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Evaluation of Robotic Needle Steering in ex vivo Tissue
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Abstract— Insertion velocity, tip asymmetry, and shaft di-
ameter may influence steerable needle insertion paths in soft
tissue. In this paper 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 asymmetric-tip
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
3.4cm (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 hypoth-
esize 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.

I. INTRODUCTION

Needle insertion into organs is associated with many
common medical procedures, including biopsies, ablation,
and brachytherapy. The effectiveness of a procedure can be
decreased due to inaccurate needle placement, unexpected
tissue deformation, 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 prostate brachytherapy, for example, 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 [1]. PAI could disqualify
the patient for brachytherapy, leaving more radical treatments
as the only alternative. In hepatic (liver) treatments, needle
steering is particularly promising for ablation and biopsy of
tumors, in which accurate needle placement is critical.

Recently, researchers have developed techniques for nee-
dle steering and identified models for needle steering and
needle-tissue interaction [2] [3] [4] [5] [6] [7] [8] [9]. Most
needle steering studies have been performed in artificial
tissue gels, e.g., [9] [10] [11], with few experiments in
real tissues. Our group has characterized effects of insertion
velocity and tip asymmetry in artificial tissues [10], and
developed controllers, planners, and compensators to account
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for potential errors in insertion based on computational,
modeling, and initial needle orientation errors [12].

We use a needle steering technique that incorporates flexi-
ble 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 [8].
This work presents the effects of needle insertion design
variables on needle shaft curvature in ex vivo biological
tissue.

There are two other known 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 [13]. 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 needle. Burdette
et al. [14] 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.

II. PORTABLE NEEDLE STEERING DEVICE

We have developed a portable needle steering device for
the insertion and control of flexible needles in soft tissues
(Fig. 1). Borrowing heavily from the existing needle steering
robot at Johns Hopkins University [10], 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
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Fig. 1: Model of the portable needle steering device.
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Fig. 2: Image of experimental setup, including the portable needle
steering device, the fluoroscope, and the liver.

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.

The translational subsystem consists of the linear slide
with limit switches, a 2-phase 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-to-USB 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 [15] for many functions.

III. EXPERIMENTAL METHODS

A series of experiments were performed on goat liver to
identify the effects of insertion velocity, needle tip asym-
metry, 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).

A. Tissue Choice and Insertion Zone ldentification

Fresh ex vivo goat liver was chosen as the biological tissue
for these experiments. The liver has a complex internal struc-
ture 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. 3).

(a) Goat liver 1 (b) Goat liver 2

Fig. 3: Slices of volume-rendered goat livers generated using
fluoroscopic images and 3D Slicer software.
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Fig. 4: Bevel-tip needles have a single angled tip defined by the
variable a. Pre-bent needles are characterized with a bend angle,
0, and bend length, /. Pre-bent needles may also have bevel angles.

B. 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. 4). Bevel-tip needles have a single
angled tip, while pre-bent needles have a bent section 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 I).

C. 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 [10]. 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
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TABLE I: Needle Tip Measurements

Diameter Tip Parameter Values for 5 needles
0.74mm  Bevel « (deg) - - 435 - -
0.58mm  Bevel «a 11.0 275 450 560 79.0
Bent 0 (deg) 80 160 340 420 560
a 435 42,0 450 440 450
I (mm) 345 369 492 325 373
0.48mm  Bevel @ 9.0 280 46.0 590 79.0
Bent 0 80 150 220 350 580
«a 46.0 445 440 420 420
l 349 328 413 388 4.66
0.38mm  Bevel « - - 46.0 - -

and curvature. A planar controller has been developed to
minimize this error [12]. However, this method requires the
use of stereo or 3D images, which was not possible with the
single plane fluoroscope available for these experiments.

D. 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, distortion-free images are critical. Therefore,
we used an image rectification and calibration technique to
correct the images [16]. 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 of
visible liver deformation. Pixel values are:

1 likely needle location or large tissue deformation
Irouucolumn ~

0 unlikely needle location or tissue deformation

A previously developed kinematic model [8] 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 [17]. These experiments assume that the needle is steer-
ing 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 [6],
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, B,,; the needle tip,
T,; 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, R,,, of a circular arc connecting the
needle base and needle tip and to approximate the needle’s
concavity, .S,,. Using these arc parameters, a simulated needle
image was generated:

S(Rn,Bn,Tn,Sn)m _ { 1 on 01.rcular arc;
0 otherwise.

The arc is thickened so that its width in pixels is approxi-
mately 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:

Z Ir,c X Sr,c

T Erows,cEcols
<0,
num(S, . = —1)

which penalizes the length of an arc describing the needle,
ensuring that the arc stops 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

COTT(S(RTH Bna Tn7 Sn); I) =

min
{Rna Bn; TTL7 Sn}
which can be solved with Matlab’s simplex optimization

search (fminsearch) initialized using the approximate arc
parameters previously determined.

Corr(S(Rn, Bny Ty Sy), )

E. Experimental Variables

Two main experimental variables were considered: inser-
tion velocity and tip asymmetry. Three insertions in two
different goat livers were performed for each experiment.

1) Experiment 1 — Insertion Velocity: Needles were in-
serted 10cm at five velocities: 0.5, 1.0, 1.5, 2.0, and
2.5cm/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.

2) 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 I
provides actual dimensions for the needles, which differ from
the nominal values.

IV. RESULTS AND DISCUSSION
A. Experiment 1: Insertion Velocity

The effect of insertion velocity on final needle shaft shape
is demonstrated using curvature measurements (Fig. 5). A
Kruskal-Wallis test was used to determine the significance of
the effects of diameter, tip asymmetry, and insertion velocity
on needle curvature. This test is appropriate for distributions
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Fig. 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)).

TABLE II: Kruskal-Wallis p-values for Curvature

Source Insertion Bevel Tip Bent Tip
Velocity ~ Asymmetry  Asymmetry

Diameter 0.0000 0.2058 0.5476

Velocity 0.9938 - -

Tip Angle - 0.0914 0.0019

Liver 0.6048 0.5379 0.0107

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 II, 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 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 diam-
eter 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.

B. Experiment 2: Tip Asymmetry for Bevel-Tip Needles

The effect of bevel angle on curvature for various needle
insertions was also studied (Fig. 6). We calculated the sig-
nificance of diameter, bevel angle, and liver using Kruskal-
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Fig. 6: Effects of bevel-tip angle («) 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).
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Fig. 7: Effects of pre-bent tip angle (6) 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).

Wallis tests, as shown in Table II. Similar to Experiment 1,
the applicability of standard tests is compromised by inhomo-
geneous 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.

C. Experiment 2: Tip Asymmetry for Bent-Tip Needles

The effect of bent-tip angle on curvature is shown in Fig. 7.
We calculated the significance of diameter, bend angle, and
liver using the Kruskal-Wallis test, as shown in Table II. In
this case, there was homogeneous variance between diameter
groups. There was a significant effect of bend angle and
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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 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.

V. TOWARDS CLINICAL APPLICATIONS OF 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: ablation, biopsy,
and brachytherapy.

For the ablation experiment, the needle was inserted to
a specific location and then partially retracted and rein-
serted three more times with different tip orientations to
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 [14]. 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 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. 8 is based on an
estimate for a typical radiofrequency catheter ablator, heating
for 5 minutes [18]. There are several factors which affect the
volume of ablated tissue including time, frequency, and blood
flow.

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

Fig. 8: 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.

(a) Needle steered to target  (b) Introduced guide sheath

(d) Biopsied sample

(c) Inserted biopsy needle

Fig. 9: 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.

artificial tumor made out of hydrocolloid dental impression
material impregnated with iron filings. For the brachytherapy
example, there were three desired targets spaced roughly
1.0cm 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. 9). 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. 10).

VI. CONCLUSION

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
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(a) Needle steered to target  (b) Introduced guide sheath

ﬂ

(c) Inserted brachytherapy nee- (d) Deployed radioactive seed
dle

Fig. 10: 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.

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 pro-
cedures 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 appro-
priate for pre-bent needles [11]. 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 paper is a first
step in developing that understanding and, by adding clinical
relevance, it facilitates our group’s goal of developing a com-
plete 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 com-

bination of our needle steering technique with additional
techniques, such as base manipulation [3], [5], using a
cannula [6], or tissue manipulation [19], could prove to be
the most effective way to achieve predictable and accurate
robotic needle steering.
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