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Abstract. Models that predict the soft tissue deformation caused by
needle insertion could improve the accuracy of procedures such as brachyther-
apy and needle biopsy. Prior work on needle insertion modeling has fo-
cused on static deformation; the experiments presented here show dy-
namic effects such as relaxation are important. An experimental setup is
described for recording and measuring the deformation that occurs with
needle insertion into a soft tissue phantom. Analysis of the collected
data demonstrates the time and velocity dependent nature of the defor-
mation. Deformation during insertion is shown to be well represented
using a velocity dependent force function with a linear elastic finite ele-
ment model. However, error in such a static model is shown to increase
during the tissue relaxation that occurs after an inserted needle stops.

An important source of error in needle insertion procedures such as brachyther-
apy and needle biopsy is the soft tissue deformation that occurs as a needle is
inserted. The guidance accuracy provided by a pre-operative planning image is
limited by the difference between the location of a tissue target pre-operatively
and the location of the same target intra-operatively, when the target and sur-
rounding tissues are deformed by needle insertion forces. Needle placement er-
rors due to tissue deformation have been documented for breast biopsy [1] and
prostate brachytherapy seed placement [2] [3]. If the deformation caused by nee-
dle insertion could be accurately predicted, and the needle placement could be
accurately controlled, the accuracy of needle procedures could be improved.

Various needle insertion simulators have employed heuristic models of tissue
stiffness supported by user studies but not experimental measurements of tissue
deformation [4] [5]. An impediment to the development of more realistic and
carefully validated deformable tissue models is the scarcity of data about soft
tissue mechanical properties. Very limited data is available for prostate and other
soft pelvic and abdominal organs. Especially lacking from the literature are ex-
periments investigating the dynamic response of living soft tissue to interaction
with needles and surgical instruments. The instrument-tissue experiments that
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have been reported are limited to force recordings and do not include tissue de-
formation data [6] [7]. Factors making the design of such experiments challenging
include acquisition speed limits for 3D imaging modalities and the difficulty of
accurately extracting point displacements from soft tissue images.

Lacking force and deformation data for real tissues, prior work by DiMaio
and Salcudean [8] relied on data from needle insertions into a soft tissue phantom
for the development of an insertion simulation based on an elastostatic material
model. Our work also relies on phantom data, but differs in its focus on the
dynamic effects of needle insertion. Other related work includes the 2D prostate
needle insertion simulation developed by Alterovitz, et al [9], and the Truth Cube
developed by Kerdok, et al [10]. Our tissue phantom’s design was inspired by the
Truth Cube, a silicone gel volume with embedded fiducials whose displacements
were tracked to estimate the gel’s properties in compression tests.

1 Experiment Design

An 18 gauge diamond-tip brachytherapy needle was inserted at a constant ve-
locity into a tissue phantom impregnated with a grid of tiny fiducials for each
experiment trial. Needle forces were recorded for insertion velocities from 3 to 21
mm/s. The phantom deformation was monitored by optically tracking the fidu-
cial displacements. The experiment hardware included a specially constructed
tissue phantom, a device that precisely controlled needle motion, a force/torque
sensor, and calibrated stereo video cameras for recording fiducial motion.

1.1 Tissue Phantom

The tissue phantom was made of GE RTV-6166, the same transparent, homoge-
neous silicone gel used for the Truth Cube [10]. An experienced brachytherapy
surgeon selected this gel as providing more realistic resistance to a needle than
alternative soft plastic and porcine gelatin materials.

The phantom was constructed by pouring gel into an acrylic box in 8 mm
layers, placing it in a vacuum chamber to remove air bubbles, and then dropping
a row of 0.8 mm fiducials onto the surface as the layer began to set. Layers
were added quickly enough that borders did not form between layers. During
experiment trials the needle was inserted perpendicular to the plane of the layers,
so variations in stiffness caused by the layer construction would have caused
periodic irregularities in the force data corresponding to the layer width. Layer
effects were deemed negligible because such irregularities were not detected.

The fiducials’ small size minimizes their influence on the material proper-
ties of the phantom tissue. Kerdok performed indentation tests on samples of
RTV-6166 with and without implanted fiducials and reported that there was no
discernible change in its material properties even when using fiducials that had
nearly twice the diameter of the ones used in this work. [10].

1.2 Needle Insertion Device

The needle was inserted using an encoded Maxon A-max 22 dc motor configured
as a capstan drive. Constant velocity was maintained using a proportional
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1.3 Fiducial and Needle Tracking

Insertions were recorded by two Sony DFW-X700 digital cameras at 7.5Hz and
640 x 480 resolution. A 9 x 9 grid of fiducials was tracked by convolving each
captured image with a rotationally symmetric Laplacian of Gaussian (LoG) ker-
nel that was width matched to the fiducials. The maximum match near each
fiducial was tagged as the fiducial’s center. Tracking results are shown in Fig. 2.

The needle trajectory was found by convolving one image from each trial
with a LoG kernel that was width matched to the needle diameter, selecting the
peak match points, and performing a least squares fit of a line to the match point
coordinates. Needle tip tracking was performed using images that were masked
to include only the portion of the image near the needle trajectory. Tracking was
accomplished by computing difference images between successive video frames.
The needle’s stripes caused bright bands in the difference images when the needle
is shifted, and the leading bright band indicated the needle tip position.

1.4 3D Reconstruction and Error Estimation

The fiducial and needle tracking algorithms provide pairs of corresponding image
coordinates from the right and left camera views. From these, 3D coordinates
were computed using a standard computer vision algorithm that relies on stereo
camera calibration parameters [11]. The error present in the 3D coordinates can
be attributed to uncertainty in the camera calibration and to limitations in point
tracking accuracy. This error can be estimated by examining the coordinates
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computed for the needle tip. Since the needle path is known to be a straight
line, the deviation of the 3D tip coordinates from a line is an indication of the
error. To investigate this, a least squares line fit was performed for the 3D needle
tip coordinates of nine trials. The mean distance between the tip coordinates
and the line was 0.73 mm with a standard deviation of 1.23 mm. The largest
component of the error was along the camera’s viewing direction, with a mean
of 0.65 mm and standard deviation of 1.10 mm.

2 Force and Deformation Data

2.1 Insertion Force

Needle forces were recorded for three insertions at each of the following velocities:
3,6,9,12, 15, 18, and 21 mm/s. Fig. 3 shows total needle force versus insertion
depth for all trials, demonstrating a velocity dependent effect. Fig. 4 graphs the
slopes of the curves in Fig. 3 vs. insertion velocity. As shown, a good approx-
imation to the force function is provided by a scaled and shifted log function.

2.2 Force Decay

A gradual reduction in force after the needle halts was another dynamic effect
observed. Fig. 5 shows the force decaying for 500 seconds after the needle halts.
The decay can be analyzed using the following time dependent function:

fi= 1 —a;)* fia (1)
«; represents the fraction of force that dissipates each time step. The «a; values
in Fig. 5 were computed for the recorded force data. The shape of the a curves
suggested a good fit might be obtained using Gaussian functions. The following
such function defines « as a function of the current and maximum needle force:
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f is the needle force. Optimizing this model to fit the recorded data yielded con-
stant values: ¢; = 0.1267 ¢ = 0.7613 ¢3 = 0.8171 ¢4 = 0.8194 ¢5 = 2.15.
The force decay model with these constants is shown in Fig. 6. The difference
between recorded forces and model forces was at all points less than 0.5 N.
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2.3 Needle Shaft Force Distribution

The simplest force distribution is a constant force level defined by the slope
of the appropriate curve from Fig. 3. To investigate the validity of this simple
model, shaft force constants defined by the equation in Fig. 4 were integrated
along the length of the needle shaft for trials at different insertion speeds. The
results of the integration shown in Fig. 7 closely match the measured needle
forces, supporting a generally flat force distribution model.

To further examine the distribution of needle force, an optimization approach
was applied in conjunction with a finite element model. Using the recorded
experiment data, the fidelity of a needle model
can be judged based on the accuracy with |
which it predicts fiducial motion. For the op-
timization, needle force models were repre-
sented by piecewise cubic splines. Two spline
segments were allocated for 3 mm near the
tip, and one segment was allocated to each 10
mm along the rest of the needle shaft. The
spline functions represented the force magni- Fig. 7. Force vs. needle insertion
tude; consistent with the data recorded from velocity at 100 mm needle in-
the force/torque sensor, the force direction sertion integrated constant model
was assumed to be the insertion direction. force across all insertion
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The finite element model shown in Fig. 8 was constructed with Femlab. A
linear elastic material model was applied, with a Young’s modulus of 14.9 kPa
based on the work by Kerdok, and a Poisson’s ratio of 0.49 to indicate near
incompressibility. Fixed boundary conditions were applied to the phantom sides
held stationary by the acrylic casing. Given a force distribution, finite element
analysis yielded the deformation and fiducial displacements, as shown in Fig. 9.

A quasi-Newton optimization method was applied to the force distribution
with the objective of minimizing the error in the predicted fiducial displacements.
A portion of the optimization results are in Fig. 10. Though noisy, the optimized
distributions indicate relatively constant force along the needle shaft followed
by a dip and pronounced peak at the tip. The force peak is likely required to
overcome the material’s resistance to cut propagation. The dip may be due to
a snap-back effect that occurs as compressed tissue at the tip fractures and
relaxes. The mean error in the predicted fiducial motion using the optimized
force distributions was 0.31 mm, with a standard deviation of 0.21 mm.

Based on these results, the following time and velocity-dependent function
for needle force was constructed to fit the experiment data:

2 x shaftForce ifvo>0,zx<1
) 0.5xshaftForce ifv>01<z<2
filw,v) = shaftForce if v>0,2>2 (3)
where shaftForce = log(0.415 x v — 1.106) % 0.015 + 0.058 (see Fig.4)

Here x is distance from the needle tip, v is insertion velocity, 7 is time step
index, «; is defined by Eqn. 2, and At is time step length . f; defines the force
magnitude applied in the direction of needle insertion. Constants in Eqn. 3 will
vary depending on the selection of needle and material.
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Fig. 8. Femlab phantom tissue model and tetrahe-  Fig. 9. Slices through the de-
dral mesh with higher resolution around the needle.  formed finite element model
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The needle force function was constructed to satisfy these observations:

The needle force depends on insertion velocity, as shown in Figs. 3 and 4.
— The majority of the needle force is evenly distributed along the shaft because
(1) for constant velocity insertion the force increases at a nearly constant
rate (see Fig. 3) and (2) assuming a flat force distribution results in a total
needle force that closely matches the measured force (see Fig. 7).
Optimization indicated a force peak at the tip preceded by a small force dip.
— When the needle halts, the force decays according to Eqns. 1 and 2.

3 Results

Force profiles were generated by the model given in Eqn. 3 and were applied to
the Femlab 3D finite element model. Some of the force profiles generated and
cross-sections of the corresponding fiducial displacements are shown in Fig. 11.
The results indicate this model produces an excellent approximation to the forces
and deformations recorded in the experiment during the active insertion phase.
When the needle halts, the model produces force relaxation that closely match
the decay in needle force recorded in the experiment (see Fig. 4). However, the
deformation produced by the model in the relaxation phase matches the recorded
deformation less well. As shown in Fig. 11, the recorded deformation decayed
more quickly than the recorded force after the needle stopped.
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Fig. 11. Column 1: model force profile for 50 mm insertion without relaxation and 120
mm insertion with 5 sec. relaxation. Column 2: model and experiment displacements for
50 mm insertion. Column 3: model and experiment displacements for 120 mm insertion
with 5 sec. relaxation; 0.5 times model displacements is also shown.



4 Conclusions & Future Work

This work has shown that a static linear elastic tissue model combined with a
dynamic force function can accurately model needle insertion during needle mo-
tion, but the accuracy diminishes during the relaxation phase after the needle
halts. A possible explanation is that real and phantom soft tissues are viscoelas-
tic, not linear elastic [12]. The deformation of a viscoelastic material depends on
its deformation history as well as the applied force, unlike a static linear elastic
material whose deformation depends only on the current force.

When an inserted needle halts, the tissue deformation begins to diminish, as
shown in Fig. 12. A viscoelastic material model ’
might account for differing rates of force and de-
formation decay, consistent with the results shown
Fig. 11. Future work may examine the applicabil-
ity of viscoelastic models.

Future work may also include tests on real tis-
sues, using a modified experimental setup. By us-
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the experimental methodology could be applied to Fig.12. Displacement of a
non-transparent soft tissue samples. fiducial at 3 insertion speeds
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