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Abstract

As a flexible needle with a bevel tip is pushed through soft tissue, the
asymmetry of the tip causes the needle to bend. e propose that, by
using nonholonomic kinematics, control, and path planning, an ap-
propriately designed needle can be steered through tissueto reach a
specified 3D target. Such steering capability could enhancetargeting
accuracy and may improve outcomesfor percutaneoustherapies, fa-
cilitate research on therapy effectiveness, and eventually enable new
minimally invasive techniques. In this paper, we consider afirst step
toward active needle steering: design and experimental validation of
a nonholonomic model for steering flexible needles with bevel tips.
The model generalizes the standard three degree-of-freedom (DOF)
nonhol onomic unicycleand bicyclemodel sto 6 DOF using Liegroup
theory. Model parameters are fit using experimental data, acquired
via a robotic device designed for the specific purpose of inserting
and steering a flexible needle. The experiments quantitatively vali-
date the bevel-tip needle steering model, enabling futureresearchin
flexible needle path planning, control, and simulation.

Nonholonomic M odeling
of Needle Steering

needle placement. Without control and steering of the needle
inside tissue, such targeting errors cannot be corrected, even
though they often can be visualized. While needle-steering
techniques are applicable to nearly all needle insertion proce-
dures, the prostate, liver, and brain provide specific examples
of organs where treatments might be improved by steerable
needles. The goal of our research is to harness natural bend-
ing forces arising from the standard asymmetric bevel tip,
creating new methods for accurate, dexterous targeting in per-
cutaneous therapies, and steering needles under closed-loop
control guided by medical imaging systems.

An accurate kinematic model of needle-tissue interaction
is an essential first step toward closed-loop needle control
to compensate for targeting and entry-angle error, as well
as tissue deformation. This paper describes a needle-steering
model, a robotic needle-steering system, and a set of exper-
iments used to fit and validate the model. This work enables
ongoing and future research in needle steering, including im-
proved targeting for many percutaneous therapies and di-
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1. Introduction

tacles, and realistic simulators for physician training and
patient-specific planning. Steerable needles have the potential
to enable entirely new minimally invasive surgical procedures
by allowing needles to reach previously inaccessible locations
in the body.

Needle insertion is perhaps the most widespread surgical tech-There are significant engineering challenges associated
nique in existence. It is a critical aspect of many medical dwith generating steering capability in needles, stemming from
agnoses, treatments, and scientific studies, including percufa€ very small size of the needle, the required working chan-
neous procedures requiring therapy delivery to, or sample rigel through its center, and the diversity and inhomogeneity of

moval from, a specific location. However, errors in needle tafissues in which needles are used. Despite these challenges,
geting can mitigate the effectiveness of diagnosis and theraggveral mechanisms have recently been proposed to enable

or bias the results of scientific studies dependent on accur&gedle steering within tissue. In the remainder of this section,
we first motivate needle steering with three promising appli-

cation areas, then describe the bevel-tip steering mechanism,
and finally describe recent work on alternate mechanisms,
comparing and contrasting them to bevel steering.
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1.1. Medical Mativation for Steerable Needles that ultra-early intervention, given within three to four hours
of onset, may arrest ongoing bleeding and minimize swelling

Needles are used clinically in nearly every area of the bod§f the brain after ICH (Mayer 2003). Precisely steered deliv-
and are one of the least invasive mechanisms for surgical tre@fy Vehicles have the potential to increase drug-target interac-
ment. Three compelling initial application areas for neediions and may enable very rapid removal of clots. In a typical
steering include the prostate, liver, and brain; these exampRi&ergency setting, a burr hole to introduce a device for inject-
illustrate ways in which needle steering might address diffing such drugs is drilled freehand and is seldom aligned with
culties observed by surgeons using traditional straight, rigite optimal path to the target (as an emergency procedure,
needles, thereby improving targeting, enabling novel tredfis surgery is not generally done by highly trained special-
ment methods, or reducing complication rates. ists). The location and orientation of the burr hole is fully
Prostate. Needle biopsy for diagnosis of prostate cancer idependent on the surgeon’s hand-eye coordination, and the
performed on about 1.5 million men per year and one in sikajectory may be off-angle by as much 20-25 degrees. To
men in the United States will be diagnosed with this conditiofompensate, the burr hole is usually made significantly larger
at some time in their lives (Jemal 2004). A common treatmefftan the diameter of the interventional tool, and this can lead
option is transperineal brachytherapy (Blasko et al. 2004 subsequent technical and clinical complications. Steerable
involving implantation of thin needles to deposit radioactivélevices may allow this hole to be much smaller, since steering
seeds (Cooperberg et al. 2004). In these procedures, it is cHz@h compensate for initial alignment error.
lenging to achieve precise targeting in the event of organ dis-
location aqd deformatiqn. Significgnt seed-placement errQl Bovel Steering Mechanism and Model | ntuition
can occur if the needle is tangential to the prostate capsule
wall upon penetration (Wallner, Blasko, and Dattoli 2001)Physicians who have performed needle insertion know that
Hence, the ability to steer the needle and bevel to an optimatedles with standard bevel tips (the most inexpensive and
capsular penetration angle is of particular importance. AEommon tip design) can bend as they are inserted due to tip
ter penetration, steering within the prostate may be useful fasymmetry. The angle of the bevel generates forces at the
correcting the combined effects of deflection, dislocation, anteedle-tissue interface that causes the needle to bend as it is
deformation of the organ observed (but difficult orimpossiblpushed into the tissue. While such bending is reduced in clin-
to correct) in contemporary practice. ical practice by making the needle shaft as stiff as possible
Liver. Hepatocellular (liver) cancer is one of the most comusually out of stainless steel), the bevel (along with many
mon cancers in the world, and also one of the deadliest. Withther factors) can still cause clinically significant placement
out treatment, the five-year survival rate is less than 5%rjror. Some physicians have learned to exploit such bevel in-
and the incidence is rising (Ulmer 2000). The liver is alsaluced “error” to combat other sources of error by steering the
the most frequent location of secondary tumors metastasizeeledle using a combination of translation (insertion) and axial
from colorectal cancer, with about 130,000 new cases asfaft rotation. However, this approach requires excellent 3D
60,000 deaths annually in the United States alone (Nakakwspatial reasoning, extensive experience, and high-resolution
and Choti 2000). Liver tumors smaller than 5-6 cm in diamreal-time image feedback, and the amount of bending achiev-
eter are often treated with thermal ablation administered able is severely limited by the high stiffness of the steel needle
the tip of a needle inserted through the skin and visualizeshaft.
using ultrasound. Since liver tumors often have very different In Webster et al. (2006), and this work, we enhance and
mechanical properties than the surrounding tissue, they caragnify the bevel steering effect by making the shaft of the
behave as if encapsulated with respect to needle penetratinaedle more flexible. We then use a robot to actuate the input
presenting challenges similar to those of the prostate. Alstdegrees of freedom of the needle. With suitable model-based
“all but the smallest [liver] tumors” (Mulier et al. 2003) are control techniques, a robot will be able to drive the needle tip
large enough to require multiple overlapping thermal treate a desired target or along a desired path. To facilitate this,
ments for full coverage. Currently each treatment requirege wish to express the shape the needle will take in terms of
removing and re-inserting the needle. If it were possible tie input degrees of freedom.
partially retract, steer, and redeploy the needle into an adja- We hypothesize that a bevel tip needle can be modeled as
centtreatment zone, some targeting uncertainty and additiomahonholonomic system with a steering constraint. There are
puncture wounds might be avoided. clearly directions in which the tip may not instantaneously
Brain. In brain tissue, steerable needles might be used toove when embedded in tissue. Similarly, the wheels of a
stop the flow of blood from an intracranial hemorrhage (ICH)icycle or unicycle cannot instantaneously move sideways,
and remove resulting clots via targeted drug injection. The imlespite their ability to attain any desired pose in the plane
cidence of ICH ranges from 10 to 20 persons per 100,00through a more complex sequence of motions. This is intu-
and untreated clot resolution takes two to three weeks, wittively analogous to retracting the needle a certain distance,
an exceedingly high mortality rate of 50—75%. It is suggesta@-orienting the bevel tip, and then pushing it forward again
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to achieve motion in a direction that would have been instaave been studying ways to integrate cutting into simulations.
taneously impossible. Thus, we consider the needle to belheir work has not addressed cutting by needle tips through
nonholonomic system, that is to say, one with nonintegrabéxperiments or complete simulations.
velocity constraints (Murray, Li, and Sastry 1994). Such sys- Setting accurate parameters for tissue properties is impor-
tems are path dependent, so determining the necessary sdbat for realistic needle insertion modeling in deformable tis-
inputs to reach a desired final configuration is not necessares. Krouskop et al. (1998) estimated the elastic modulus for
ily straightforward. However, nonholonomic motion planningprostate and breast tissue using ultrasonic imaging. Kataoka
and control have been studied extensively in the robotics aetlal. (2002) separately measured tip and frictional forces dur-
control literature, allowing us to draw upon a large body oing needle insertion into a canine prostate, which is useful for
work in the application of our model. Within this framework,simulation validation. Okamura, Simone, and O’Leary (2004)
it can be shown that judiciously chosen actuator input profileseasured the stiffness, cutting and friction forces occurring
will drive the needle along paths that allow it to reach diffi-during needle insertion into a bovine liver. Tissue properties
cult targets in locations potentially inaccessible via straightan also be taken from handbooks (Fung 1993; Hayashi, Abe,
trajectories. and Sato 1996), or measured during procedures (Yen, Hib-
berd, and Davies 1996; Brett, Harrison, and Thomas 2000).
Unknown parameters for needle insertion in some simulators,
e.g. Alterovitz et al. (2003a,b,c), were set so that the output
Early work in needle modeling and simulation involvedclosely resembles an ultrasound video of a physician perform-
recording the forces applied to a needle during insertion arffag prostate brachytherapy on a patient.
playing back “haptic recordings” or simple force versus posi- The effects of needle bending have been explored by sev-
tion models in a force-feedback virtual environment (Hiemengral groups. O’Leary et al. (2003) demonstrated experimen-
etal. 1996; Brett et al. 1997; Gorman et al. 2000). More recefglly that needle bending forces are significantly affected by
work has modeled both tissue deformation and needle-tissit presence of a beveltip, but did not generate a model for this
interaction forces. The geometry of the soft tissue for modelpehavior. Kataoka et al. (2001) attempted to create a model
ing and simulation purposes is now typically defined using #@r needle deflection, but did not account for the bevel tip
mesh Composed of 2D or 3D po|yhedra| elements (Gibson aﬁﬂd admit that the bevel is likely to be the main source of
Mirtich 1997). The simulated forces exerted by the needle a¢ieflection. DiMaio and Salcudean (2003b) and Glozman and
used to compute deformations of the soft tissue mesh. Mdsfhoham (2004) have created finite element-type models for
past work using this approach has approximated the needlg@gdle bending; their application to steering is described in
infinitely thin and rigid (Alterovitz et al. 2003a; DiMaio and more detail below.
Salcudean 2003a), although some researchers have modeletleedle bending can also be generated using different
needle geometry (thickness) and its effect on friction (Nierstrategies, such as incorporating a prebent stylus inside a
huys and van der Stappen 2004). straight cannula as is done by Okazawa et al. (2005). How-
Simulating needle insertion for medical procedures typeVer, this method requires that the cannula be stiff relative to
cally requires as input the properties of the needle and tHee stylus, and that the tissue, in turn, be stiff relative to the
soft tissue in which the needle will be inserted. DiMaio angannula, limiting the maximum curvature that the device can
Salcudean performed pioneering work in measuring and Simttain. Moreover, it is not clear if it is possible to change the
ulating the deformations that occur during needle insertio#irection of bending (e.g., “S” or “corkscrew” shapes) during
(DiMaio and Salcudean 2003a). A robot instrumented with Single insertion. Okazawa et al. also note that they have not
a force sensor inserted a needle into 2D gel and deform¢gt addressed the 3D kinematics and planning problems, fo-
tions were captured with video and image processing. Usifgising their efforts on planar inverse kinematic planning using
a quasi-static finite element method based on the acquired niesingle bend of the needle. Another similar prebent element
terial parameters, they simulate the insertion of a rigid needfiéesign is a telescoping double cannula where the internal can-
Alterovitz et al. (2003a) proposed an alternative dynamic 2pula is pre-bent (Daum 2003).
model based on a reduced set of scalar parameters such ak order to steer a very flexible bevel tip needle, we have
needle friction, sharpness, and velocity. For a given kind éfeveloped a specialized needle insertion robot. Thus, we pro-
surgery, such as prostate brachytherapy, this allows the neediiée here a brief review of robot-assisted percutaneous ther-
designer to choose optimal parameter values (within limit@Py. The idea of using robotic systems to insert needles is
to improve needle placement accuracy. This model allows tf@t new; many researchers have demonstrated improved tar-
authors to produce an interactive simulation and analyze tB&ting by utilizing the inherent stability, accuracy, and reg-
sensitivity of current medical methods to these parametefgtration abilities of robots. A robot is better able than a
In both of the simulators described above, the models coRuman to translate information from medical images to 3D
sidered only symmetric needle tips. Other researchers (Nig#hysical locations, and then to precisely align a needle to a
huys and van der Stappen 2001; Mahvash and Hayward Zo@leet (Stoianovici, Webster, and Kavoussi 2005) EarIy work

1.3. Related Work
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on robot-assisted percutaneous therapy was done by Potamiist be deformed to generate steering, and more force must
anos et al. (1994) who developed a robotic system for perchie applied to the tissue. Since there is clearly a safety limit on
taneous renal access. Since 1995, the remote center of motio& maximum force that can be applied without tissue dam-
(RCM) concept has subsequently been used widely to aligiye, there will be a corresponding depth where it is no longer
needlesutside the body (Taylor et al. 1995a,b). Stoianovicipossible to steer using this method. In contrast, while bevel
etal. (2001) developed a chain-drive RCM robot that has besteering and prebent element methods may generate some-
used for a variety of surgical procedures in conjunction withahat less steering at shallow depths (no study exists com-
radiolucent needle driver for percutaneous access. Many otlparring such steering amounts), their steering ability does not
researchers have also used robots for needle placement,dagrade with depth, and they do not require large force appli-
cluding: Koyama et al. (1990); Masamune et al. (1995, 2001gation or tissue deformation to achieve steering. Ultimately,
Kaiser et al. (2000); Cleary et al. (2001); Yanof et al. (2001)yve expect that a combination of force application at the nee-
Blasko et al. (2002). dle base (the DiMaio and Glozman method) and our bevel

These systems generally seek to increase the accuracystefering techniques will be most accurate in describing and
the initial alignment of the needle (prior to insertion) as @&ontrolling needle insertions into human soft tissues.
means of reducing final targeting error. However, they do not To fully model or simulate needle steering in soft tissues,
address one of the most important factors contributing to tat-is necessary to model the effect of cutting with a bevel tip
geting error, needle bending after insertion. None of the syand needle bending in 3D. All current models we are aware
tems described above is able to offer accurate control of tioéeither approximate the needle as a rigid object, restrict the
needle path after entry into the body. A steerable needle witiotion of the needle to a 2D plane, or do not consider the effect
be less dependent on perfect initial alignment, allowing aof a beveltip. These approximations may not be valid when the
curate targeting without requiring precise robots to performeedle is very thin and flexible, as is the case in our specific
perfect pre-entry alignment. Reducing precision necessaryrnieedle steering system design, as well as in many medical
the alignment mechanism will also reduce the cost of sugirocedures that seek to minimize tissue damage. Although
systems, making them more readily available to hospitals, #te work described in this paper does not explicitly consider
was the goal of Boctor et al. (2005). We note that the idea sbft tissue deformation (since our system uses a needle that is
actively steering a surgical tool after insertion into the bodynuch more flexible than the surrounding tissue by design), our
has received interest in catheterization, where designs usimgdel can be integrated with simulators handling deformation
shape memory alloys (Lim et al. 1996; Haga, Tanahashi, aféiterovitz, Goldberg, and Okamura 2005a), as is described
Esashi 1998), as well as electro-active polymeric actuation the Discussion section.
(Guo et al. 1996) have been proposed. However, these sys-
tems are more complex and expensive than needles, and are
not typically designed to cut through tissue. ) )

There are only two recent studies that have analyzed robode A M odel for Bevel Tip Needle Steering
needle steering using bending and path planning. DiMaio and

Salcudean (2003b) formulate a needle Jacobian that descriggfhsider a bevel-tip needle driven with two velocity inputs,
tip motion due to needle base motion and a tissue finite ghsertion speed and rotation speed, actuated from the base of
ement model. Their needle is stiff relative to the tissue, anfle needle. As the needle is inserted into tissue, the tissue
steering is accomplished by pulling on and angling the negnposes a reaction force on the bevel that deflects the needle
dle shaft outside the body to cause the tissue to deform. Oiff, causing it to follow an arc. The rotational input at the
approach contrasts with theirs in that we consider a systasase causes the needle to turn about its shaft reorienting the
where the needle is very flexible relative to the tissue, anskvel. Neglecting the torsional compliance of the needle and
does not displace a large amount of tissue in order to stegfsuming that the needle “stays in place” during reorientation,
itself. Glozman and Shoham (2004) use an approach similge tip rotates at the same speed as the base.
to DiMaio and Salcudean, but suggest a simplified model that we model insertion speed and rotation speed as inputs to a
allows fast path planning and real-time tracking for needlginematic nonholonomic system. We propose a variant of the
insertion procedures. Experiments in phantom tissues vadirandard kinematic bicycle, with constant front wheel angle,
date the accuracy of their model. Neither of the studies aboye and wheel basé,, as depicted in Figure 1. Togetheand
consider the effect of tip asymmetry on steering, and bot) specify the curvaturec, of the needle path, and a second
use standard stainless steel surgical needles, which are Igagametert,, determines the location along the bicycle that is
flexible than the nitinol needles considered in our work.  attached to the needle tip, Roughly speaking, inserting the
The above method of Steering via deforming tissue with Reedle at Speedl is like “riding the bicyde“ a|ong acircular
traditional stiff needle appears able to generate a large stegfc of radius 1« while rotating the needle at speed-eorients
ing capability at shallow depths, but this ability degrades afe plane containing the bicycle’s path. The two-parameter
depth increases (Glozman and Shoham 2004). More tisspigycle model can be reduced to a one-parameter “unicycle”
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and causes the unicycle to trace out a circular path with radius
r and curvature .

Similarly, the standard nonholonomic car or “bicycle
model” (Murray, Li, and Sastry 1994, Example 7.5) can be
modified slightly by fixing the angle of the front wheel. The
two wheel constraints cause the bicycle to rotate as a rigid
body about the point where the perpendicular axes intersect.
If the needle tip was attached to the back wheel, this modified
bicycle model would predict paths identical to the modified
unicycle model fox = % However, if we allow the needle
attachment position to be at a distaigérom the rear wheel,
Fig. 1. Configuration of a bevel tip needle during steering,e add a parameter to the model.
showing the front and back “wheels” at framBsand C of If the needle path is simply a single circular arc, this new
a superimposed bicycle-like nonholonomic model. In thigarameter does not add descriptive power. However, for any
particular configuration, the-axes for all three frames are trajectory more complex than a single circle, its predicted
pointing into the page. shape will differ from the single parameter unicycle model.
The utility of this will be illustrated in Section 3, where the
model is fit to experimental data.

In the plane, a more complex trajectory with inflection

model (a single wheel located directly at the needle tip) bjoints can be constructed by alternately pushing the needle
appropria‘[e Simp"ﬁcations that remoggwhile retaining,(_ into tissue for a finite distance and then aXia”y rotating it2180
The purpose of this study is to determine if the 3D genef-or the planar unicycle model, each axial rotation has the
alizations of the standard nonholonomic bicycle and unicycRffect of changing the sign of the angular velocity constraint
models quantitatively capture the needle steering kinemdghanging the sign o). For the planar bicycle model, each
ics. To do so, we fit the model parameters experimentally aial rotation corresponds to instantaneously turning the front
described in Section 3. We then statistically compare the bicytheel from-+¢ to —¢ or vice versa.
cle and unicycle models to determine if the additional bicycle While both models generate circular arcs when moving
model parameter significantly improves the model fit. We su&rward, the arcs traced out by the unicycle must be tangent
pect that the model parameters depend on many factors si@rPne another, whereas the arcs traced out by the bicycle
as tissue stiffness, needle stiffness, and bevel angle, but Aged not be. Figure 4 simulates this effect on the trajectory
leave verification of these hypotheses for future investigatioRredicted by each model given parameters ef0.05 and,

and reserve further specu|ation for Section 5. = 2. In this simulation, the inpUt prOf”e Wwas: (1) insert for 1
second at 10 cm/s, (2) rotate 28(B) insert for 2 seconds at

10 cm/s, (4) rotate 180and (5) insert for 1 second at 10 cm/s.

It is interesting to note that the bevel steering approach
If the material properties of the needle are appropriately sdees not preclude linear paths for the needle. The needle may
lected with respect to the properties of the tissue throudle inserted along an approximately straight path by continu-
which it travels, the needle shaft follows the trajectory of thally rotating it at the base as it is inserted (effectively using
tip almost exactly. This was demonstrated in Webster, Memé “drilling” motion). When this is done, our models predict
sevic, and Okamura (2005). using video of the needle insertianhelical needle trajectory with extremely small radius that
and comparing tip position in each frame to the final shaft trapproximates a line. This effect is observed clinically, and
jectory (Figure 2). Thus, for an accurate representation of tlginning the needle is a recommended surgical technique to
entire needle shape, it suffices to describe the motion of theduce the bending that results from the bevel tip (see Wallner,
tip. Blasko, and Dattoli 2001, page 8.16).

In the plane, the standard nonholonomic model for a sin- Generalizing the planar unicycle and bicycle models to full
gle wheel or “unicycle” (Murray, Li, and Sastry 1994, Ex-rigid transformations (S@)) is the subject of the next section.
ample 7.4) has a single no-slip constraint. As shown in Fig-
ure 3, when written in body_frame coordinates this constra_irét_z_ Notation and Definitions
isv, = 0. Inthe standard unicycle model, the angular velocity
w is variable and serves as a control input to the system. Howltimately, we seek to use the two control inputs, insertion and
ever, the needle bevel tip angle is fixed. To model this, we caatation, to drive a needle to a desired position and orientation
modify the standard unicycle model slightly by fixing the ratidn six degrees of freedom (DOF). Since generalized coordi-
of linear velocity to angular velocity. This constraint can benates (such aéx, y, z, roll, pitch, yaw)), have singularities,
written (again in body frame coordinates)@as= ro = %w, we resort to a coordinate-free representation of the kinemat-

2.1. Planar Needle Kinematics
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| 5 cm

Fig. 2. Tip positions during needle insertion shown overlaid on an image of the final needle path. Tip positions were extracted
automatically from a sequence of insertion images.

Fig. 3. (Left) The modified planar bicycle model rotates as a rigid body about a center of rotation defined by the intersection of
the two wheel axes. (Right) The modified planar unicycle model rolls with an angular velocity proportional to its linear velocity.

ics. Fortunately the kinematic needle equations are quite siakenote the rigid transformation betwegrand B. Likewise,
ple in the coordinate-free representation, but the convenienet g,. = (R,., p».) € SE(3) denote the transformation be-
and generality comes at the added expense of the formalisweenB andC.

and notation presented in this section. This section is included The isomorphisnR?® ~ so(3) is defined by

for the purpose of establishing notation. We follow the con-

ventions in Murray, Li, and Sastry (1994). w, 0 —w;
Consider the three reference frames depicted in Figure 1.~ ~ |, |\, | o, 0 —w, | e s03),
a stationary world frame4, and two “body” framespB and ws —w, @, 0
C, attached to the needle tip. Using the homogeneous matrix
representation, let 0 —w3 w1
Vil ws 0 - |+ |w|, (2)

Qup = [IS‘;” p{”} € SE(3) where
s where s@3) is the Lie algebra of S@). It will be convenient
Ry, € SOQ), pu € R (1) to “overload” the definitions of~ and" for se3), the Lie
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Fig. 4. Comparison of the different planar paths for the one parameter unicycle model and the two parameter bicycle model.
Parameters were = 0.05 and/, = 2

algebra of SEB3). In other words, if(v, w) € RS, then Since frames andC are fixed with respect to each other,
V. = 0.ThusV,; = Ad,1V, + V; = Ad .V, and the

~ [:}] . [‘?’ g] csql), v [5) U] s [”} . (3) Pfaffian constraints can be S|mpI|f|ed to

or (O LI0] 1)
. . 1 00 O 0 0
Given two framesX andY, related by the rigid transforma- 010 0 0 0
tion g,, € SE3), the body-frame velocity between them is 001~ 0 o0 Vi =0, (7)
given by 000 0O 1 O
b vb, —1 V2 vbv = RTw[‘)X\" tanzp
Vio=| 3| =(g, &, where % I?T B wherex = =%. Assumingt, # 0 andg € (0, 7/2), a basis
' @ry Wy = )" Vi, V, for the right nullspace ofA defines the two allowable

(4) directions:

Given three framesg\, B and C moving relative to each v, es Uy Os1
other, their body velocities are related by, = Ad, 1V, + Vi= [ ] = [Kej and V,= [ ] = [ e ] (8)

v}, where

w1 (27

The vectorV; corresponds to pure needle insertion, whije
Ad. — R DR ) corresponds to pure needle shaft rotation.
0O R Since we assume the needle shaft is held in place by the

. . . . surrounding tissue, the effect of the shaftis to replicate needle
isthe Adjoint operator for arigid transformatigrn= (R, p) € base control inputs at the tip. Let = (us, u,) denote the

SEQ). . 5 ) control inputs, where; is the insertion speed, and is the
The unit vectorg;, e;, e; € R° are the standard basis. g4t rotation speed. This leads to the following kinematic
model:

2.3. Nonholonomic Constraints and Control I nputs
. . Vi =u Vi +u,V,,  or, equivalently
In the bicycle model, frameB8 andC are rigidly connected

with parallelx-axes, such that the origin 6fis a distance, 8u() = gur (D) W1V + U V), 9)

along thez-axis of B. They-z plane ofC is rotated by angle

¢ about thex-axis, as shown in Figure 1. Thi#s. = ¢%¢ and and

DPre = lie3, Wheregp and{, are constants to be determined

experimentally as described in Section 3. n(t) = Rup()€2e3 + pu(1).
There are four Pfaffian constraints, because the velocity of

the origin of frameB cannot have a projection along ther

y axis of frameB, and the velocity of the origin of framé

cannot have a projection along ther y axis of frameC. In

other words:

(10)

The unicycle model can be viewed as a simpler form of
the bicycle model by setting, = 0 and removing the front
wheel of the bicycle. The unicycle model also has four Pfaffian
constraints:

T.b _ T.b _ T.b _ T.b _ e’ = et = el , =0, e =el? 11
e v, =ev, =ev, =ev, =0. (6) 1 Yap 2V 2 W 1 ab 3Vup> (11)

ac
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the first three of which are straightforward. The fourth conby a motor-driven worm gear. Rotation of the needle about its
straint above relates the angular velocity of the unicycle aboakis is achieved by rotating the insertion subassembly as a
e; to the insertion speed, corresponding in the planar caseunit. Since the wheels grasp the needle tightly by the bar-
a circular path with curvature. These constraints lead to arel, rotating the subassembly causes the needle to rotate as
constraint matrix identical to that of the bicycle model (7)well. A slotted needle guide (shown only in the photograph)
thus yielding the same allowable directions as before (8). frther fixes the orientation of base of the needle, and thus
the unicycle modely coincides with the origin of framé&, the bevel direction, relative to the drive wheels. This prevents
reducing the number of model parameters from two to one lnwanted needle rotation as the drive wheels turn. Buckling
removing,. is prevented by passing the needle through a 1.5 mm hole
Summarizing, the two models can be written as follows:drilled through the aluminum rod that supports the insertion
subassembly. This rod extends to the surface of the phantom

& (D8 (1) = urVi + V2, tissue into which the needle is inserted.
R Vo — 0 The needle used in the experiments was a 0.7 mm diameter
e P | es solid nitinol cylinder (simulating a 22 gauge needle) with a

smooth surface finish and a hand-machined bevel tip of 45
(multimedia extension 2). The phantom tissue material used
in this experiment was Simulated Muscle Ballistic Test Media
(12) (SimTest) from Corbin, Inc. This material qualitatively feels
r.?:_imilar to human muscle, and is stiff enough (4.9 N/mm by

Note that for both the bicycle and unicycle models, the co . ) ) g
a blunt indentation test) relative to our superelastic needle to

straints (7) are independentgj,, and thus the control vector < ~' deli ion th i disol
fields are left-invariant. The systems (12) are nonholonomiﬁfgltISfy our modeling assumption t. at macroscopic ISplace-
since the distribution = span{V,, V,} is notinvolutive. This ment of the tissue by the needle will not occur. As mentioned

can be seen by taking the first Lie brackevoaindV, in (12) i_n Seqtion 2, this means Fhat the negdle shaft will follow the
tip as it cuts through the tissue. This is the same set of needle
and phantom materials used in Webster, Memisevic, and Oka-
mura (2005), where this was shown to be a good modeling
assumption for this needle/tissue combination.
which is linearly independent ¢f, andV; (and thusA is not It is expected that similar results can be obtained in phan-
involutive). Successive Lie brackets reveal that the systegm tissues with a wide range of properties by selecting the
is of nonholomy degree 4, with a relative growth vector ofppropriate needle stiffness. While the SimTest media, which
(2.1, 2, 1) (Murray, Li, and Sastry 1994, Chapter 7). Thereis qualitatively similar to muscle, is stiffer than some organs
fore, this system is controllable, and we have begun exploring g . liver), we expect our modeling assumption to hold even
the path planning problem in other work (Park et al. 2005).in softer tissues if we increase the flexibility of the needle
shaft. Quantifying the properties of living tissue is an active
2.4. Discrete Model research area. As these properties are quantified more fully,

A discrete implementation of the kinematic model (12) en(_)ur understanding of the effect of needle shaft properties on

. ! . . . steering will improve. Our nitinol needle and SimTest media
ables simulation and visualization. Advancing the homoge- o : s
. , fepresent a specific example of a needle/tissue pair with ap-
neous transformatiorg,,, alongV’, for T seconds for each

time stepk = 0.1, 2. ... yields the discrete-time model propr'lately mat'c.hed propertles. This _results ina _S|gn|f|§:§1nt
steering capability and fits our modeling assumption. Initial

gy (k 4 1) = gy (k)e(n®@Vitu®2)T experiments indicate that bevel tip needles can steer well even
‘ = R Y L (14) in needle/tissue combinations that are not as well matched
n(k) = Ray (k)tzes + pas (k). (e.g., softer tissue, stiffer needle), but the shapes they take on

The control inputs:; (k) andu,(k) now denote the insertion May change to some degree. This is a topic of future research,

distance and change in rotation angle, respectively, atistepdiScussed in more detail in Section 4. _
The rubber-like SimTest media was cast into a sheet ap-

. . proximately 15 mm thick, and the needle was introduced ver-
3. Experimental Validation tically, as shown in multimedia extension 3. To collect coordi-
. nates describing the needle path in each insertion, a physical
3.1 Materials grid was overlaid on the phantom tissue. A 1 cm square grid
A needle driving robot (Figure 5, multimedia extension 1)vaslaser etched into aclear polycarbonate sheet so that digital
was designed to control both insertion Y and rotation g,)  images could be taken of the needle path through the grid (Fig-
speeds. The insertion subassembly drives the needle by gra#jg 5). Thirty two points along the needle path were recorded
ing itonthe barrel using two Opposing rubber wheels actuat@ﬂjDiXE' coordinates foreachrun. These pier coordinates were

n(t) = Ry (1)€e3 + p.y(t)bicycle model
n(t) = pau(t) unicycle model (¢, = 0)

U 7\ O X
Va=[Vi, Vol = (ViVo = Vo V)" = |:_l3(elzi| ) (13)
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Needle Guide

Insertion
subassembly

Rotation
drive

Needle

Fig. 5. A needle driving robot for steering of flexible needles: CAD model (left) and experimental assembly (right).

converted to physical coordinates in a frame attached to theires control of axial needle rotation (bevel direction), or the
polycarbonate grid using the following procedure. needle may dive below the surface or rise above it (out of
Nine calibration points (grid intersections), distributedhe phantom tissue). This diving or rising effect is a result of
evenly acrossthe planar grid, were obtained in both pixel coammall errors in initial needle rotation calibration that can cause
dinates and physical coordinates. Then, using a 2-dimensiotia needle bending plane to be slightly misaligned with phan-
version the Direct Linear Transform (DLT) algorithm, the protom tissue surface. Accurate control of needle axial rotation
jective transformation was estimated from the point correequires the needle steering model parameters that these ex-
spondences for each run. These transformations enabledpesiments are designed to reveal. However, the needle can be
to express coordinates along the needle in the physical d@ptin a plane just below the surface of the tissue by manually
ordinate system. We estimate the error associated with tmigaking slight corrections to the axial rotation of the needle
collection process to be withift 1 mm. The nonholonomic as necessary to minimize out of plane motion. In contrast to
model was fit to this physical data as described in the follovthe rotational degree of freedom, the linear insertion velocity
ing section. is constant, and is computer controlled. Possible sources of
error in these experiments include initial insertion angle from
vertical, human controlled (approximately constant) spin an-
gle, slippage of drive wheels relative to the shaft (not visually
The needle described previously was inserted multiple tim@erceptible), small deformations of the phantom tissue, and
into a single phantom tissue sample for all experiments. Cadentification of points on the needle path in digital images.
was taken to insert the needle at a different location each Two sets of input parameters were used in the experimental
time so that the holes cut by previous experiments would nistsertions. In oneu, was set to zero, and the needle was
affect subsequent trials. Because the phantom tissue is seimserted at a constant to a depth of 235 mm. This created a
opaque, visualizing the needle with an optical camera requirégingle bend” insertion profile. In the other, was set to zero
it to stay within a few millimeters of the surface. Doing so refor the first 1/3 of the total insertion depth (83.3 mm). Then

3.2. Experimental Procedure
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u; was set to zero and the needle was rotated 180 degreesr a single run of the unicycle model, the radius of the arcs is
Finally, with u, again fixed at zero, the needle was inserted

the remaining 2/3 of the insertion depth at constanantil the r= E (18)
needle reached atotal insertion depth of 250 mm. This created Kk

an S-shaped or “double bend” insertion profile. A total of 13 e position of the center of the first arc simplifies to
insertions were performed, composed of eight single bend

insertions and five double bend insertions. 0
When the insertion speed is constant and needle rotation c1= |y, xrcogy) |, (29)
does not changexf{ = 0), the needle tip follows a planar +rsin(y)

circular arc as described in Section 2. This arc is a function of ) o o
the parameters and¢,. To fit all 13 trials simultaneously, the @nd the center of subsequent circular arcs similarly simpli-
parameter set was expanded to include two unique “nuisan@s to

parameters” for each individual trial. These parameters were 0

; : ) S
y! (they en'_[ry point of the nee_dlt_a) ang’ (the initial angle ¢ = |yt rcogyy) |. (20)
of needle with respect to theaxis in they-z plane) for each

i : ) . zica 7 SiNCyi_y)
run,j =1, ..., 13.They’/ parameter was included because it

was observed that while all insertions had similar basic shape Gjven these circle centers, the desitefrediction for a

and curvature properties, they differed by a slight rotatiogaluey is then given by the equation for a circle:
indicative of a small amount of error in initial entry angle.

This error was probably caused by the needle tip deforming f(z.0) =ele,+r2—(z — ebe,)?

the surface of the rubber before puncturing it, and deflecting el <7 <el e, (22)

the angle of entry a small amount in the process. The vector 3 M= t=t e

of parameters is given iy = (k, €2, y2, ¥*. ..., v2>, ¥*®.  wheree, ande; are standard basis vectors such that, for ex-

While itis possible to integrate the path of the needle usingmple,e! ¢; denotes ther component of the center of thi#
the Lie group expressions given in Section 2 (which is dongircle segment.
to generate the plots in Section 3.3), the nonlinear parameterThis closed-form model can now be fit to the experimen-
estimation is greatly facilitated with a closed form expressiotal data using Matlab'sil i nfi t command. This function

for the needle trajectory. This allows the nonlinear fitting alnumerically computes a Jacobian in terms of the parameters,
gorithm to run much more efficiently, and eliminates small

errors associated with the integration time step. It is straight- J = aif _ (22)
forward in the planar case to derive such an expression for the 20

needle path in terms of the circular segments that descnbel{tthen uses the Gauss-Newton gradient descent method to

Forasingle run.of the bicycle modei ¢uperscript omittgd minimize the residual error between the observed data points
for clarity), the radius of the arcs (all have the same radius) 15 the predicted ones

1
r=-= 6% + (L1 cot(g))2. (15) 3.3.Results

. i _ For the bicycle model, the experimentally fit parameters were
The position of the center of the first arc is « = 0.0449 ande, = 2.3775 cm, with 95% confidence in-
tervals of+ 0.0006 ancht- 0.1498 respectively. Note that
can be directly related back to bicycle steering angeafhd
distance between the wheels)( sincex is a function of both.
For example, choosing = 4 cm yields a steering angle of

=10.18. Figures 6 and 7 show plots of the single bend and

where the+ is selected by whether the arc points towargyo pje bend fitted models along with mean data values and
the positive or negative direction. The center of subsequentsianqard deviation bars for each data point, with the nuisance

circular arcs (after rotating, by 180) is given by a similar 3 rameters taken into account. The plots were generated by
expression where the nuisance parameters have been repl rating the Lie group expressions given in Section 2.

by the ending conditions of the previous arc (denoted by the 1,4 experimentally fit parameter for the unicycle model

0
c1= |y, £rcogsin(lx) +y) |, (16)
+r sin(sint(e.x) + )

leading superscripd): wask = 0.0468 with a 95% confidence interval £f0.0001.
Since the unicycle model can be viewed as a simpler form of
.O_l the bicycle model, we can use a hypothesis test to determine
¢ = | “yia £ reossin(lox) +¥;-1) | - (17)  \yhether the second parameter in the bicycle model represents

e 1 in—1 e .. . . oy .
Zia 1 SIN(SINT(LoK) + Yie1) a statistical improvement in describing the needle trajectory
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Fig. 6. (Left) The bicycle nonholonomic model prediction for a single curve run, shown with average data (including nuisance
parameters) and standard deviation bars. (Right) During the experiment, the needle was inserted 23.5 cm, without spin.
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Fig. 7. (Top) The bicycle nonholonomic model prediction for a run with two curves, shown with average data (including
nuisance parameters) and standard deviation bars. (Bottom) During the experiment, the needle was inserted 8.3 cm, spun
180, then inserted another 16.7 cm.
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over the unicycle model (null hypothesis).tAest witha =  stop ¢, = 0) when the bevel is re-oriented,( # 0). But
0.01 leads to rejection of the null hypothesig, & 0.01) and for the bicycle model, if rotation happens without simultane-
we conclude that the bicycle model is statistically significantlpus linear insertion, a small “kink” (the non-tangent circles
better at describing the data. This is illustrated graphically imentioned in Section 2.1) will result. Another physical con-
Figures 8 and 9. sideration is that needles have finite torsional stiffness. As the
As shown in Figures 6 and 7, the bicycle model qualitashaft of the needle is made more flexible to enhance bending,
tively fits the data very well. Quantitatively, the root mearit will also become more torsionally flexible. We have con-
squared error between the model prediction and the obsensdered possible modifications to our basic kinematic model
data points is 1.3 mm for the bicycle model, compared tthat may help remove the kink phenomenon and take torsional
2.6 mm for the unicycle model. The error for the bicycle modedtiffness into account. The models described in Section 2, both
is quite low, however it is slightly above our measurement ehave the following body velocity structural form, amenable
ror estimate oft: 1 mm, so there may be a small amount ofo numerical integration (9):
inherent variability in the data not captured by our kinematic , T
model. Vi, =[0 0 wr wus O up] , (23)
whereu; is the insertion velocity and, is the shaft rotation
velocity. One possible way to modify this model is through
4. Discussion alternative descriptions of the parameters, and another is to
add new parameters.
We have presented a pair of kinematic models that describe To account for torsional stiffness, it may be useful to add
the trajectory of a flexible needle with a bevel tip. Experia new parameter, for examplg, = au,, wherea may be a
ments and statistical analysis verify that the two-parametaonlinear function of time or arclength that appropriately cap-
“bicycle” model describes the needle behavior better thantares the effects of friction and torsional stiffness. The human
single-parameter “unicycle” model. The path predicted by theontrolling the rotational degree of freedom in our experi-
two-parameter model is in close agreement with our expaments (as described in Section 3) compensated for torsional
imental data, but there remain several points to consider fstiffness effects by rotating the needle base further than the
future improvements of the model, and future enhancemenssired tip rotation. Both torque information sensed at the fin-
to experimental procedures. One is the modeling assumptigars and visual observations of the needle tip may have been
that the needle and tissue be matched so that the tissue is stiféful to the human to keep the needle in plane. To enable
relative to the needle. automation of this, one area of device improvement we will
If the needle and tissue are not perfectly matched (e.gursue is incorporating a torque sensor into the robotic nee-
the same needle is used with softer tissue), simulations indile driving mechanism. This will make torque measurements
cate that the shape of the needle path will change (Alterovitayailable to the controllers we develop. As one would expect,
Goldberg, and Okamura 2005a). However, our model in stithe base of the needle must be turned further for a given de-
tissues may still provide a basis for control. It can be incosired tip motion the further the needle is inserted into rubber,
porated into finite element models (FEM) of tissue to predidiecause overall frictional force between the needle shaft and
the needle path in softer tissues. An example is Alterovithe tissue increases with insertion depth. We hypothesize that
Goldberg, and Okamura (2005a), where our model providescontroller to replace the human in controlling the rotational
an idea of where the needle tip will deflect as it severs noddegree of freedom may have to take this into account through
of the FEM tissue mesh. The basic model can also be used foodeling and/or sensing.
planning in conjunction with dynamic programming for un- It must be emphasized that it is not clear that this compen-
matched needle/tissue combinations (Alterovitz et al. 2005k9ation for torsional stiffness will be necessary in live tissues.
While the model and experiments in the matched setting d€hey contain inherent lubrication (blood), and we expectthem
scribed in Section 3 provide a first step toward analytical repe have far less friction with the needle shaft than is observed
resentations of needle shape in an unmatched setting, futureubber phantoms. It may also be possible to reduce friction
research is needed in this area. Even in the absence of sbghusing various gels (containing water or other liquid) as
analytical representations, our model may be useful for highttre phantom tissue, presumably more closely replicating the
rate control than is currently possible with FEM techniquesnteraction between the needle and human tissue.
since they are computationally intensive. Steering directly inn vivo or ex vivo tissues introduces
There are also some other interesting issues arising framany new phenomena that must be modeled, including mem-
physical considerations that it may be possible to build intbrane pop-through effects, as well as tissue inhomogeneity
our model. One physical consideration is that the trajectognd anisotropy. While these may be challenging to model,
of an actual needle intuitively ought to be at least oncehey do not appear to preclude steering needles using bevel
differentiable. Both the bicycle and unicycle models will beip forces. Figure 10 shows a fluoroscope image of a needle
once-differentiable as long as the needle insertion does rinserted into bovine muscle. It is clear that bending still oc-
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Fig. 8. (Left) The unicycle nhonholonomic model prediction for a single curve run, shown with average needle path data
(including nuisance parameters) and standard deviation bars. (Right) Photograph of one needle insertion.
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Fig. 9. (Top) The unicycle nonholonomic model model prediction for a run with two curves, shown with average needle path
data (including nuisance parameters) and standard deviation bars. The single parameter model is not able to fully capture the
curvature variations of the physical needle. (Bottom) Photograph of one needle insertion.
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ysis of model parameters such as the one carried out in this
paper is critical.

In addition, the use of a control system with image feed-
back will mitigate the need for a perfect, patient-specific
model. However, imaging measurements will include noise,
and some forms also expose the patient (and the physician)
to radiation, possibly reducing the maximum sensor update
rate. As we draw nearer to clinical application of needle steer-
ing, we will seek a practical balance between a priori path
planning based entirely on models and control through image
feedback.

Enhancements to experimental sensing are also possible to
improve data accuracy and to make 3D measurements. Stereo
cameras and transparent phantom tissues will facilitate this.
If tissues are not transparent, we may substitute radiological
imagers such as fluoroscopes for the optical cameras. In either

] ] ] case, it will be useful to have the needle embedded deeper in
Fig. 10. This fluoroscope image demonstrates that a 0.6 MRk tissue to enable more complex 3D trajectories. For optical

diameter bevel tip nitinol needle can steer through bovingymeras, this will require calibration algorithms to compen-

muscle. While moving from homogeneous rubber phantomgyte for optical refraction at the surface of the tissue. (We ne-

to real tissue introduces new modeling challenges, thigected refraction in this paper because the needle was so near

image shows that bevel based steering is not limited {8 tissue surface.) In future work, we also plan to track the

homogeneous rubber phantoms. needle as it progresses through the tissue rather than collect-
ing points along the needle shaft after it has reached its final
position, as was done in this paper. While post-insertion col-

curs in this more realistic environment. It not known precisel{fction is accurate for the matched needle/tissue combination

what other effects will be seen in live tissues, but it is possibl Our experiments (Figure 2), it may not be for combinations

that some of these effects may enhance bevel tip steering it aré not as well matched. It will also be useful to track

allowing tighter curvatures to be realized, while others majjSsue deformation in three dimensions, perhaps using fidu-

reduce curvature. cial markers embedded in the phantom. We note that, to the

To account for the kink we believe that it may not be necefSt of our knowledge, no previous needle insertion model-

sary to add an additional parameter to the model, but rather'f§) WOrk (see Section 1) has recorded 3D needle insertions

change the description of an existing parameter. Rather thi€al or phantom tissues that include bending, steering, or

consideringe a constant, we can considering it a function ofiSSué deformation.

time and/or arclength. It may also be possible to use thisnew

function to account for some of the effects of tissue deforma- ]

tion, either as an alternative to or in collaboration with FEMp. Conclusion and Future Work

methods. There may also exist useful alternative descriptions

of needle trajectory in terms of differential equations. Th&teering flexible needles using a bevel tip has the potential to

general form might be enable accurate, dexterous targeting for percutaneous medical
procedures in amanner that minimizes tissue deformation and
MV! +CVh +KV) =U, (24) damage. The firststep in steering a needle to a desired location

is a kinematic analysis of the needle path. This paper intro-
whereM, C, K are constant matrices including general paduced a 6-DOF nonholonomic model based on steering due
rameters, and/ is an input body velocity, which can be ato bevel tip asymmetry. Using a robotic mechanism designed
function of time or arclength, or both. for flexible needle insertion, we demonstrated that our model
Investigating these modified and alternative descriptions atcurately predicts the path of a compliant needle through
needle kinematics is an area for future work, that will be puphantom tissue when the needle and tissue are appropriately
sued if they begin to show significant advantages over curremiatched (the tissue is stiff relative to the needle). A nitinol
techniques. When investigating new models, it will be criticaheedle and rubber phantom qualitatively similar to human
to ensure that the model does not over-fit the data for a panuscle provide an example of a matched pair. In particular,
ticular set of experiments. The model should be general amee demonstrated by statistical analysis that a two-parameter
applicable to various needles and tissues, but without undbiycle model can describe the needle steering behavior better
complexity or redundancy. To ensure this, a statistical andhan a one-parameter unicycle model. As discussed in Sec-
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« Determining the relationship of the bevel angle to th&References

steering anglep (Webster, Memisevic, and Okamura ]
2005). Alterovitz, R., Goldberg, K., and Okamura, A. 2005a. Plan-

ning for steerable bevel-tip needle insertion through 2D

* Creating a noise model that captures the inherent vari- soft tissue with obstaclesEEE International Conference
ability of needle insertion and tissue inhomogeneity, on Robotics and Automation, pp. 1652—1657.
and incorporates these stochastic features into planningerovitz, R., Lim, A., Goldberg, K., Chirikjian, G. S., and
(Park et al. 2005). Okamura, A. 2005b. Planning for steerable bevel-tip needle

insertion through 2d soft tissue with obstacldE=EE/RS]

International Conference on Intelligent Robots and Sys-

tems, pp. 120-125.

« Path planning for steering needles around obstacl@#erovitz, R., Goldberg, K., Pouliot, J., Taschereau, R., and
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and Okamura 2005; Alterovitz et al. 2005). analysis|EEE International Conference on Robotics and

Automation, pp. 1793-1799.
"Alterovitz, R., Goldberg, K., Pouliot, J., Taschereau, R., and
Hsu, 1.-C. 2003b. Sensorless planning for medical needle

« Development of a complete system for needle steering insertion procedure$EEE/RS] International Conference
that uses feedback from medical imaging to enhance on Intelligent Robots and Systems, pp. 3337-3343.
accuracy in the presence of unmodeled tissue deform@lterovitz, R., Pouliot, J., Taschereau, R., Hsu, I.-C., and
tion and inhomogeneity. Goldberg, K. 2003c. Simulating needle insertion and ra-

dioactive seed implantation for prostate brachytherapy. In

Medicine Meets Virtual Reality 11, (ed. J. D. Westwood)

pp. 19-25. 10S Press.

The multimedia extension page is found at http://wwwBlasko, J. C., Mate, T., Sylvester, J. E., Grimm, P. D., and

ijrr.org. Cavanagh, W. 2002. Brachytherapy for carcinoma of the

prostate: techniques, patient selection, and clinical out-
comes.Seminars in Radiation Oncology 12(1):81-94.

* Integrating needle steering models into simulations that
include large tissue deformation (Alterovitz et al. 2005).

« Selection of optimal insertion points (Alterovitz et al
2005).
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phantoms with model-based Proceedings of the Institution of Mechanical Engineers
simulations 211 (H4):335-347.
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Daum, W. 2003. A deflectable needle assembly. U.S. Patdtdyama, H., Uchida, T., Funakubo, H., Takakura, K., and
5,572,593. Fankhauser, H. 1990. Development of a new microsurgi-
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Gibson, S. F. and Mirtich, B. 1997. A survey of deformabléMahvash, M. and Hayward, V. 2002. Haptic rendering of cut-
modeling in computer graphics. Technical report, MERL, ting: A fracture mechanics approadtaptics-e: The Elec-
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