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Abstract—Steerable needles are a novel technology that
offers a wide range of uses in medical diagnostics and
therapeutics. Currently, there exist several steerable nee-
dle designs in the literature, however, they are limited in
their use by the number of possible turns, turn radius,
and tissue damage. We introduce a novel design of a tape
spring steerable needle, capable of multiple turns, that min-
imizes tissue damage. In this study, we measure the turning
radius of our steerable needle in porcine liver tissue in
vitro with ultrasound and estimate tissue damage in gel
blocks using image analysis and 3D plaster casting. We
were able to demonstrate our steerable needle’s ability to
steer through biological tissue, as well as introduce a novel
method for estimating tissue damage. Our findings show
that our needle design showed lower damage compared
to similar designs in literature, as well as tissue stiffness
being a protective factor against tissue damage.

Index Terms—Interventional radiology, minimally inva-
sive, steerable catheter, steerable needle, tape spring.

Impact Statement—In this work we demonstrate a new
method to estimate needle tissue damage and use that to
show that a tape spring steerable needle imparts minimal
surrounding tissue damage while steering.

I. INTRODUCTION

S TEERABLE needles are a technology that could dramat-
ically improve the accuracy and reach of minimally inva-

sive medical interventions. These procedures include biopsies,
ablations, targeted drug deliveries, cyst drainage, among many
others [1]. While conventional needles and probes are generally
limited to targets that are accessible via a straight trajectory,
steerable needles can create trajectories that avoid anatomical
obstacles and sensitive regions by curving around them. Robotic
approaches to creating steerable needles has had significant
attention from the medical robotics community [2], [3].
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Fig. 1. (a) A schematic of a straight tape spring needle and (b) one
with an induced bend with R turn radius. (c) A schematic of a head-
on view of a needle with thickness t, with R the transverse radius of
curvature of the tape spring. (d) A straight, unbent tape spring needle
and (e) one with an induced bend.

Research in steerable needles has yielded four main areas
of focus toward devices for clinical use: 1) mechanics-based
modeling, 2) planning in 3D with uncertainty, 3) human in
the loop control, and, 4) minimizing radius of curvature. In a
previous study [4], we introduced a proof of concept for a novel
steerable needle addressing these categories. The mechanism
behind our approach is the use of a cable driven tape spring as
the body of the steerable needle.

Tape springs have the advantage of high axial stiffness, which
allows for penetration into tissue when they are straight, yet they
can also be reversibly buckled to enact a turn [5]. The bending
stiffness at this buckled portion is low and allows the direction
of the needle to be altered with ease. In addition, minimal force
is required to propagate an existing bend along the body of the
needle allowing the head of the needle to carve a path that the
body follows.

In the previous work [4], we showed that the turning radius for
the tape spring steerable needle (shown in Fig. 1) is consistent
and independent of the tissue stiffness, simplifying steering.
The needle-tissue forces were modeled, making for predictable
guidance inputs and behavior. This turning radius is the smallest
of any steerable needle in the literature.

Reducing the turning radius has been a goal for a variety
of steerable needle approaches [6] both for better control of
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Fig. 2. Image overlay illustrating area shift as the needle is inserted.
Images (a) and (b) show the two stages of the needle path. Image
(c) shows the paths of the two needles overlaid with the area shift
highlighted in red and the maximum perpendicular distance shown in
green.

the device, as well as reducing tissue damage as tissue dam-
age from some steerable needle approaches can be especially
problematic [7], [8].

The liver is one of the most common sites of metastatic
spread from cancers originating in other organs. The liver is
a highly vascular organ that partially resides behind the ribs.
These factors make access to the right upper lobe of the liver
difficult with straight devices. In this paper we show a critical
step in proving the feasibility of steerable needle for patient
care use in real organ tissues. In addition, minimizing damage
to surrounding tissues is an important factor and we present a
novel method to quantify tissue damage that occurs from needle
use.

II. MATERIALS AND METHODS

A. Characterizing Tissue Displacement and
Tissue Stress

For tissue damage, the most reasonable optimal case would
be no damage beyond the space occupied by the needle itself.

On the other hand, an inserted straight needle that then curves
in place will tear an arc of tissue as it bends. In our case, the
curving path is created as the needle is advanced such that it
minimizes tearing through adjacent tissue.

To minimize tissue damage from turns, the normal reaction
stress needed to maintain the location of a turn should not exceed
the failure stress of the surrounding tissue. Thus, minimizing the
reaction stress from the tissue will help to reduce damage and
also reduce the effect of inhomogeneous tissue that might cause
the needle to steer in unexpected ways. To achieve both minimal
damage and good positional accuracy, we conducted a set of
experiments that tracked the displacement of needle turns while
simultaneously measuring the needle insertion force to estimate
reaction stresses.

Here, the same steerable needle makes a single turn in trials
with 7 kPa, 13 kPa, and 36 kPa stiffness gels. Video captures
the needle being pushed into the gels while the insertion force
is measured simultaneously. Photo editing software traced the
outline of each needle on images at multiple time points of
each run. Each of these images is overlaid on the first frame
of that trial to determine any deflections of the needle and infer
measurements of stress on the tissue.

Fig. 2 shows an example overlay image. Black dashes indicate
distances 10 mm apart. The outline in the initial position is
pictured in Fig. 2(a), and the deeper position in Fig. 2(b).

Fig. 3. Maximum normal tissue stress model where initial needle posi-
tion is defined by ABC and shifted tissue position is defined by A′B′C ′.

Fig. 2(c) combines the two highlighting the difference in red.
The maximum distance between the two lines is recorded as the
maximum linear displacement. The “X” marker seen to the left
is a fiducial marker used to line up images. For each overlay
image, both the maximum distance (green line) and area (red
highlight) between the initial and deeper image perpendicular
to the initial trajectory were recorded. Maximum normal tissue
stress was then estimated using the model in Fig. 3. In this simple
model, we make a first-order approximation of the upper bound
for the stress. The curved bend in the needle is simplified to
a single hinge point. In Fig. 3, A represents the needle tip, B
represents the hinge joint in the model prior to displacement,
B’ represents the hinge joint after displacement, C represents
the proximal end of the needle prior to displacement, and C’
represents the proximal end of the needle after displacement.
Segment ABC represents the initial position of the needle and
segment A’B’C’ represents the needle after the displacement.

The length of the horizontal segment BA in Fig. 3 is set
to be the minimum horizontal needle length after a turn has
been made. The tissue displacement profile is also assumed to
decrease linearly to zero at the tip of the needle based on previ-
ously observed small needle tip displacements. The maximum
measured input force for the smallest horizontal needle segment
length in a particular gel stiffness is the input force used to
calculate the stress. Coincidentally, under this simplified model,
the grey region also represents the stress profile of the model as
the stress is proportional to the displacement (maximum at the
hinge B’ and 0 at the tip A’). Ideally, the maximum stress at B’
does not exceed values that will damage tissue. For example,
the average failure stress for human liver in tensile loading is
between 40 kPa and 60 kPa [9].

B. Tissue Damage Measurement

Dye injection into the path that a needle carves in a tissue
phantom has been used previously to qualitatively assess the
relative amount of damage caused by steering needles [7]. To
assess tissue damage of our prototype steerable needle, we build
on this by injecting Alja-Safe alginate casting material into each
needle path and measuring the mass of each cast as a surrogate
for damage volume. Thus, instead of a 2D approximation (using
dye) of 3D damage, we get a better 3D metric for the damage.
In this experiment, we perform successive needle insertions into
a gel tissue phantom with an 11 gauge needle, 11 gauge coring
biopsy needle, our prototype steerable needle with a straight
trajectory, and our prototype needle with a turn in the trajectory.
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Each needle was inserted into the test material to a depth of
9 cm for 5 successive trials each and a turn was performed
with our device at 5 cm depth. The casting material was then
injected into the needle path using a smaller, 18 gauge blunt
needle to avoid damaging surrounding tissue and affecting the
tissue damage measurement. After the casts were set, the gel
was removed by melting the gelatin, and the mass of each cast
was measured. These casts retained the shape of the path carved
by each test needle in the gel even after the surrounding gel
was removed. In a few cases, casting material was injected too
quickly and the material damaged the needle path. These failed
trials were removed before a mass was measured if the casting
material appeared to tear surrounding tissue. The viscosity of
the alginate casting material was low enough that with slow
injections, minimal to no deflection was apparent from injections
that were included in the analysis.

C. Ultrasound Testing

The tape spring steerable needle was inserted into whole
porcine liver fixed in gelatin for stability under ultrasound guid-
ance. The linear ultrasound was used and set to thyroid mode in
order to improve contrast and visibility of the needle. The needle
was inserted until the tip was 1 cm above the inferior aspect of
the liver and a turn was performed. An image of the needle turn
in the liver is presented in Fig. 6.

III. RESULTS

A. Characterizing Tissue Displacement and
Tissue Stress

Results of the displacement test can be seen in Fig. 4 where
results from 7 kPa, 13 kPa, and 36 kPa gels are represented by
green, blue, and magenta symbols, respectively. Fig. 4(a) shows
displacement areas plotted against insertion force and maximum
linear displacement in Fig. 4(b).

In our previous work [4], the insertion force was shown to
be linearly correlated with the depth of the needle insertion. In
Fig. 4 sequential points going deeper into the tissue for a given
trial run correspond with larger forces.

The maximum linear displacements at about 1 N in the 36 kPa
and 13 kPa trials were 1.3 mm and 3.9 mm, respectively. No
forces were recorded to reach 1 N for any of the 7 kPa trials. At
334 mN, the maximum force reached for 7 kPa, the maximum
single linear displacement measured was 4.5 mm.

B. Tissue Damage Measurement

Masses of alginate casts of needle paths made in 13 k kPa
tissue phantoms are presented in Fig. 5. Error bars represent
standard deviations for cast masses over 5-6 trials for each needle
type.

C. Ultrasound Testing

Ultrasound visualization of the steerable needle prototype
with a single bend performed in porcine liver. The turn radius

Fig. 4. (a) Needle insertion force vs displacement area across varying
gel stiffness. (b) Needle insertion force vs maximum linear displacement
across varying gel stiffness.

Fig. 5. Needle path cast masses for each set of needle paths tested.
**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.

pictured is 7.9 mm, and the smallest turn radius achieved using
our device in liver tissue is 3.3 mm.

IV. DISCUSSION

A. Characterizing Tissue Displacement and
Tissue Stress

The slopes of the insertion force vs. displacement area trials
show a general negative correlation with the stiffness of the sur-
rounding material. Displacement area has been used to measure
tissue damage due to needle insertions in the past [10] and these
results indicate that higher stiffness tissues may be less suscep-
tible to damage due to needle insertion. In addition, that the
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Fig. 6. Steerable Needle visualized using ultrasound in porcine liver.
Green arrows point to “L” shaped white line near the center of the image
representing the steerable needle with a turn engaged. Scale bar on the
right with 1 cm between each dash.

plots for displacement area and maximum linear displacement
are nearly identical verifies what one would expect for the linear
stress model (Fig. 3).

It is interesting to note that the freehand accuracy error,
distance from the target, for freehand percutaneous needle place-
ments is approximately 16 mm [11]. This is larger than all turn
displacements measured in this study as seen in Fig. 4(b), even
in the worst case displacement, 4.5 mm for compliant 7 kPa gel.

In all trials, the angle between the proximal and distal straight
sections of the needle changed throughout the trial with the
rotation being in line with the direction of the tissue normal
reaction force. This angle change can be seen in Fig. 2. While
these experiments were designed to be performed without ac-
tive steering so that we could evaluate the natural tendency of
the needle with a turn subjected to an insertion force, the needle
direction can be changed at any time. This means that the
potential accuracy error that could be introduced from the turn
displacement is theoretically smaller than errors that are already
experienced by the standard of care for needle placement. In
actual use, the steered direction of the tip of this device allows
the user to counteract the tendency for the needle angle to change
and increases the theoretical accuracy of the device as the angle
of approach towards a target and does not depend as heavily
on the insertion trajectory as is the case with conventional
approaches [11].

Table I shows the calculated maximum tissue normal reaction
stress based on the model shown in Fig. 3. The calculated
maximum stress, 19.5 kPa, did not exceed average failure stress
of human liver (40 kPa - 61 kPa) as characterized by Kemper
et al. [9]. Given that insertion velocity is proportional to cutting
force [12], decreasing the insertion velocity can be a method
used to minimize the cutting force and therefore, the insertion
force and the resulting normal tissue reaction stress and the turn
displacement as discussed in our previous work [4].

TABLE I
CALCULATED MAX TISSUE NORMAL STRESS

B. Tissue Damage Measurement

Fig. 5 shows each device’s average measured cast mass. Here
we demonstrate the ability of our tissue damage measurement
method based on the amount of tissue that they displace while
being inserted into a tissue phantom. While the dye injection
method used by Swaney et al. [7] yields a qualitative comparison
between different needle paths or images that could be analyzed
in two dimensions, our new method yields a quantitative result
that accounts for tissue damage in three dimensions. This method
is useful to guide the design process for minimizing potential
damage to surrounding tissue and hemorrhage prior to in vivo
testing on animals or humans. Tissue damage analysis was
performed in gel tissue phantoms in place of real tissues since
the gels are transparent, which makes knowing when to stop
injecting casting material more straightforward. In addition,
isolating the casting material was easily achieved by melting
the gel instead of careful dissection, as would be required with
real tissue. Finally, the heterogeneous nature of real tissue, such
as small vessels that could act as a sink for the injected casting
material could lead to inconsistent measurements. However, in
the future, adapting this volumetric tissue damage measurement
to real tissues could prove to be useful.

Measured tissue damage was significantly lower using our
prototype tape spring steerable needle than both the conventional
11 G needles which are of a similar diameter as our needle.
Since the tape spring device only has a semicircular cross-section
(or even a smaller subtended angle than 180 degrees), we hy-
pothesize that this lesser tissue damage is due to the slimmer
cross-sectional area of our device which occupies a relatively
smaller volume, as compared to a conventional needle which
has a circular cross-section. Fig. 5 also shows that performing a
turn in the needle path did not significantly increase the measured
tissue damage of the tape spring device as compared to a straight
trajectory. While surrounding tissue damage has been a pitfall of
other steerable needle designs, based on these results, the tape
spring mechanism could prove to be a practical one that min-
imizes adjacent tissue injury, and consequently complications
due to hemorrhage.

C. Ultrasound Testing

Here we demonstrate in an ultrasound experiment the ease of
visualization of the steerable needle under ultrasound guidance
in biological tissue, achieving an important step in approaching
clinical use. In addition, we show that we are able to perform
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a turn in porcine liver. Both of these results indicate that our
prototype has the potential to be of clinical utility as it is capable
of turns in porcine liver and can be easily visualized using
a common imaging modality. Our device is capable of small
turn radii that are consistent with their performance in tissue
phantoms in our previous work. These small turn radii, as small
as 3.3 mm are the smallest turn radii that a steerable device is
capable of performing in real tissue [4].

V. CONCLUSION

What we can see from Fig. 4 is that tissue stiffness is protective
against tissue damage. An implication of this result is that certain
tissues may be better suited for this specific design. Namely, this
needle may be better utilized in liver than in the brain which is
a much more compliant organ. Alternatively, a subject of future
exploration could be to modify the needle to require smaller
forces and match a specific design to specific applications in
more compliant tissues. Minimizing insertion forces decreases
tissue displacement area, and therefore tissue damage, which
can be done by decreasing velocity or optimizing tip geometry.

Overall linear displacements are small relative to freehand
placement error, even for passive turns. This bodes well for the
potential increase in needle placement accuracy that could be
afforded using a tape spring steerable needle. The turn displace-
ment would also be even smaller under active steering rather
than the passive steering used in the experiments.

The stresses in tissue phantoms don’t exceed the failure stress
of the human liver in our tissue stress experiment. Adjacent
tissue stress is the causative factor for tissue damage, meaning
that this design could be feasibly used to steer in biological
tissues without excessive tissue damage and accompanying com-
plications. As tissue damage is a major factor that affects the
feasibility of using steerable needles to navigate solid organs,
low tissue stresses are a major advantage of the tape spring
steerable needle design.

Here we presented a new method of in vitro tissue damage
estimation. This method could be used to iterate/optimize sur-
gical devices, such as ours, or others before use in live subjects.
This could help minimize the likelihood of failure of surgical
device designs due to tissue damage/hemorrhage when tested in
live subjects.

Our Steerable needle showed low measured tissue damage
relative to similarly sized devices. This is due to our slim design,
which includes just a semicircular cross-section. Low relative
tissue damage is an advantage of our design that adds to its
potential feasibility in actual practice.

We are able to show that this device can successfully be used to
steer through biological tissue. Specifically, it is able to perform
turns in liver tissue, which is a potential target organ for steerable
needle applications. Additionally, the turn radius for each device
continues to be consistent with the turn radii outlined in the
previous work and those described by tape spring theory [4].
Our small turn radius, the smallest of any device, means that

a user would be able to have precise control, which practically
means that adjustments to its trajectory can be made closer to
the final target. These turn radii being consistent between gel
phantoms and real tissue means that this navigational advantage
would also apply to navigation in real tissues.

In future studies, we will explore using our steerable needle
to perform multiple consecutive bends to form more complex
paths. The effect of these paths on tissue damage could be
quantified using the needle cast method. Additionally, the effect
of payload delivery, such as biopsy devices, or drug injections
should be evaluated for its effect on tissue damage.
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