to explore the relationship
between various duty-cycling algorithms and tissue health. Whether insertion force
variability or axial torque variability leads to more tissue damage would be an
important consideration for the clinical implementation of duty-cycled robotic needle
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steering. The effect of duty cycle step size on the force and torque profiles would also
be an important study for future work.
The ultimate goal of this work is to implement our duty-cycling algorithms with
teleoperated robotic needle steering. Thus, the duty cycle step size and ratios of
rotational to insertional velocity used in our algorithms could be further optimized to
more closely mimic typical human movement speeds, creating a more natural humanrobot interaction.

3.4

Duty Cycling Parameters

Section 3.2 described each of the duty-cycling algorithms in terms of a variety of lowlevel implementation parameters. There is a particular set of parameters, common
to all algorithms, that affect the behavior of steerable needles under any type of
duty-cycled control. These parameters are:

3.4.1

Duty Cycle Step

The duty cycle step size, ds, defines the smallest insertion distance in which the needle
curvature should theoretically be equal to the the curvature defined by the duty cycle
(i.e. Equation (3.5)). The choice of duty cycle step size is important because it affects
both the overall insertion time as well as end-point error. We hypothesize that large
step sizes will result in faster insertion times, but more error than small step sizes,
which will have slower insertion times and less error.

3.4.2

Insertion Velocity Scale Factor

The insertion velocity scale factor, sf, is a measure of how fast the needle inserts
relative to how fast the needle rotates. In the previous section, sf = 1 was assumed.
It is possible to insert needles with a slower insertion velocity, provided that the scale
factor ensures complete needle rotations to prevent planar needle drift (e.g. v = sf · ω

where sf = 1, 12 , 13 . . .). Fast needle insertion with slow needle rotation will result in a
corkscrew effect [34], but for the purpose of duty-cycled steering this is undesirable.
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We hypothesize that slow needle insertion with fast needle rotation is preferable.
However, if the scale factor is too small, needle insertion might be too slow for the
desired application. For a teleoperated needle steering robot, slow needle insertion
would be frustrating for the human operator and lead to large errors between the
actual and user-specified needle path.

3.4.3

Control Frequency

In multi-threaded applications that incorporate graphics, data collection, low-level
motor controllers, and high-level control/planning algorithms, one defines a frequency
for each thread to ensure that sufficient computation time is available to each process.
For duty cycling control, the control frequency, 1/∆t, can play a large role in
needle behavior. In the following section, we simulate a range of algorithm control
frequencies to determine the minimal control frequency above which, assuming ideal
motor responses and uniform needle-tissue interaction forces, there are no significant
differences in algorithmic behavior.

3.5

Analysis of Duty-Cycled Spinning

Our initial motivation for bidirectional duty-cycled spinning and duty-cycled flipping
algorithms was the need to incorporate wired sensors such as force sensors and electromagnetic trackers with axially-actuated steerable needles. In unidirectional dutycycled spinning, the required continuous rotation prevents the use of these sensors
due to cable wind-up. Bidirectional duty-cycled spinning and duty-cycled flipping
constrain needle rotation to ±360◦ over the course of needle insertion, eliminating
cable wind-up. In addition, our evaluation of these duty cycling algorithms revealed

an additional limitation of duty-cycled spinning: inherent open-loop tracking errors
due to algorithmic asymmetry.
For a desired path curvature, κdes , with radius of curvature rdes = 1/κdes , the ideal
configuration of the needle, as described by Equation (3.4), can be thought of as the
configuration corresponding to a needle whose minimum radius of curvature, r, is the
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Figure 3.9: Unidirectional duty-cycled spinning results in more error than bidirectional duty-cycled spinning. These observations can be explained by the algorithmic
symmetry of bidirectional duty-cycled spinning.

desired radius of curvature.
gsn,des (t) = gsn (0)eVdes (t)t ,
b

(3.19)

n
where Vbdes is Vbsn
from Equation (3.2), with r = rdes , ω(t) = 0, and v equal to the

desired insertion velocity.
In the case of unidirectional duty-cycled spinning, we define the needle configuration in terms of the duty cycle percentage, D. In one duty cycle period, the needle
spends D percent of the period in both insertion and spin, and (1 − D) percent of

the period in pure needle insertion. We define two additional velocity matrices to
capture this behavior: Vbcw , (cw denotes a clockwise rotation direction with a positive
n
ω) which is equal to Vbsn
(Equation 3.2), and Vb0 , which has the same form, except
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that ω(t) is equal to zero. Thus, the needle configuration is
gsn (nT ) = gsn (0)(eDT Vcw e(1−D)T V0 )n
b

b

(3.20)

where T is the duty cycle period. Similarly for bidirectional duty-cycled spinning, if
Vbccw (ccw denotes counterclockwise) is equal to Vbcw but with ω(t) negative, indicating
a counterclockwise rotation,
gsn (nT ) = gsn (0)(eDT Vcw e(1−D)T V0 . . .
b

b

eDT Vccw e(1−D)T V0 )n/2
b

b

(3.21)

As the cycle time t approaches zero and the ratio of the rotation speed to insertion
speed ω : v approaches infinity, Equation (3.20) converges to Equation (3.19).
lim ( lim gsn (nT )) = gsn,des (t)

w:v→∞ T →0

(3.22)

However, before Equation (3.22) can converge, this method of duty-cycling results in
some tracking error between gsn,des and gsn . This tracking error will propagate over
long needle insertions. Figure 3.9(a) shows error as a function of insertion distance
for a 70% duty cycle needle insertion where the rotation to insertion ratio is 10. The
rotation to insertion velocity ratio also affects error, as shown in Figure 3.9(b) for 30
cm needle insertions. Bidirectional duty-cycled spinning is less sensitive to this error
due to the symmetric nature of the algorithm. With each new step, needle rotation
will start propagating error in a new direction, effectively straightening the needle
out.

The piecewise, time-dependent nature of the duty-cycled flipping algorithm does
not lend itself to a similar analysis, thus motivating the comparison of simulated
needle insertions in the following section.
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3.6

Optimal Duty Cycling Parameters

In order to identify the best duty-cycling parameters for implementation with a
robotic needle steering system, we selected a range of relevant parameters and
simulated needle insertions using all combinations of those parameters with the goal of
evaluating the best set for the majority of needle insertions. The choice of parameter
values was guided by knowledge of feasible choices for implementation with the needle
steering robot [48] used for experiments. The results can be used as a guideline for
implementation with similar needle steering systems.

3.6.1

Objective Metrics for Simulated Needle Insertion

Three types of objective metrics (average path error from the ideal path, overall
insertion time, and insertion force/torque) were defined to characterize the effects of
various needle steering parameters.

3.6.1.1

Average Path Error

The average path error, eavg , is defined as the average distance between the simulated
steerable needle and an ideal path, along the entire length of the inserted needle. The
ideal needle is a perfectly circular arc with an arc length equal to the insertion length
of the simulated needle and the radius of curvature defined by Equation (3.5). To
calculate the average path error, we generate a set of points representing the ideal
path over time, assuming the same insertion velocity profile as a simulated needle.
This ensures that the error metric reflects the error between the simulated needle and
the ideal path at each point in time. Thus, the average path error metric indicates
how closely the simulated needle, with various duty-cycling parameters, follows the
ideal needle path.
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3.6.1.2
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Overall Insertion Time

Needle insertions during medical interventions can be fast; for example, insertions are
close to 1 m/s in the case of prostrate brachytherapy [77]. In unidirectional dutycycled spinning, the needle must spin with a rotational velocity much greater than
the insertion velocity in order to prevent planar deviations. In one prior study, the
rotational velocity of the needle was 1 rev/sec with a step size of 1 mm, yielding a
needle insertion velocity of 1 mm/s [110]. In a teleoperated setting, inserting steerable
needles with these velocities could be prohibitively slow for natural control by a human
operator. Additionally, needle insertion often must be done within one breath hold
(approx. 25 s) as tissue will move during respiration. Thus, this objective favors
duty-cycling algorithms with the shortest overall insertion time, tend .
3.6.1.3

Insertion Force and Axial Torque

It is important to consider the effect a steerable needle may have on tissue health.
While needles of any type inherently cut tissue (as part of their purpose), a control
algorithm that minimizes force and torque applied to tissue might reduce the extent of
unintended tissue damage. Specifically, we consider insertion force and axial torque.
Needle insertion force is measured at the base of the needle and is a combined
measurement of needle tip cutting forces, needle shaft friction forces, and in the
case of steerable needles, components of the lateral forces applied by the needle to
the tissue [63]. These forces also depend on local tissue properties. Axial torque
measured at the needle base is a combined measurement of torques generated by
reaction torques from the tissue at the tip of the needle (particularly for pre-bent
needles) and torsional friction about the needle shaft. While there does not yet exist
a method to correlate base needle force and torque measurements directly to specific
behaviors that might lead to tissue damage [16], a general objective is to minimize
the mean total insertion force, favg , and axial torque, τavg .
Steerable Needle Insertion Force and Torque Models To incorporate the
objective of minimizing force and torque with various duty-cycling algorithms, we
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developed a model of insertion force and axial torque for simulated needle insertions.
In general, needle force and torque modeling is a challenging problem because forces
and torques depend on viscoelastic properties of tissue and nonlinear needle-tissue
friction [67]. For the purposes of this work, it is not important to model the specific
nuances of the needle-tissue interaction, so we aim to correlate insertion forces and
torques with needle insertion and rotation motions. We chose a generalized KelvinVoigt model, which uses a spring and viscous element in parallel, for both needle
insertion forces and axial torques [8]. The general form of our needle insertion force
and axial torque model is
f (t) = Kf (x, v, t)x(t) + Bf (x, v, t)v(t)

(3.23)

τ (t) = Kτ (θ, ω, t)θ(t) + Bτ (θ, ω, t)ω(t),

(3.24)

where f (t) and τ (t) correspond to the expected insertion force and axial torque at
an instant in time. The stiffness coefficients, Kf and Kτ , and damping coefficients,
Bf and Bτ , are time-varying. These stiffness coefficients depend on needle position
and velocity in the insertion force case, and needle spin angle and velocity in the
axial torque case. The specific values of the stiffness and damping coefficients can be
measured experimentally for specific tissues.

Estimated Force and Torque Profiles In order to identify the stiffness and
damping parameters for the generalized Kelvin-Voigt force and torque models used
in this work, we fit a linear time-varying model for stiffness and damping coeifficients
to experimental data obtained in prior duty-cycling needle insertion experiments [50].
In these experiments, an electromagnetically tracked steerable needle was inserted 12
cm into an artificial polyvinyl chloride (PVC) phantom tissue (2:1 plastic to softener)
using both bidirectional duty-cycled spinning and duty-cycled flipping techniques for
duty cycles of 0%, 25%, 50%, 75%, and 100%. For bidirectional duty-cycled spinning,
the step size was 0.5 cm, and for duty-cycled flipping, the step size was 2 cm. For
both algorithms, the algorithmic frequency was 200 Hz and the rotation-to-insertion
velocity scale factor was 1. Position and rotation (via optical encoders), insertion
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forces, and axial torques were measured during needle steering. A back-difference
needle insertion velocity, v, and angular velocity, ω, were calculated from the position
and rotation data. The force and velocity data were filtered with a 10-point moving
averaging filter. The following linear time-varying model of stiffness and damping
gives insertion force and axial torque as a function of time:
f (t) = (kf0 + kf1 t)x(t) + (bf0 + bf1 t)v(t)

(3.25)

τ (t) = (kτ0 + kτ1 t)θ(t) + (bτ0 x + bτ1 t)ω(t).

(3.26)

The parameters kf0,1 , bf0,1 , kτ0,1 , bτ0,1 were fit using a pseudoinverse operator and
the known force, torque, position, and velocity data. The stiffness and damping
coefficients were fit for both duty-cycled spinning and duty-cycled flipping algorithms,
as they should be independent of algorithm. The fit parameters were verified by
generating new force and torque curves with the parameters and time, position, and
velocity data. The fit parameters and the correlation coefficient between the modelgenerated and experimental data are shown in Table 3.2. An example of modelgenerated and experimental force and torque data is shown in Figure 3.10.
Table 3.2: Estimated force and torque constants.
Insertion Force
Coefficient

Axial Torque

f0

f1

τ0

τ1

(const.)

(time-var.)

(const.)

(time-var.)

Stiffness (k)

0.1439

0.000

-0.0068

0.000

Damping (b)

0.0886

0.0363

-0.0051

0.000

Mean Correlation

0.9681

0.8242

Force and Torque Metrics Many possible metrics can be identified from force
and torque profiles; we chose mean insertion force and the mean absolute value of
torque as representative of the overall force and torque applied to tissue.
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f (t) = (kf0 + kf1 t)x(t) + (bf0 + bf1 t)v(t)

⌧ (t) = (k⌧0 + k⌧1 t)✓(t) + (b⌧0 + b⌧1 t)!(t)

Figure 3.10: Modeled and measured duty-cycled needle insertion force and axial
torque data for bidirectional duty-cycled spinning and duty-cycled flipping algorithms
for 12 cm needle insertions (data from 0 to 8 cm is shown). For bidirectional dutycycled spinning, torque data is measured during continuous 360◦ degree rotations
in opposite directions, and for duty-cycled flipping, torque data is measured during
discrete 180◦ degree needle flips, with direction of rotation switching every two flips.
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3.6.2

Objective Function

An objective function was formed to select duty-cycling parameters that resulted in
the least error, shortest overall insertion time, and lowest insertion forces and torques.
As it is still unknown whether it is better to minimize insertion forces or axial torques
during steerable needle insertion, two objective functions were formed – one with the
force component and one with the torque component. The objective function is
an equally weighted minimization of the normalized average error, insertion time,
and either mean insertion force or mean absolute axial torque. A schematic of this
objective is shown in Figure 3.11. The minimization equations are given below.

min||fopt ||2 =

min||τopt ||2 =

3.7

r

tend −tmin
tmax −tmin

2

+



eavg −emin
emax −emin

2

+



favg −fmin
fmax −fmin

2

(3.27)

r

tend −tmin
tmax −tmin

2

+



eavg −emin
emax −emin

2

+



τavg −τmin
τmax −τmin

2

(3.28)

Identification of Optimal Duty-Cycling Parameters

Several analysis approaches were taken to identify the best duty-cycling parameter
sets to achieve the objectives of minimal error, insertion time, insertion forces, and
axial torques through simulated duty-cycled needle insertions.

3.7.1

Duty-Cycling Simulation and Parameter Sets

For each duty-cycle algorithm, needle insertions were simulated with a particular set
of duty-cycle parameters including duty-cycled step size, scale factor, and algorithmic
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1
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Figure 3.11: Schematic of the objective function for optimization of duty-cycling parameters, comparing results for unidirectional duty-cycled spinning (UDCS), bidirectional duty-cycled spinning (BDCS), and duty-cycled flipping (DCF). The objective
minimizes the Euclidean norm of three normalized objectives: average error, overall
insertion time, and mean insertion force or mean absolute torque.

control frequency. The simulated needle insertion distance was 15 cm and the assumed
needle minimum radius of curvature was 5 cm. The duty-cycle parameter sets used in
simulation are permutations of a range duty-cycle step sizes (ds = 0.1, 0.5, 1, 2 cm),
a range of scale factors (sf = 1, 1/2, 1/3, 1/4), and a range of algorithmic control
frequencies, (f = 50, 100, 200 Hz) for duty-cycled spinning algorithms and (f = 500,
700, 1000 Hz) for duty-cycled flipping. Explanation of this choice can be found
in Section 3.7.2. The three-dimensional needle paths for each of the duty-cycling
algorithms are presented in Figure 3.12. The 0% duty cycle case can be thought of as
a control group for needle insertions with the same parameter set because the needle
did not rotate during insertion; insertion speed in this case is dependent only on the
scale factor. The duty-cycled spinning cases (unidirectional and bidirectional) are
more influenced than duty-cycled flipping by duty-cycle step size.
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Figure 3.12: Simulated needle paths for unidirectional duty-cycled spinning (UDCS),
bidirectional duty-cycled spinning (BDCS) and duty-cycled flipping (DCF), for all
duty-cycling parameter combinations.

3.7.2

Analysis of Objective Minimization

To analyze the effects of various parameter sets on needle behavior, we first evaluated
the objective metrics defined in Equations (3.27) and (3.28) for all simulated needle
steering insertions. We then selected the combination of duty-cycle step size, scale
factor, and frequency that resulted in the minimal objective for each algorithm
and duty cycle (Figure 3.13).

Bidirectional duty-cycled spinning had the best

performance when considering mean insertion force in the objective function. For low
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duty cycles (i.e., 0% and 25%) bidirectional and unidirectional duty-cycled spinning
have similar performance, but for higher duty cycles (i.e., 50-100%) bidirectional
spinning outperforms unidirectional spinning. This is likely due to the symmetric
nature of bidirectional duty-cycled spinning, which reduces error propagation over
insertion distance. When considering mean absolute axial torque, duty-cycled flipping
outperforms both duty-cycled spinning algorithms. This is likely because, for dutycycle flipping, the needle only experiences torsion during spins to reorient the bevel
flip. In contrast, for duty-cycled spinning, the needle continuously spins and thus
continuously experiences axial torque. Additionally, individual needle flips consist of
a 180◦ needle rotation, as opposed to a 360◦ rotation for bidirectional duty-cycled
spinning.

Comparative Analysis of Individual Parameter Effects We examined the
effect of the parameters of interest (duty cycle step size, insertion velocity scale
factor, and control frequency) on duty-cycled needle steering performance by plotting
the objective metrics (error, time, and forces and torques) with respect to specific
duty-cycle parameters.

Effect of duty cycle step size The first parameter considered was the effect of
duty cycle step size on needle behavior. In Figure 3.14(a), mean needle insertion
force is plotted against average path error, grouped by algorithm, duty cycle, and
duty cycle step size. In Figure 3.14(b), the log of the mean axial torque is plotted
against average path error. These data demonstrate that lower duty-cycle step size
leads to lower insertion forces and average errors. Unidirectional duty-cycled spinning
has much higher mean axial torques than both bidirectional duty-cycled spinning and
duty-cycled flipping. This can be explained by the fact that the needle always spins
in the same direction for unidirectional duty-cycled spinning. As our simulation does
not take tip cutting forces into account, the simulated mean axial torque is likely
higher than what would be observed in actual needle insertions into tissue.
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Figure 3.13: Optimal duty-cycling parameters for each algorithm and duty cycle.
Optimal parameters are identified as the parameters sets with the minimal Euclidian
norm for the objective functions defined in Equations (3.27) and (3.28). The color
coding denotes which of the three duty-cycling algorithms had the best performance
for a particular duty cycle. Overall, bidirectional duty-cycled spinning has best
performance with respect to insertion force and duty-cycle flipping has the best
performance with respect to axial torque. Differences between uni- and bidirectional
duty-cycled spinning are negligible for 0% duty cycle.
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Figure 3.14: Mean insertion forces and axial torques vs. average error as a function of
duty cycle step size, ds. Smaller step size seems to correlate to lower mean insertion
forces and average errors and mean axial torques are much higher for unidirectional
duty cycled spinning.

Effect of insertion velocity scale factor The second parameter considered
was insertion velocity scale factor. There is a clear trend that decreasing scale factor
increases the overall insertion time, as shown in Figure 3.15. This is caused by
slower needle insertion velocity in general. Duty-cycled flipping is less affected by
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Figure 3.15: Overall insertion time vs. average error as a function of scale factor.
Smaller scale factors lead to longer insertion times and duty-cycled flipping general
has lower overall insertion times than duty-cycled spinning.
insertion velocity scale factor because needles inserted with duty-cycled flipping do
not have long insertion times or large average errors (i.e., no insertion times greater
than 4 minutes or average errors greater than 0.8 cm), in contrast to the duty-cycled
spinning algorithms.
Effect of control frequency The effects of control frequency on needle behavior
were also evaluated. Initially control frequencies of 50, 100, and 200 Hz were chosen
because computation of the simulated needle insertions was slow.

As shown in

Figure 3.16, the average error for needle insertions for both duty-cycled spinning
algorithms was similar. However, the duty-cycled flipping errors were much larger. A
Kruskal-Wallis ANOVA analysis revealed that at the lower frequency, mean average
errors for duty-cycling flipping were significantly different for each frequency (p-value
≤ 0.0001) Therefore, the simulated control frequencies were increased until these

differences were no longer significant. The additional set of control frequencies chosen
for duty-cycled flipping were 500, 700, and 1000 Hz. One possible explanation for
the dependence of the duty-cycled flipping behavior on algorithmic control frequency
is because duty-cycled flipping consists of discrete 180◦ flips. If the needle does not
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Figure 3.16: The average error for needle insertions with duty cycled spinning at
different frequencies is not significantly different, however, the error differences for
duty cycled flipping are. Simulated control frequencies were chosen such that control
frequency did not significantly effect needle insertion error for each algorithm, when
grouped by duty cycle.
reach the full desired rotation due to a slower control frequency, the needle will begin
to steer in an undesired steering plane. Over the course of needle insertion, this error
will continue to propagate.

3.7.3

Statistical Analysis

An Analysis of Variance (ANOVA) was conducted in order to evaluate the significance
of the various parameters chosen on needle behavior.

Due to non-normality of

the data, a Kruskal-Wallis analysis was performed. The results of the KruskalWallis analysis are presented in Table 3.3, with significant effects corresponding to
parameters with a p-value less that 0.05 and significant groups identified through a
post-hoc Scheffe test.
The statistical analysis verified some of the expected results.

For example,

control frequency did not have a significant effect on any of the needle steering
objectives.

This is an expected result because frequencies above the minimal

control frequency were chosen. No differences were observed between the different
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duty-cycling algorithms, except for significantly larger mean absolute axial torques
for unidirectional duty-cycled spinning – not surprising, based on Figure 3.14(b).
Another expected result is that the 0% duty-cycle spinning case has significantly
lower forces and torques than for other duty cycles due to the absence of needle
rotation.
The results for scale factor and step size are interesting, as the significance of
their effects depends on the measured objective. For duty-cycle step size, smaller
step sizes lead to lower average error and insertion forces. However, smaller step sizes
also lead to larger axial torques and longer insertion times. Thus, a design tradeoff
exists between error and force when selecting a duty-cycle step size. For insertion
velocity scale factor, smaller scale factors lead to larger overall insertion times, as
expected from Figure 3.15. However, the opposite effect is noticed for mean insertion
force – smaller scale factors lead to smaller insertion forces. This result makes sense
when considering that slower needle insertions should lead to lower insertion forces in
general, but also indicates that tradeoffs between overall insertion time and applied
forces must be evaluated. The choice of how to select duty cycled step size and
scale factor should depend on the nature of the overall needle steering objective (e.g.,
teleoperated vs. autonomous needle steering), or based on the properties of specific
tissues in which needles will be steered.

3.8

Experimental Evaluation of Duty-Cycling Algorithms

From the results of our duty-cycling optimization, we chose a best-case and worst-case
parameter set for both bidirectional duty-cycled spinning and duty-cycled flipping to
evaluate experimentally with a needle steering robot. The long-term goal of our work
is to implement duty-cycled needle steering with Cartesian-space teleoperation [49],
so we prioritized minimal overall insertion time first, followed by minimal insertion
forces. Our hypothesis is that slow needle insertion speeds will be distracting for
the human operator and lead to greater teleoperation errors and a reduction in the
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Parameter
Objective
Average Error
Overall Time
Mean Insertion Force
Mean Abs. Axial Torque

Algorithm
Significance
n/a
n/a
n/a
UDCS>{BDCS,DCF}

Step
p
<0.0001
<0.0001
<0.0001
0.0005

Size (cm)
Sig.
0.1<0.5<1<2
0.1>0.5>1>2
0.1<0.5<1<2
0.1>{1,2}

Scale Factor
p
Sig.
0.8431
n/a
<0.0001 1<2<{3, 4}
<0.0001 1>2>{3,4}
0.1042
n/a

Frequency*
p
Sig.
0.9945 n/a
1
n/a
0.5234 n/a
0.9955 n/a

Table 3.3: Statistical Analysis of Duty-Cycling Parameter Effects
p
0.1357
0.1732
0.0523
<0.0001

Duty Cycle (%)
p
Sig.
<0.0001
0<100<25,50,75
0.0666
n/a
0.5234
n/a
<0.0001 0<all,{0,25,50}<100

UDCS–duty-cycled Spinning, BDCS–Bidirectional duty-cycled Spinning, and DCF– duty-cycled Flipping.
*Frequencies were different for duty-cycled spinning (50,100,200 Hz) and flipping (500,700,100 Hz) and were chosen specifically to eliminate significant effects.
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transparency of the algorithm. We evaluated the best- and worst-case parameter sets
in both an artificial tissue (PVC, 2:1 plastic to softener ratio) and an ex vivo calf
liver.

3.8.1

Duty-Cycling Parameter Sets

Considering the desired objective of minimizing insertion time, we selected an
insertion velocity scale factor of 1 for both the best- and worst-case parameter sets for
bidirectional duty-cycled spinning. A duty-cycle step size of 0.1 cm was chosen was
the best-case scenario and a step size of 2 cm was chosen as the worst case scenario.
For duty-cycled flipping, because larger insertion forces were observed in simulation,
we selected a best-case scenario of an insertion velocity scale factor of 1/4 and a dutycycled step size of 0.5 cm. The worst case duty-cycled flipping scenario consisted of a
scale factor of 1 with a duty-cycle step size of 2 cm. For both bidirectional duty-cycled
spinning and duty-cycled flipping, the algorithmic control frequency was 500 Hz.

3.8.2

Experimental Methods

To validate the chosen parameter sets, we conducted an evaluation experiment with
12 cm needle insertions at 0%, 25%, 50%, 75% and 100% duty cycles in artificial
tissue. The needle used in this experiment was a 41.5 cm long Nitinol tube (0.82 mm
outer diameter, 0.50 mm inner diameter) with a pre-bent tip, designed to enclose a
custom 6-DOF electro-magnetic sensor designed by Ultrasonix Medical Corporation,
partnered with Ascension Technologies, Inc. For the ex vivo calf liver, needles were
inserted for 7 cm. Needles were inserted once for each condition with measurement
of insertion forces and axial torques from a force/torque sensor at the needle base,
as well as needle tip positions measured from an electromagnetic (EM) tracker. In
addition to measured data, the expected needle path based on insertion and rotation
encoder readings and a kinematic model of steerable needles were also generated. The
kinematic model estimate depends on a priori knowledge of the minimum radius of
curvature of the needle. This curvature was obtained through 5 insertions (with no
rotation) of the steerable needle into both the artificial tissue as well as ex vivo tissue,
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while collecting needle tip position information from the EM tracker. A circle was
fit to the data using a least-squares algorithm and the minimum radius of curvature
was found to be 12.7 cm in artificial tissue and 15.1 cm in liver. The measured and
kinematically modeled needle paths were also compared to an ideal needle path based
on the desired duty cycle.

3.8.3

Needle Steering Robot

The needle steering robot used in these experiments can steer a flexible needle with
an asymmetric tip by insertion and rotation of the needle base (Fig. ??). A similar
robot is described in more detail in [48]. The rotation degree of freedom is achieved
through a 12 V DC Maxon motor with an encoder. The rotation motor is mounted
on a linear stage with a 12 V DC Pittman motor and encoder, which provides the
insertion degree of freedom. Computer control of these motors is performed via
power amplifier circuits, a National Instruments PCMCIA DAQCard-6024e, and a
Lenovo ThinkPad laptop running Ubuntu Linux 9.04. A custom multithreaded C++
application was developed for low-level motor control, execution of the various dutycycled spinning algorithms, data collection, and simulation of the steerable needle.
Insertion and rotation encoders, as well as EM tracker and force/torque data were
sampled at 1000 Hz, the low-level motor control loops operated at 500 Hz for the
rotational motor and 200 Hz for the insertion motor (both use proportional-integralderivative control).

3.8.4

Evaluation Results

The overall needle shape for the best- and worst-case parameter experiments in
artificial tissue are shown in Figure 3.17a for bidirectional duty-cycled spinning and in
Figure 3.17b for duty-cycled flipping. The figures show that the worst-case parameters
lead to large errors in comparison to the ideal path. The best-case parameters have
errors that increase with duty cycle percentage. This could be due to torsional
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Figure 3.17: Experimental needle insertion profiles for needles inserted using the best
and worst case scenario for (a) bidirectional duty cycled spinning and (b) duty-cycled
flipping.

lag of the steerable needles, which has previously been shown to impact non-dutycycled needle steering [80]. Insertion force and torque are shown for both dutycycling algorithms, at a 100% duty-cycle, in Figure 3.18. As expected, the worstcase parameters exhibit longer insertion forces and axial torques than the best case
parameters.
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A summary of objectives for the experimental data is shown in Table 3.4. The bestcase parameters for both bidirectional duty-cycled spinning and duty-cycled flipping
lead to larger insertion times; however, these insertion times are 2 to 4 times as fast
as current implementations of duty-cycled spinning, which would be reasonable for
implementation with teleoperated needle steering. It is also interesting to note that
best and worst case duty-cycled flipping insertions have lower max and mean insertion
forces than the corresponding bidirectional duty-cycled spinning insertions. As our
force model predicts higher forces for duty-cycled flipping, it indicates that there may
be limitations in the model for predicting actual needle behavior.
The overall needle path for insertions into ex vivo liver are shown in Figure 3.19.
Needle paths match the ideal path fairly well, especially for lower duty-cycles.
However, this is based on small curvatures; the needle diameter required for use
with the available EM tracker is relatively large and thus the needle does not steer
as well as thinner needles would.
The insertion forces and torques for all duty cycles are shown in Figure 3.20. The
measured needle insertion forces were smaller than expected from simulation. Additionally, these forces are dominated by stiff tissue inhomogeneities (e.g., membranes
and vessels), which likely resulted in local force peaks prior to puncture. Sharper
needle tips will need to be developed to reduce these effects. The axial torque data
matches the expected behavior from simulation.
Finally, we considered an additional metric for this experimental data: the total
mean rotational work of all needle insertions for a given duty-cycling algorithm and
parameter choice (Table 3.4, line 7). Rotational work for bidirectional duty-cycled
steering is approximately twice as large as for duty-cycled flipping. This is due
to the fact that the needle continuously spins during insertion for the duty-cycled
spinning case, whereas needle insertion stops during duty-cycled flipping leading to
only temporary moments with algorithm-induced axial torque. We hypothesize that
higher rotational work leads to greater tissue damage and that duty-cycled flipping
might be a better algorithmic choice for future implementations of duty-cycled needle
steering.

Objective
End-point Error (mm)
Average Error (mm)
Average Insertion Time (s)
Max Force (N)
Mean Force (N)
Mean Torque (Nmm)
Mean Rotational Work (J)

BDCS - Worst
6.2
2.2
8.23
4.57
2.07
4.52
8.17

DCF - Best
3.3
1.6
51.26
1.75
0.72
3.32
6.52

* Colors correspond to the legend in Figure 13.

BDCS - Best
3.5
1.3
24.80
2.48
1.13
3.04
15.77

DCF - Worst
6.3
2.9
14.56
2.71
1.20
2.65
3.02

Liver
BDCS
1.0
0.42
14.53
1.43
0.25
3.82
11.00

Liver
DCF
1.5
0.72
31.36
2.42
0.44
3.48
4.88

Table 3.4: Experimental Evaluation of Duty-Cycling Objectives in Artificial and ex vivo Liver Tissue
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Figure 3.18: Force and torque profiles for needle insertions with the best and worst
case duty-cycling parameters.
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Figure 3.19: Experimental needle insertion profiles for needles inserted into liver
using the best duty cycling parameters for both (a) bidirectional duty-cycled spinning
(BDCS) and (b) duty-cycled flipping (DCF), respectively.

3.9

Conclusions

Controlling needle curvature through control techniques such as duty-cycled spinning
or duty-cycled flipping is an effective and straightforward way to control needle
curvature with a robotic needle steering system.

However, many choices exist

when considering how to implement a duty-cycling algorithm. We identified several
important parameters, namely duty-cycle step size, ratio of insertion to rotational
velocity, and algorithm control frequency. The choice of these parameters affects
overall needle behavior, and may even have conflicting effects when considering
desired objectives such as minimal average path error, overall insertion time, and
mean insertion forces and axial torques. In this work, we used simulated needle
insertions that consider various duty-cycling algorithms and their parameters. We
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as described
in Section 3.8.1

found that algorithmic control frequency, after a particular threshold, does not affect
needle steering behavior. However duty-cycle step size and velocity scale factor do
significantly affect needle behavior. The particular choice of parameters will depend
on the specific implementation, and may require making various tradeoffs between
desired objectives. These preferences could be incorporated into a different weighing
scheme for the objective metic defined in Equation (3.28). In evaluation experiments
in artificial and ex vivo tissue, we demonstrated improved needle insertion objectives
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with our “best-case” duty-cycling parameter sets, chosen to reduce overall insertion
time and insertion force. Our analysis describes a method to understand several
tradeoffs between duty-cycling parameters as they relate to implementation with a
robotic needle steering system. This work assumes that rotations applied at the base
of the needle are transmitted to the tip of the needle. Prior work has shown that
steerable needles can be prone to torsional lag between base and tip rotations due
to torsional friction [80]. In future work, a torsional compensator could be useful to
improve duty-cycling control.

Chapter 4
Teleoperation of Steerable Needles
4.1

Introduction

In this chapter, we present an intuitive Cartesian space teleoperation algorithm for
human-in-the-loop control of robotically driven steerable needles. Through a human
subjects experiment with simulated steerable needles and a haptic device, we show
that with our algorithm, users are able to steer needles more quickly, accurately, and
with straighter paths than with a joint space control teleoperation algorithm. We
then describe how to implement our teleoperation algorithm with a needle steering
robot and show demonstrations of users teleoperaterating steerable needles in artificial
tissue and in an animal cadaver under fluoroscopic imaging.

4.2

Cartesian and Joint Space Teleoperation of Steerable Needles in 2D

Robotically steered needles can improve clinical procedures by curving significantly
within the body to attain targets and avoid obstacles. Needles that steer by tip
asymmetry are nonholonomic systems, which are difficult to control manually (i.e.
in joint space) due to under-actuation and unintuitive kinematic constraints. We
propose a new teleoperation approach for nonholonomic systems (steerable needles
106
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in particular) that allows a user to command the desired position of a robot in
Cartesian space and provides force feedback to represent kinematic constraints and the
position error of the robot. We performed a user study with a virtual environment to
evaluate the effectiveness of Cartesian space teleoperation in comparison to traditional
joint space teleoperation, as well as the role of force feedback in Cartesian space
teleoperation. Time-to-target and needle insertion length were significantly smaller
for Cartesian space control than for joint space control, and when combined with
force feedback, Cartesian space control resulted in significantly less targeting error
than joint space control. Force feedback during Cartesian space control also reduced
tracking error between the user and needle during insertion. Users rated Cartesian
space control as easier overall; however, a few subjects felt they had less direct control
of the needle. A version of this work was published in [49]

4.2.1

Background and Motivation

Needle insertion is prevalent in many diagnostic and interventional medical procedures, including biopsy, ablation, and brachytherapy. Robotically steerable needles
can be used to improve such procedures by increasing the reachable workspace of the
needle and avoiding critical structures or obstacles within the body (e.g., nerves, vessels, and bones). One approach to needle steering uses a highly flexible needle shaft
with an asymmetric tip, which causes lateral tip forces to bend the needle during
insertion into tissue. Through a combination of two input degrees of freedom (DOF),
insertion and rotation about the needle axis, the robotic needle can follow a variety
of paths and reach a large number of tip poses (3-DOF in the plane and 6-DOF in
general) [104].
The nonholonomic nature of steerable needles makes them difficult for people to
control by hand using joint space inputs (i.e. insertion and rotation). Because needle
steering is difficult to perform manually, image-guided robotic systems have been
developed to steer needles autonomously, e.g. [31] [79]. Despite the demonstrated
accuracy of autonomous needle steering systems in artificial tissues, maintaining
physician-in-the-loop guidance is desirable due to the unpredictable behavior of
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needles in nonlinear and anisotropic biological tissue. Steerable needles have been
previously teleoperated in joint space [82], which places the burden of predicting the
needle’s nonholonomic behavior on the user. Improved methods for teleoperation
of nonholonomic systems could apply to a variety of situations, including parallel
parking a car, steering a wheelchair in cluttered environments, and flying aircraft.
Joint space control of nonholonomic steerable needles requires user inputs (i.e.
insertion and rotation) at the base of the needle. In this paper, we present a Cartesian
space teleoperation strategy that allows the user to interactively control the position
of the steerable needle tip (Figure 4.1). This teleoperation scheme aims to decrease
the difficulty of controlling steerable needles by changing a nonholonomic steering
task to a Cartesian positioning task. A position-based teleoperator is expected to be
easier to use because humans prefer to make movements with their own bodies using
spatial control rather than joint control [64]. To evaluate our Cartesian teleoperation
strategy and determine whether haptic feedback improves teleoperator performance,
we conducted a user study. Users “teleoperated” a virtual steerable needle in a planar
virtual environment using a haptic device as the master, with three different strategies:
(1) joint space control, (2) Cartesian space control, and (3) Cartesian space control
with force feedback.

4.2.2

Cartesian and Joint Space Teleoperation

4.2.2.1

Cartesian Space Teleoperation

Our proposed teleoperation system consists of a needle steering robot to actuate a
steerable needle (e.g. [48]) and a master haptic device such as the Phantom Omni
(SensAble Technologies, Inc., Wilmington, MA) to allow for user control. In contrast
to traditional teleoperation of holonomic robots that attempt to follow straightline paths from their current position to the desired position, as defined by the
master haptic device, steerable needles must follow constant curvature arcs to respect
the inherent kinematic constraints. Our algorithm iteratively generates constantcurvature local path segments for the needle based on the position error vector
between the master and the needle tip. In practice, teleoperation can be achieved by
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v(t) = kpi !
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Figure 4.1: Steerable needle teleoperation. In joint space control, steerable needles are
controlled via insertion and rotation at the needle base. We introduce a Cartesian
space control method where needles are controlled via desired needle tip positions
from a haptic device, while respecting needle kinematic constraints. Variables are
defined in Table 4.1.
obtaining the desired needle tip position from the user via the master haptic device,
measuring the actual needle tip position and orientation with a medical imager or
electromagnetic tracker, and implementing a control law that causes the needle tip
to follow the curved path segment. The curvature of the path can be varied either
through duty cycling [23] or controllable asymmetric tip angles [43][87]. The speed at
which the needle follows the desired local path is a design parameter. Force feedback
can also be provided to the user to indicate tracking errors and needle kinematic
constraints. The variables used are defined in Table 4.1.
Local Needle Path Segments At each iteration of the Cartesian space teleoperation algorithm, a constant-curvature path segment is found for the needle from the
current needle tip position, p~a , to the master stylus position in world coordinates,
p~b . The kinematic constraints of the needle are respected by constraining the needle path to the reachable workspace defined by the smallest radius of curvature of
the needle, r, and the needle heading, Tba . If the desired tip position is outside the
reachable workspace, the desired position is orthogonally projected onto the maximal
curvature arc, pproj , defined by r, and a new reachable path is found. In this work,
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the needle is constrained to steer in a plane; however, the mathematical formulation
of our algorithm can be extended to three dimensions.
The algorithm described above for determining the needle path is implemented as
follows. To simplify the computation of the path geometry, we apply a rotation to
the desired and actual needle tip positions (in world coordinates) to align the actual
needle heading, Tba , with the world y-axis. Using the rotated space, we can find the
desired needle position relative to the current position, p~ab (Figure 4.7).

Table 4.1: Variable Definitions
Variable

Definition

p~a

Current needle tip position

p~b

Desired needle tip position (master proxy)

p~bnext

Next simulated needle tip position

p~ab

Relative desired needle tip position

v

Insertion velocity of the needle

r

Smallest achievable radius of curvature

rab

Desired arc radius of curvature

~cb

Center for the desired arc

~cab

Center for the relative desired arc

lab

Desired arc length

lmax

Max. reachable arc length, given insertion velocity

φab

Sector angle associated with desired arc

Rwb (ψ)
Tba
Tbb
F~F B

Rotation matrix from world y-axis to needle heading
Actual needle heading (tangent vector to needle at p~a )
Desired needle heading (tangent vector to needle at p~b )
Force feedback to the user

pi

Insertion distance input (joint control)

γ

Rotation input (joint control)

v(t)

Insertion velocity (joint control)
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Figure 4.2: Local path geometry between the current needle position and the desired
needle position for Cartesian space teleoperation.

b
Rwb (ψ) = ewψ
= I + wsinψ
b
+w
b2 (1 − cosψ)

w
b = ~e2 × Tba

(4.1)
(4.2)
(4.3)

ψ = acos(~e2 · Tba )

(4.4)

0
p~ab = Rw
pb − p~a )
b (ψ)(~

Rwb (ψ) is shorthand notation for a rotation about axis w
b by angle ψ, and can be found
using Rodrigues’ Formula (4.21) [66]. The axis w
b is perpendicular to ~e2 , a unit vector
b
along the y-axis, and Ta , the current needle heading. In the planar case, w
b is the unit
vector normal to the plane. Then, the radius of the desired arc is derived from the
circle equation:

rab =




∞

(p2ab(x) +p2ab(y) )



2|pab(x) |

pab(x) = 0
pab(x) 6= 0.

The needle heading at the desired tip position is found by:

(4.5)
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(
Tbb =

Tba

vbn ×

(~
pb −~cb )
k~
pb −~cb k

rab = ∞

rab 6= ∞

,

(4.6)

where vbn is the unit vector normal to the plane in which the needle steers and ~cb is
the center of the desired arc. The arc length of the path required to reach the desired
position is:
lab = rab φab ,

(4.7)

where φab is the sector angle associated with arc lab :
~v1 = −~cab
~v2 = p~ab − ~cab
φab = atan2(k ~v1 × ~v2 k, ~v1 · ~v2 )

(4.8)
(4.9)
(4.10)

The desired needle path can be defined completely with rab , Tba , and lab (Figure 4.7).
For implementation on a needle steering robot, this path could be translated into a
sequence of rotational and insertional motor commands using duty cycled spinning.
In simulation, a needle could be defined to follow the desired path at some insertion
velocity.
Simulated Steerable Needle In this work, the teleoperation algorithm was
implemented in a simulation environment as opposed to with a real steerable needle.
In simulation, the steerable needle follows the desired path at an insertion velocity
determined by the position error between the master and the needle tip. The velocity
profile consists of a deadband to prevent jitter, a linear ramp with an arbitrary scale
factor, k, and a maximum velocity plateau, vmax , dictated by actuator saturation or
other system limits. The velocity profile could also be selected by the user to match
his or her personal preferences.


0
if k p~a − p~b k≤ pmin ,



v = k(k p~a − p~b k) if pmin <k p~a − p~b k< pmax ,



v
otherwise
max

(4.11)
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The error-based insertion velocity command does not necessarily force the needle to
achieve the desired position. Given the needle velocity, v, the maximum arc length
that could be achieved is lmax = v dt where dt is the simulation time step. The next
simulated needle position is then given by:

p~bnext

p~abnext



p~


 b
= p~a + lab Tba



p~ + R (ψ)~p
a
w
b
abnext
"
#
1 − cos φnext
= rab
sin φnext

if lmax ≥ lab

if lmax < lab , rab = 0),

(4.12)

otherwise
(4.13)
(4.14)

φnext = lmax /rab

Force Feedback with Kinematic Constraints Force feedback to the user
indicates the position error between the desired position and actual position of the
needle, as well as needle kinematic constraints. The force from a virtual spring
between the current user and needle position is used to convey tracking error. If
the desired position is outside the reachable workspace, an additional force due to a
virtual spring (k1 ) between the user position and the orthogonally projected point,
p~proj , onto the reachable workspace is displayed. The combination of these forces is a
spring force between the current needle position and the closest point to the desired
position that the needle can reach. The spring constant values can be chosen to
slow the user down (higher k1 ) or constrain lateral user motion (higher k2 ). In our
implementation, k1 = 20 and k2 = 100.
F~F B =

4.2.2.2


k1 (~pa − p~b )

if p~b is reachable,

k (~p − p~ ) + k (~p − p~ ) otherwise
1 a
b
2 b
proj

(4.15)

Joint Space Teleoperation

Teleoperation Mapping Due to the limited workspace of our haptic master (the
Phantom Omni) relative to the needle, we implemented a rate control law for the
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steerable needle insertion velocity [90]: v(t) = k pi , where v(t) is the needle velocity,
the scalar gain is k = 0.00075, and pi is the insertion distance of the stylus along the
x-axis of the haptic device. Force feedback was provided to constrain user motions to
the x-axis. For needle rotation, the gimbal angle, γ, on the Omni stylus was mapped
to the orientation of the needle tip. Because the simulation for these experiments
is planar, the needle tip orientation was constrained to 0◦ or 180◦ (i.e. curve left or
curve right).

Simulated Needle Kinematics For simulation, the needle position and orientation are updated given user inputs of needle orientation and velocity. We assume that
(1) the needle tip follows an arc of minimum radius, r, for a fixed tip orientation, (2)
the needle orientation is controlled by rotations about the base of the needle, and (3)
the needle shaft follows the tip path. We describe the position and orientation of the
needle tip in a reference frame, N , with respect to a starting reference frame for the
needle, S, using a 3 × 3 matrix gsn (t) ∈ SE(2) [66] [20]. Rsn (t) describes a rotation
between S and N at time t, and psn (t) is the position of the needle tip relative to the

starting reference frame, S.
"
gsn (t) =

#
Rsn (t) psn (t)
0

1

(4.16)

At each time step, the needle orientation and position are updated given user inputs.
The changes in needle orientation and position due to the user-defined insertion
velocity are found using an adapted kinematic model from [104] and [20]. The
forward differential kinematics of the needle, ġsn , can be written as a function of the
n
current needle configuration, gsn (t), and a twist Vbsn
(a 3 × 3 matrix) representing
n
instantaneous linear velocity of the needle tip. The twist Vbsn
can be written more
n
compactly as Vsn
(a 4 × 1 vector) [66].
n
ġsn (t) = gsn (t)Vbsn
h
iT
n
Vsn
= 0 v(t) v(t)/r 0

(4.17)
(4.18)
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This kinematic model is a simplified version of the unicycle model for steerable needles
presented in [104] that assumes no angular needle velocity. Eqn. (4.17) becomes a
linear ODE when the twist is constant and can be integrated to give an expression
for the needle tip configuration. The relative change in needle orientation can be
represented by grot which describes a rotation about the needle axis, ~e2 , by angle
γ (constrained to 0◦ or 180◦ ). Combining the change in needle orientation with the
integrated change in needle configuration due to insertion velocity yields the following
equation, where gsn (0) denotes the previous needle configuration.
n
gsn (t) = gsn (0)grot exp(tVbsn
)
"
#
R~e2 (γ(t)) 0
grot (t) =
0
1

4.2.3

(4.19)
(4.20)

Teleoperation Simulation and Evaluation

A teleoperation simulation environment was created using C++ and the CHAI 3D
haptic rendering library (http://www.chai3d.org). The simulation consists of a set of
targets that can be reached using each of the three teleoperation algorithms: (1) Joint
space control, (2) Cartesian space control, and (3) Cartesian space control with force
feedback. The time step which dictates the speed of needle insertion in simulation,
dt, was 0.1 s. Screenshots of the simulation are shown in Figure 4.3. Four targets,
mirrored vertically, were graphically rendered one at a time as green spheres. The
maximum radius of curvature for the needle in these experiments was 5 cm. The
needle shaft is represented by plotting overlapping spheres corresponding to needle
tip position at a rate fast enough to appear as a continuous object. No visualization
for the needle kinematic constraints was provided.
Subjects were encouraged to only move in the plane for Cartesian space control;
out-of-plane movements were ignored. For joint space control, subjects could only
control the needle to curve toward the left or toward the right. For Cartesian space
control, the user’s desired position was rendered as an orange sphere moving in
the plane, and for joint space control, a yellow line was displayed to indicate the
orientation of the needle. Algorithms for mapping user motion to needle position for
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Cartesian Control
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Joint Control
Workspace
(a) Cartesian Control Setup

(c) Joint Control

(b) Joint Control Setup

(d) Cartesian Control

Cartesian Control
Force Feedback
(e)

with

Figure 4.3: Experimental setup showing a subject interacting with the teleoperation
simulation using Cartesian space control (a) and joint space control (b). Three
example screen shots for teleoperation with the different control algorithms (c, d,
e).

each teleoperation strategy are described in the following section. For each algorithm,
the user initialized a trial by moving the virtual stylus to a red starting target. To
end a trial, the user had to press a button on the stylus while the needle velocity was
nearly zero.
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Algorithm 1 JointSpaceTeleop(~pt , p~a0 , γ0 , pi , γ1 )
Require: A target, p~t , the current needle position and tip orientation, p~ai and γ0 ,
and the user insertion and desired tip orientation, pi and γ1 . dt is the simulation
time step.
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:

while k p~t − p~ai k> errmax && i < itrmax do
v = k pi
n
Vbsn
= GenerateTwist(r, v)
groti = Rodrigues(~e2 , γi − γi−1 )
n
)
gsni = g0i groti exp(dtVbsn
~
FF B = VirtualWallForces(~pai )
(~pbi , γi ) = FollowPath(gsni )
g0i+1 ← gsni
(pi+1 , γi+1 ) = GetNewUserInsertionAndRotation()
Tbai+1 ← Tbbi
i ← i + 1,
end while

4.2.3.1

Teleoperation Algorithms

The implementation of joint space teleoperation in simulation is described in Algorithm 1. The inputs are user insertion and gimbal angle, and the outputs are needle
position and heading. The matrix exponential function (19) used to determine the
needle configuration given an insertion velocity and a minimum radius of curvature
was calculated using the GNU Scientific Library [29].
The implementation of Cartesian space teleoperation in simulation is described
in Algorithm 2. The input is user position and the outputs are needle position and
heading.
4.2.3.2

Evaluation Methods

An experiment was designed to evaluate user performance for steering a needle to
various targets in the planar teleoperation simulation using three different teleoperation algorithms. Twelve volunteers between the ages of 23 and 29 (5 female, 7 male)
were recruited to participate in a human subjects study approved by the Stanford
University Institutional Review Board. Seven subjects had moderate to extensive
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Algorithm 2 CartesianSpaceTeleop(~pt , p~a0 , Tba0 , pb0 , F )
Require: A target, p~t , an initial needle position and heading, p~a0 = 0 and Tba0 = ~e2 ,
the user desired position, p~b0 , and a boolean, F , to indicate if force feedback
should be applied to the user.
Ensure: p~bi ∈ Wi , where Wi is the workspace of the needle at iteration i. If not,
p~bi = p~proj = ProjectPoint(~pbi ) which is the orthogonal projection onto the
maximum curvature arc reachable by the needle.
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:

while k p~t − p~ai k> errmax && i < itrmax do
dx =k p~bi − p~ai k
v = FindInsertionVelocity(dx)
(rab , θab , lab , p~proj ) = PlanPath(r, p~ai , Tbai , p~bi )
if F then
F~F B = ForceFeedback(~pai , p~bi , p~proj )
end if
(~pbi , Tbbi ) = FollowPath(~pai , rab , θab , lab , v)
p~ai+1 ← p~bi
p~bi+1 = GetNewUserPosition()
Tbai+1 ← Tbbi
i ← i + 1,
end while

experience with haptic devices and five had limited to no experience. Two subjects
were left-hand dominant.
The user experiment consisted of two parts: training trials and movement trials.
During training, subjects steered a simulated needle twice to 4 targets using each
teleoperation algorithm (24 total trials). For movement trials, the teleoperation
algorithms were presented in one of six permutations of three blocks. Within each
block, the subject steered the needle to 4 targets, presented randomly, with each
target displayed 10 times (40 trials total). User position and velocity, needle position,
haptic device gimbal angle, and forces were recorded for each trial. After the training
period and each block of 40 trials, subjects took 45 s breaks. Subjects were asked to
prioritize their behavior during the steering task to: (1) reach the target as accurately
as possible, (2) reach the target as quickly as possible, (3) make the path as straight
as possible, and (4) end the trial if the target was missed to avoid needle loops.
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Figure 4.4: Target layout and resulting needle paths for all subjects. Needle paths
are color-coded by final target error, with green paths indicating smallest error.
Performance Evaluation Metrics Evaluation metrics for the experiment were:
(1) the norm of the position error between needle and target, at the end of the
trial, (2) time to reach the target, (3) the normalized insertion length (needle path
length divided by a straight line to the target) and (4) standard deviation of needle
speed, as a measure of the smoothness of the needle path. For Cartesian space
teleoperation, two additional metrics were considered: (5) the average tracking error
between the user and the needle during insertion, as a measure of the needle lag,
and (6) the trajectory correlation between the user trajectory and the needle path,
as a comparison of needle shape to the user desired trajectory [92]. Additionally,
subjects were asked to qualitatively rate the difficulty of completing the task with
each teleoperation algorithm from not difficult (1) to very difficult (5).

4.2.4

Results and Discussion

The needle paths for all trials are shown in Figure 4.4, grouped by teleoperation
algorithm and color-coded by target error.

Example user trajectories and the

corresponding needle paths for the three different teleoperation algorithms are shown
in Figure 4.5. The grey lines on this plot indicate the relationship between the
user position and the needle position (displayed once for every five data points). The
evaluation metrics common to all teleoperation algorithms are shown in Figure 4.6(a)(d). The metrics for only the two Cartesian space algorithms (with and without force
feedback) are shown in Figure 4.6(e)-(f).
An analysis of variance (ANOVA) was used to determine significant differences
between groups (i.e. teleoperation algorithms) for all performance metrics (Table 4.2).
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Joint Control

Cartesian Control

Cartesian Control FFB
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Needle
User
User−Needle Pair
2cm
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Figure 4.5: Example needle paths for each teleoperation algorithm. For Cartesian
control, green user trajectories are plotted with blue needle paths and gray lines to
indicate corresponding user and needle point pairs. User-needle pair lines are plotted
once for every five pairs.
Performance Metric
Time-to Target
Target Error
Normalized Insertion Length
SD of Needle Speed
Average Needle Error*
Trajectory Correlation*

Control Method
p
Significant Groups
< 0.001
1,{2,3}
< 0.001
1,2 and {1,2}, 3
0.001
1,{2,3}
< 0.001
1,2,3
< 0.001
2,3
< 0.001
2,3

p
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.011

Targets
Significant Groups
1,{2,3,4}
{1,2,3},4
1,{2,3,4} and {1,2},4
1,2,3,4
1,{2,3}, 2,4, and {1,2},4
1,2

Interaction
p
< 0.001
0.008
0.056
< 0.001
0.681
0.044

Control groups: 1–Joint space, 2–Cartesian space, and 3–Cartesian space force feedback. Targets: numbered as in
Figure 4.4.
* These metrics are only evaluated for control groups 2 and 3

Table 4.2: Statistical Analysis Summary
A post-hoc Scheffe test was performed using the ANOVA test statistic to identify
significantly different groups. Effect significance is identified for p-values less than
0.05. Significant groups in the table are separated with commas. Groups listed with
curly braces are significantly different from groups outside the braces; however, they
are not significantly different with other groups also within the braces. Important
results from this analysis are as follows. Cartesian space control with force feedback
had significantly less target error than joint space control (p < 0.001), and Target
4 has significantly less error than the other targets (p < 0.001). For the timeto-target metric, joint space control was significantly slower than Cartesian space
control (p < 0.001). Additionally, subjects reached Target 1 significantly faster than
other targets. The normalized insertion length for joint space controlled needles was
significantly longer than needles under Cartesian space control with force feedback
(p = 0.001), indicating longer and more curved paths. The normalized insertion
length for Target 1 is greater than for other targets, and the normalized insertion
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lengths for Targets 1 and 2 were significantly greater than for Target 4 (p < 0.001).
The smoothness metric, standard deviation of needle speed, was significantly different
for all groups (p < 0.001) and increases with target distance. Additionally, joint space
and Cartesian space control with force feedback had lower standard deviation of
needle speed than Cartesian space control without force feedback. For the Cartesian
space algorithms, tracking error was significantly higher (p < 0.001) and trajectory
correlation was significantly lower (p < 0.001) without force feedback than with force
feedback.
Users rated the difficulty of each teleoperation algorithm as follows: Cartesian
space control with force feedback (2.00 ± 0.95), Cartesian space control (2.58 ± 0.67),
and joint space control (3.33 ± 0.99). One user felt that the needle was unresponsive

for Target 1 under Cartesian space control without force feedback, but thought that
the addition of force feedback helped to elucidate the kinematic constraints. A few
users indicated that while joint space control was more difficult and more prone to
overshooting a target, they felt they had more direct control of the needle. In general
for Cartesian space control, users felt they had more direct control of the needles if
they moved faster and with more ballistic-like movements. The increased standard
deviation of needle speed with target distance may explain the preference for such
fast movements.

4.2.5

Summary of Cartesian and Joint Space Teleoperation
for Steerable Needles

We presented a novel teleoperation strategy for steerable needles (and potentially
nonholonomic systems in general) that allows a user to command a desired needle
tip position in Cartesian space directly, rather than through indirect joint space
teleoperation. We conducted a user study to evaluate needle steering performance
under three teleoperation algorithms: (1) joint space control, (2) Cartesian space
control, and (3) Cartesian space control with force feedback. The force feedback to
the user conveyed real-time tracking error as well as needle kinematic constraints.
Virtual steerable needles teleoperated under Cartesian space control were inserted
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Figure 4.6: Means (circles) and standard deviations (bars) for various evaluation
metrics across all subjects for joint space control, Cartesian space control, and
Cartesian space control with force feedback. Target numbering is provided in
Figure 4.4.
faster, more accurately, and with straighter paths in comparison to needles under joint
space control. Within Cartesian space control, force feedback reduced tracking error
between the user and the needle and improved the correlation between the user’s
desired path an the resulting needle path. Additionally, force feedback resulted in
less deviation in needle speed, indicating smoother insertions.
Though Cartesian space control clearly improves several performance metrics
for steering virtual needles, several subjects preferred joint space control due to a
perception of increased needle control. Thus, an important research question arises
regarding the user’s perceived level of control over system behaviors versus objective
measures of performance in teleoperation control. To improve users’ perceived level
of control under Cartesian space teleoperation, we plan to integrate user control
of needle retraction. Different update rates and needle velocity profiles may also
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impact the perceived value of novel teleoperation modes. We will also consider
graphical overlays of the needle reachable workspace to visually guide user movement.
In addition, we will extend our algorithm to three dimensions and implement
Cartesian space teleoperation with a real needle steering robot to increase clinical
relevance and evaluate whether user acceptance of different teleoperation algorithms
changes with increased workspace dimension.

The addition of obstacles in our

experiment will further elucidate strengths and weaknesses of various teleoperation
strategies. Implementation of needle steering teleoperation with a physical robot
and biological tissue will require additional considerations for the transparency and
stability of under-actuated systems with kinematic constraints, uncertain dynamics,
and inhomogeneous environments.

4.3

Cartesian and Joint Space Teleoperation of Steerable Needles in 3D

4.3.1

Cartesian Space Teleoperation in 3D

In this section, we extend the Cartesian space teleoperation algorithm presented in
Section 4.2.2.1 to three dimensions.
4.3.1.1

Local Needle Path Segments

At each iteration of the Cartesian space teleoperation algorithm, a constant-curvature
path segment is found for the needle from the current needle tip position, p~a , to the
master stylus position in world coordinates, p~b . The kinematic constraints of the
needle are respected by constraining the needle path to the reachable workspace
defined by the smallest radius of curvature of the needle, r, and the needle heading,
Tba . If the desired tip position is outside the reachable workspace, the desired position
is orthogonally projected onto the maximal curvature arc, pproj , defined by r, and a
new reachable path is found.
The algorithm described above for determining the needle path is implemented as
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Figure 4.7: Local path geometry between the current needle position and the desired
needle position for Cartesian space teleoperation.
follows. To simplify the computation of the path geometry, we apply a rotation to
the desired and actual needle tip positions (in world coordinates) to align the actual
needle heading, Tba , with the world y-axis. Using the rotated space, we can find the
desired needle position relative to the current position, p~ab (Figure 4.7).
b
Rwb (ψ) = ewψ
= I + wsinψ
b
+w
b2 (1 − cosψ)

w
b = ~e3 × Tba
ψ = acos(~e3 · Tba )

0
p~ = Rw
pb − p~a )
b (ψ)(~

(4.21)
(4.22)
(4.23)
(4.24)

θab = atan2(p(y), p(x))

(4.25)

p~ab = Re3 (θab )~p

(4.26)

Rwb (ψ) is shorthand notation for a rotation about axis w
b by angle ψ, and can be found
using Rodrigues’ Formula (4.21) [66]. The axis w
b is perpendicular to ~e3 , a unit vector
along the y-axis, and Tba , the current needle heading. Then, the radius of the desired
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arc is derived from the circle equation:

rab =




∞

(p2ab(x) +p2ab(z) )



2|pab(x) |

pab(x) = 0
pab(x) 6= 0.

The needle heading at the desired tip position is found by:
(
Tba
rab = ∞
,
Tbb =
(~
pb −~cb )
rab =
6 ∞
vbn × k~pb −~cb k

(4.27)

(4.28)

where vbn is the unit vector normal to the plane in which the needle steers and ~cb is
the center of the desired arc. The arclength of the path required to reach the desired
position is:
lab = rab φab ,

(4.29)

where φab is the sector angle associated with arc lab :
~v1 = −~cab
~v2 = p~ab − ~cab
φab = atan2(k ~v1 × ~v2 k, ~v1 · ~v2 )

(4.30)
(4.31)
(4.32)

The desired needle path can be defined completely with rab , Tba , and lab (Figure 4.7).
For implementation on a needle steering robot, this path could be translated into a
sequence of rotational and insertional motor commands using duty cycled spinning.
In simulation, a needle could be defined to follow the desired path at some insertion
velocity.
4.3.1.2

Needle Velocity and Motor Commands

The steerable needle follows the desired three-dimensional path at an insertion
velocity determined by the position error between the master and the needle tip.
The velocity profile consists of a deadband to prevent jitter, a linear ramp with an
arbitrary scale factor, k, and a maximum velocity plateau, vmax , dictated by actuator
saturation or other system limits. The velocity profile could also be selected by the
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user to match his or her personal preferences.


0
if k p~a − p~b k≤ pmin ,



v = k(k p~a − p~b k) if pmin <k p~a − p~b k< pmax ,



v
otherwise
max

(4.33)

The error-based insertion velocity command does not necessarily force the needle to
achieve the desired position. Given the needle velocity, v, the maximum arc length
that could be achieved is lmax = v dt where dt is the simulation time step. The next
simulated needle position is then given by:

p~bnext

p~abnext



p~


 b
= p~a + lab Tba



p~ + R (ψ)~p
a
w
b
abnext


1 − cos φnext



= rab 
0


sin φnext

if lmax ≥ lab

if lmax < lab , rab = 0),
otherwise

φnext = lmax /rab

4.3.1.3

(4.34)

(4.35)
(4.36)

Force Feedback with Kinematic Constraints

Force feedback to the user indicates the position error between the desired position
and actual position of the needle, as well as needle kinematic constraints. The force
from a 3D virtual spring between the current user and needle position is used to
convey tracking error. If the desired position is outside the reachable workspace,
an additional force due to a virtual spring (k1 ) between the user position and the
orthogonally projected point, p~proj , onto the reachable workspace is displayed. The
combination of these forces is a spring force between the current needle position
and the closest point to the desired position that the needle can reach. The spring
constant values can be chosen to slow the user down (higher k1 ) or constrain lateral
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user motion (higher k2 ). In our implementation, k1 = 50 and k2 = 100.
F~F B =

4.3.2


k1 (~pa − p~b )

if p~b is reachable,

k (~p − p~ ) + k (~p − p~ ) otherwise
1 a
b
2 b
proj

(4.37)

Joint Space Teleoperation in 3D

Joint space control also generalizes easily to three dimensions. The only difference
in implementing joint space control in three dimensions from the description of the
algorithm in Sections 4.2.2.2 is to allow the user to control the 360◦ needle rotation,
rather than constraining the user to either 0◦ or 180◦ (i.e. curve left or curve right).
However, the stylus of the Phantom Omni (a.k.a Geomagic Touch, 3D Systems, USA)
does not allow continuous rotation of the gimbal angle, γ, additionally the gimbal
angle is constrained and does not allow rotations between 0◦ and 360◦ . We found
experimentally that the range of feasible gimbal angles is γ ∈ (33.37◦ , 328.47◦ ), thus,
we mapped the feasible gimbal angle range to (0◦ , 360◦ ) to define the user-desired

bevel-tip orientation. In a future implementation, the teleoperation mapping could
be improved with a custom gimbal attachment or the use of a different haptic device
that does allow continuous rotation of the gimbal angle. To simulate the motion of the
steerable needle based on user velocity and angle inputs, we use the same approach
described in Section 4.2.2.2.

4.3.3

Teleoperation Simulation

A teleoperation simulation environment developed in Section 4.2.3 was extended
to include three dimensional motion of the needle and user inputs. To facilitate
visualization of the 3D environment, stereoscopic 3D visual feedback was provided
through a 32" LG television and passive circular polarizing glasses. The stereoscopic
display was generated using C++ code and the CHAI 3D haptic rendering library
(http://www.chai3d.org) [27]. The simulation consists of a set of targets that can be
reached using each of the three teleoperation algorithms: (1) Joint space control, (2)
Cartesian space control, and (3) Cartesian space control with force feedback. Lines
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between the needle insertion site and the targets were provided to facilitate depth
perception
The time step, which dictates the speed of needle insertion in simulation, dt, was
0.1 s. Screenshots of the simulation are shown in Figure 4.3. Four targets, mirrored
vertically, were graphically rendered one at a time as green spheres. The maximum
radius of curvature for the needle in these experiments was 5 cm. The needle shaft is
represented by plotting overlapping spheres corresponding to needle tip position at a
rate fast enough to appear as a continuous object. For joint space control, a yellow
line was displayed to indicate the orientation of the bevel-tip and for Cartesian space
control, the user’s desired position was rendered as an orange sphere, moving in 3D,
and visualization of the needle kinematic constraints was also provided, in the form
of two curved arcs with a radius of curvature equal to the minimum simulated needle
radius of curvature.

4.3.4

Evaluation of 3D Teleoperation of Simulated Steerable
Needles

In a similar experiment as presented for the 2D case, we measured the ability of a
single expert users (the author) to control needles with joint space control, Cartesian
space control, and Cartesian space control with force feedback in the 3D case.

4.3.4.1

Experimental Protocol

The subject steered the needle to four 3D targets, presented randomly, with each
target displayed 10 times (40 trials total). User position and velocity, needle position,
haptic device gimbal angle, and forces were recorded for each trial. The subject was
asked to prioritize her behavior during the steering task to: (1) reach the target as
accurately as possible, (2) reach the target as quickly as possible, (3) make the path
as straight as possible, and (4) end the trial if the target was missed to avoid needle
loops.
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Figure 4.8: Target layout and resulting needle paths for all simulated needle insertions.
Needle paths are color-coded by final target error, with green paths indicating smallest
error.
4.3.4.2

Evaluation Metrics

As with the 2D experiment, evaluation metrics for the experiment were: (1) the
norm of the position error between needle and target, at the end of the trial, (2) time
to reach the target, (3) the normalized insertion length (needle path length divided
by a straight line to the target) and (4) standard deviation of needle speed, as a
measure of the smoothness of the needle path. For Cartesian space teleoperation, two
additional metrics were considered: (5) the average tracking error between the user
and the needle during insertion, as a measure of the needle lag, and (6) the trajectory
correlation between the user trajectory and the needle path, as a comparison of needle
shape to the user desired trajectory [92].
4.3.4.3

Evaluation Results and Discussion

The needle paths for all trials of a single user teleoperating simulated steerable needles
are shown in Figure 4.8, grouped by teleoperation algorithm and color-coded by target
error.
It is clear from Figure 4.8, that in 3D, even an expert user has difficulty steering
needles with joint space control. As with the evaluation experiments in 2D, Cartesian
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space control leads to the lowest targeting error, especially when combined with force
feedback. Further evaluation with additional human subjects, particularly novice
users, will be needed to verify that our results generalize. Additionally, a custom
gimbal attachment or a different haptic device with a continuous rotation degree of
freedom would improve joint space teleoperation.

4.4

Cartesian Space Teleoperation with a Needle
Steering Robot

A new method of controlling steerable needles through teleoperation of the needle
tip in Cartesian space has been shown, in simulation, to result in significantly less
targeting error and time to reach the intended target. In this section, we describe
methods to implement Cartesian space teleoperation with a robotic needle steering
system and present preliminary evaluation results.

4.4.1

Implementation of Teleoperated Robotic Needle Steering

To implement Cartesian space teleoperation with a robotic needle steering system
(Fig. 4.9), it is important to both control needle curvature, and obtain pose measurements of the needle tip. Needle curvature can be controlled through duty-cycled
spinning algorithms, as described in Chapter 3 and [60], [109]. During duty-cycled
spinning, the needle path varies between a maximally curved path (resulting from
needle insertion with no axial rotation) and a minimally curved path (resulting from
needle insertion with continuous axial rotation, ideally zero curvature). Traditional
duty-cycled spinning algorithms require continuous needle spin, which prevents the
use of wired sensors such as force-torque sensors and electromagnetic (EM) trackers
due to cable wind-up. As pose information of the needle tip is important for implementation of Cartesian space teleoperation, we have developed additional methods for
duty-cycled control of needle curvature that do not require continuous needle rotation,

4.4. TELEOPERATED NEEDLE STEERING ROBOT

131

3D Display
Simulated
Needle
Steerable
Needle

Haptic
Device

Needle Steering
Robot

Human
Operator

Figure 4.9: Teleoperated robotic needle steering system with Cartesian space control.
Teleoperation is enabled by planning local constant curvature arcs between current
needle pose and the desired needle tip position [49], [50].

as described in Chapter 3 and in [50]. In this section, we describe the implementation choices and methods for our Cartesian space teleoperated robotic needle steering
system, and present preliminary experimental results with a human operator.
Our teleoperation system consists of a needle steering robot to actuate a steerable
needle (e.g. [48]) and a master haptic device (i.e. Geomagic Touch, 3D Systems, USA)
to allow for user control. We use a Cartesian space teleoperation algorithm where the
user controls the desired location of the steerable needle tip [49] and a custom EM
tracked steerable needle to measure the actual needle tip position [50].
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4.4.1.1

Cartesian Space Teleoperation

In traditional teleoperation of holonomic robots, the goal is often for the robot to
follow a straight line path from its current to the desired position. For nonholonomic
steerable needles, the needle must follow a constant curvature arc to reach the desired
pose due to kinematic constraints.
Our Cartesian space teleoperation algorithm iteratively generates constant-curvature
local path segments for the needle based on the position error vector between the desired and current needle tip position (Fig. 4.7). In practice, teleoperation is achieved
by obtaining the desired needle tip position from a master haptic device, measuring
the actual needle tip position and orientation with a medical imager or EM tracker,
and implementing a control law that causes the needle tip to follow the curved path
segment. Force feedback can be provided to the user to haptically render the kinematic constraints of the needle, and prevent the user from commanding unreachable
needle paths [49].

4.4.1.2

Duty-Cycled Flipping for Needle Curvature Control

We implentented a novel duty-cycled flipping algorithm from Chapter 3, that does
not require continuous needle rotation, to control path curvature and enable use of
wired sensors. Here, we will briefly review the description of the algorithm for the
reader’s convenience.
In this algorithm, the needle inserts in discrete steps while flipping the needle bevel
180◦ in alternate directions (i.e., bevel left and bevel right) between each insertion to
achieve a variable curvature path. The duty cycle, D, for this flipping method can
be defined in terms of the time the needle inserts in its flipped orientation, Tflipped to
its unflipped orientation, Tunflipped . The resulting curvature of the needle path, κ, is
a function of the duty cycle and the maximum curvature of the needle.
D =1−

Tflipped − Tunflipped
,
Tflipped + Tunflipped

κ = κmax (1 − D)

(4.38)

To implement this idea with teleoperated needle steering, we allow the arclength of
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the locally planned needle path segment, lab , to define a duty-cycle step size and
use the error-based needle velocity, v, to define Tflipped and Tunflipped . A minimum
threshold for the arc length is set to prevent needle rotation in place.
4.4.1.3

Immersive Augmented Reality Environment

For an immersive augmented reality environment, we display desired targets to the
user, as well as obstacles, in a three-dimensional virtual scene. This information
could be obtained from patient-specific volumetric data from CT or MRI images. The
desired needle path, a reconstructed needle path based on encoder readings from the
robot and a simplified version of the needle kinematic model [104], and the real-time
position tip of the steerable needle, measured through an electromagnetic tracker [50],
are also displayed.
4.4.1.4

Sensing for Teleoperated Robotic Needle Steering

An electromagnetic tracker is used to measure the needle position. This tracker is
housed at the tip of a hollow steerable needle as described in Chapter 3. An additional
electromagnetic tracker may be used to define the desired target. The position of the
electromagnetic tracker is initially zeroed to be the same position as the simulated
needles. If a second tracker is used as a target, it is calibrated relative to the initial
position of the needle tracker. A 6-axis force/torque sensor is also used to measure
insertion forces and axial torques during insertion.

4.4.2

Demonstration of Teleoperation of Steerable Needles in
3D

A human user teleoperated a steerable needle in artificial tissue (PVC phantom,
2:1 plastic to softener ratio) to a desired target, while avoiding two obstacles that
prevented a straight-line path to the target. The user trajectory, desired needle path,
reconstructed needle (from encoder readings), and measurements of the steerable
needle tip using electromagnetic tracking are shown in Fig. 4.10. Figure 4.11 shows
the distance of these measurements from the straight line path.
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Figure 4.10: Teleoperated steerable needle data including the user trajectory, desired
needle path, reconstructed needle, and EM measurements of the steerable needle tip.
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Figure 4.11: Distance from a straight-line path to the target for the user trajectory,
desired needle path, reconstructed needle, and EM measurements of the steerable
needle tip.

We have demonstrated 3D teleoperation of steerable needles in an artificial tissue.
However, further work is needed to demonstrate the full range of capability of the
teleoperated robotic needle steering system and improve transparency.
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Figure 4.12: Experimental setup for animal cadaver experiments including a overall
room view (a), and a close up of the needle steering robot and introducer needle (b).

4.4.3

Teleoperation Steerable Needles in an Animal Cadaver

In addition to teleoperation in artificial tissue, teleoperation of steerable needles was
performed in an animal cadaver.

4.4.3.1

Motivation

As shown in Chapter 2, needle steering is heavily dependent on needle-tissue interaction. Thus, it is important to demonstrate new needle steering control methods in
biological tissue. Further considerations include limitations to organ access based on
anatomy (e.g. ribs, large vessels, plural reflections) or visualization issues (e.g. lack
of sonographic window for ultrasound guided proceedures). Animal cadaver and live
animal experiments are useful as a proof-of-concept to show the feasibility of new
needle steering control methods in a clinical setting.

4.4.3.2

Experimental Setup

For these experiments, a needle steering robot was brought to the Zeego imaging
lab at Stanford University (NIH S10 Shared Instrumentation Grant, S10RR02671401)(Fig. 4.12.a).
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Fluoroscopic
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(b) Haptic Device and Needle Visualization

Figure 4.13: User interface for teleoperated steerable needles under fluoroscopic
imaging.
Animal Cadaver A swine animal cadaver model, obtained through the Department of Radiology at Stanford University, was used. The animal was positioned in
a supine position similar to Figure 2.12(c). A 9-gauge introducer needle was placed
under ultrasound guidance by a subcostal approach into the liver. Five nitinol fiducials made from nitinol wire ( 4mm in length, 0.81 mm OD) were inserted into various
locations to aid with identification of soft tissue movement. The needle steering robot
was then positioned in line with the introducer needle and the telescopic sheath of the
robot was connect to the introducer needle via a lure-lock connection(Fig. 4.12.b).
An electromagnetically tracked needle was inserted into the liver, approximately 10
cm away from the introducer needle to define a steering target.
User Interface A human user controlled the steerable needle through teleoperation
with the Phantom Omni haptic device (Fig. 4.13), while standing in front of the live
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Right Facing
Bend

Flipping 180˚

Left Facing
Bend

Figure 4.14: Image sequence for teleoperation in an animal cadaver

fluoroscopic display.

Experimental Protocol A steerable needle was teleoperated to the electromagnetically tracked target five times. Each needle insertion was conducted under live
fluoroscopic imaging and after the last steerable needle insertion, a CT scan was taken
of the animal with the inserted steerable needle. A representative image sequence of
teleoperation is shown in Figure 4.14. The grainy images are the result of electromagnetic interference from the electromagnetic detector used to track the target position
in 3D space.
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4.4.3.3

Results and Discussion

Figure 4.15 shows the user desired needle path and needle path reconstructed from
insertion and rotational optical encoder readings, using an assumed kinematic model
of needle steering. As electromagnetic measurements for the tip of the steerable needle
were not available, it is not possible to quantify targeting error for our teleoperation
expirements; however, fluoroscopic (Fig. 4.16) and CT imaging (Fig. 4.17) indicate
that the needle was able to reach the desired target.
These experiments are a proof-of-concept that teleoperation of steerable needles is
feasible for implementation in a clinical setting. While not an exhaustive evaluation of
needle steering in biological tissue, our results indicate that it is possible to teleoperate
steerable needles, in clinical environments, in an intuitive way using Cartesian space
control.

4.5

Conclusions

In this chapter we describe methods for teleoperating steerable needles in two and
three dimensions.

We present a novel method to teleoperate a steerable needle

through Cartesian space inputs and a haptic device. In a human user study, we
show that with our method, human users insert needles more quickly, accurately, and
with straighter paths than with more traditional joint control methods. We describe
implementation of Cartesian space teleoperation with a needle steering robot and
demonstrate use of the system to acquire targets both in artificial tissue and in an
animal cadaver. Further work is needed to demonstrate the full range of capability
of the teleoperated robotic needle steering system and improve transparency.
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Figure 4.15: Representative user-desired trajectories and reconstructed needle paths
for teleoperation in an animal cadaver.
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Figure 4.16: Flouroscopic image of steerable needle successfully steered to a target in
an animal cadaver.

EM Tracker at
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Needle

Introducer
Needle
EM Tracker at Tip of
Introducer Needle

Figure 4.17: 3D Recnstruction of Steerable Needle Reaching Target via Cartesian
Space Teleoperation.

Chapter 5
Conclusions and Future Work
This dissertation presents the design, implementation, and experimental validation
of a robotic needle steering system that provides several key contributions related to
clinical needle steering: (1) medical image-guided needle steering experiments in ex
vivo tissue and in vivo animal models, (2) novel duty-cycling spinning algorithms
to control needle curvature that enable the use of wired sensors with steerable
needles, (3) an intuitive teleoperation interface for the human user and an integrated
teleoperated robotically-driven steerable needle system with a virtual reality display,
and (4) demonstrations of clinical applications of needle steering for diagnosis and
intervention in ex vivo tissue and animal cadavers using medical images.
A new needle steering robot was designed for use in the interventional suite under
fluoroscopic imaging. This robot is small, compact and has a modular design that
allows it to easily be disassembled and transported in a container the size of carryon suitcase. The robot has two degrees of freedom that enable needle insertion and
rotation. The steerable needle is attached to a pin vise, mounted on the rotational
motor. Because of the choice of a linear slide, the needles used must be sufficiently
long to enable steering. As such, the needles are prone to bucking within the telescopic
support sheath. Additionally, the amount of needle insertion possible is also limited
due to finite needle length and finite travel on the linear slide. This occasionally
leads to issues with targeting experiments as the overall length of the needle must
be selected carefully. In the future, additional robot and needle designs could be
141
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explored to overcome these limitations.
This thesis presents the first evaluation of steerable needles in biological tissue,
using both ex vivo tissue and a live animal, is presented. The effects of insertion
velocity, tip asymmetry, and shaft diameter were explored experimentally in ex vivo
biological tissue. The pre-bend angle of the needle tip has the most significant effect on
needle curvature; however, high degrees of tip asymmetry lead to more unpredictable
behavior. The differences in needle curvature and insertion forces between ex vivo and
in vivo tissue were also explored. Contrary to what was expected, steerable needles
exhibited lower insertion and retract forces than straight, stainless steel needles, which
are currently used in clinical practice. This result, along with no evidence of tissue
damage through histological analysis, indicates that steerable needles will not cause
more damage to tissue than conventional, straight needles in living tissues.
The in vivo experiments conducted in this work highlight the importance of
evaluating surgical robotic techniques in a clinical setting. For example, the minimum
radius of curvature in the literature for steerable needles in artificial tissue is 1.2
cm [79]. In our experiments, the smallest radius of curvature observed was 3.4
cm in ex vivo tissue and 10.4 cm in a live animal. Needle curvature is dependent
on many factors, including needle geometry and complex needle-tissue interaction;
however, experiments have consistently shown that needle curvature in biological
tissue is significantly less than in artificial tissues. Additionally, needle steering in
biological tissue presents several challenges not found in artificial tissue such as tissue
inhomogeneities, which lead to undesired effects (e.g., needle buckling). Future work
on novel needle designs is needed to address these issues. Three important topics will
be (1) the design of new needle shafts which allow for highly curved needle insertions,
(2) exploring various types of needle tips that are sharp enough to cut through
tissue boundaries such as tough membranes and fibrous tissues, and (3) repeatability
studies with various steerable needles in biological and artificial tissue to determine
the predictability of needle behavior. This is especially important with needles that
have a high degree of needle-tip asymmetry and are inherently less predictable.
Clinical applications for robotic needle steering are also demonstrated in this thesis, for a variety of needle-based procedures typically performed by rigid needles. To
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perform a clinical task with steerable needles (e.g. biopsy, ablation, brachytherapy),
we employed a guidewire-catheter (i.e., Seldinger) technique and standard clinical
tools [48], [51]. A hollow steerable needle could be used to simplify the procedure.
For future work, an interesting question arises related to needle shape changes and
lateral force generation from a stiff stylet inserted into a flexible curved tube within
tissue. How this relates to tissue damage will be important for clinical applications.
Another important consideration for clinical applications is how to control needle
shaft curvature in real time. The desired needle path for a steerable needle is rarely
a single, maximally curved arc. Additionally, as clinical environments are highly
dynamic, pre-planned needle paths may need to be altered intraoperatively to ensure
successful needle targeting. In this thesis, we present two novel control algorithms for
duty-cycled control of needle curvature, which enable the use of wired sensors. Various
design choices for the implementation of these algorithms were explored through
simulation. An optimal parameter set was chosen and validated in experiments with
artificial and ex vivo tissue. And important area of future work will be to estimate
and compensate for any torsional lag between the needle base and needle tip that
may result in implementation of these algorithms with a needle steering robot.
Perhaps the most important consideration for clinical application of robotic needle steering is the relationship between the clinician and the robotic system. While
autonomous image-guided needle steering systems have been developed, maintaining
physician-in-the-loop guidance of steerable needles is desirable due to unpredictable
needle behavior in biological tissue, as well as limitations in current imaging technologies. Thus, we developed an intuitive Cartesian space teleoperation algorithm
for needle control. A user study showed that Cartesian space teleoperation can improve several performance metrics (e.g. insertion time, error, etc.) in a targeted
needle steering task over joint space teleoperation, where the user directly controls
the insertion and rotation degrees of freedom of the needle.
Though Cartesian space control clearly improves several performance metrics
for steering virtual needles, several subjects preferred joint space control due to
a perception of improved needle control. Since the user study we improved our
teleoperation system by enabling needle retraction and enhancing visualization;
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however, an important research question remains regarding the user’s perceived
level of control over system behaviors versus objective measures of performance in
teleoperation control. Measuring user perception is a challenging, as user surveys are
not sufficient to quantify precisely what a user feels and how he or she reacts during
the course of an experiment. Thus, an interesting area of future work is to explore
the use of physiological sensors such as electroencelalpgraohy (EEG), heart rate, and
skin galvanic response to quantify the intuitiveness of a teleoperation interface. The
results of this experiment could inform an improved design of a teleoperated needle
steering interface.
Finally, this thesis presents an integrated robotic needle steering system in which
human users can teleoperate physical steerable needles using the Cartesian space
teleoperation control strategy and a visual display of the needle via a virtual reality
environment. The use of this system in a needle targeting task was demonstrated in
artificial tissue, as well as in a cadaver animal under fluoroscopic imaging. While by
no means an exhaustive evaluation, these demonstrations show that a human user
can employ our teleoperated needle steering system to reach targets deep within an
organ in an intuitive way.
During the cadaver study, the human user watched the needle insertion in the
live fluoroscopic images, but did not often look at the virtual environment. This
observation not only highlights the importance of integrating medical imaging with
a user interface for teleoperation, but also raises a concern that the user may be too
dependent on medical imaging, even when additional, potentially useful information
(e.g., depth perception) is available. An interesting area of future work will be
determining how to best display robot and patient information to the user in a way
that is natural, accurate, and useful.
In addition to visual feedback, providing haptic cues to the user might be
an interesting approach for information sharing. This is especially important for
needle steering in diseased tissue where the mechanical properties of human tissue
are significantly altered. For example, cirrhotic liver becomes tough and fibrous,
cancerous tissue may contain many several hard or soft inclusions, and fatty liver
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contains abnormal lipid deposits. As needle steering depends on mechanical needletissue interactions, undesired behavior in these tissues (e.g., needle bucking and
reduced steerability) will likely be more prevalent. Designing novel control strategies
to overcome these undesired effects, while providing haptic information to the user
about predicted adverse events, perhaps through the use of a tip force sensor [21],
could improve the ability of a human operator to teleoperate steerable needles in a
complex and dynamic surgical environment.
In conclusion, significant advances were made in this dissertation toward increasing
our understanding of needle steering in biological tissue and developing an intuitive
human control interface. There are many interesting problems that remain for future
work. The human body is a complex and challenging environment for robotic systems.
Additionally, the human mind is a complex and fascinating powerhouse for integrating
information and executing action. Our biggest challenge in surgical and interventional
robotics will be to harness the strength of robotic and imaging systems to enable
improved user performance in difficult manipulation tasks, such as robotic needle
steering, while also harnessing the intellectual, emotional, and social strengths of the
human operator and enabling natural communication between the two agents.
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