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Abstract. We present the tip and friction forces acting on a needle during
penetration into a canine prostate, independently measured by a 7-axis load cell
newly developed for this purpose. This experimental apparatus clarifies the me-
chanics of needle penetration, potentially improving the development of surgi-
cal simulations. The behavior of both tip and friction forces can be used to de-
termine the mechanical characteristics of the prostate tissue upon penetration,
and the detection of the surface puncture, which appears in the friction force,
makes it possible to estimate the true insertion depth of the needle in the tissue.
The friction model caused by the clamping force on the needle can also be de-
termined from the measured friction forces.

1 Introduction

Needle insertion is a basic and least invasive method of treatment. However, surgeons
must possess considerable skill and experience in order to control the needle path so
that the needle may reach a preoperatively determined target inside the tissue. Be-
cause thin needles can deflect inside the tissue, and the tissue can also deform, sur-
geons must predict these deflections and deformations. Since surgeons commonly
predict such behavior by feeling the force acting on the needle with their fingers, it is
important to train realistic insertion tasks using a force-feedback needle simulator.

In order to simulate the forces acting on a needle, the mechanism of force genera-
tion should be clarified and modeled. Considering that the needle shaft rubs against
the tissue while the needle tip cuts the tissue, the force on the needle shaft should be
distinguished from that on the needle tip. Following this idea, we assumed three dif-
ferent forces acting on the needle as shown in Fig.1: the tip force acting on the needle
tip in the axial direction, the friction force acting on the side wall of the needle shaft
in the axial direction, and the clamping force acting on the side wall of the needle
shaft in the normal direction. The tip force concerns the cutting force when the needle
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is penetrating the tissue, and its magnitude is affected by the shape of the tip of the
needle. The Coulomb friction force is defined as the scalar product of the normal
force acting on the surface and the coefficient of friction. Viscous friction, the product
of a damping coefficient and relative velocity of the two materials, can also affect the
total friction force. In the case of the needle, the normal force is determined as the
total amount of clamping force. When the needle is inserted into the tissue, the
clamping force increases due to the increase of the contact area between the needle
and the tissue. The clamping force is the resistance force of the tissue compressed out
from the needle path, which is affected by the incision shape in the tissue created by
the needle tip, as well as the needle gauge.

The total axial force of the needle is the sum of the tip force and the friction force.
Some researchers reported the total axial force of the needle. Hiemenz, et al. [1] and
Westbrook, et al. [2] detected the puncture of ligamentum flavum or dura by the peak
in the total axial force measured on the penetration. Brett, et al. [3-4] also measured
and modeled the total axial force to identify the tissue type on the needle path on
spinal anesthesia. All of them measured the total axial force acting on the needle, but
did not separate the tip and friction force from the total axial force. Therefore, their
data were insufficient to quantify each force even though Brett referred to the friction
force in his model. Simone and Okamura [5] separated cutting and friction forces in
experiments with liver tissue, but did not measure them simultaneously.

In this study, we independently quantified the tip and friction forces of a needle on
penetration with a load cell newly developed for this purpose. Since we are consider-
ing the needle simulator of brachytherapy for the prostate, we inserted needles into
the prostate of a canine cadaver, and investigated the mechanism of the generation of
the tip and friction forces according to the experimental data.

Fig. 1. The forces acting on a needle in tissue

2 Materials and Methods

In order to independently measure the tip and friction forces acting on a needle, a load
cell named 7-axis load cell was developed. Figure 2 shows the structure of the 7-axis
load cell, and Fig.3 shows the prototype used in the experiments. This load cell con-
sists of an inner needle of 1.15mm diameter with a triangular pyramid tip and a cylin-
drical outer needle of 1.4mm diameter (similar to biopsy needles). The outer needle is
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attached to the load cell casing via a 6-axis load cell, and the inner needle is attached
to the outer needle via a 1-axis load cell. Since only the tip of the inner needle appears
outside the outer needle, the 1-axis load cell outputs the tip force of the inner needle.
The 6-axis load cell outputs the total force and torque acting on the both needles. The
load capacity of the 7-axis load cell is shown in Table 1. The tip force of this system
is measured as the tip force of the inner needle, and the friction force is calculated by
subtracting the tip force from the axial force component of the output of the 6-axis
load cell.

Fig. 2. Structure of the 7-axis load cell

Fig. 3. Picture of the 7-axis load cell

Table 1. Maximum load capacity of the 7-axis load cell

A fresh beagle cadaver (31kg weight) was prepared and frozen for 2 weeks until
the experiment. After 3 days defrosting, it was laid supine on the operating table and
the abdomen was opened to expose the prostate. The 7-axis load cell with a set of
needles was attached on a linear stage above the prostate, and driven vertically at a
constant speed of 2.95mm/sec. Figure 4 shows the experimental apparatus.

In our penetration procedure, the needle was first positioned 5mm above the sur-
face of the prostate, driven down 25mm, then stopped and remained still in the pros-
tate for 5sec. Finally, the needle was pulled up 20mm. Data from the 7-axis load cell
were recorded at a 50Hz sampling rate, together with the trigger signal of the linear
stage controller, by a PC computer. The data was analyzed after the experiment. The
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Axis Maximum Load Capacity
Fx, Fy 20N
Fz 50N
Ftip 10N (for measurement)
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Tz 0.3Nm

Axis Maximum Load Capacity
Fx, Fy 20N
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Ftip 10N (for measurement)
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penetration was performed twice, changing the puncture positions on the prostate
surface to prevent the needle from going into the hole created by the previous pene-
tration. The motion of the needle in the cadaver was monitored by a biplane X-ray
system during the penetration.

The total amount of the clamping force increases following the increase of the in-
sertion depth of the needle in the prostate. Since the prostate surface is commonly
compressed by the needle before its puncture, the true insertion depth of the needle
was estimated by subtracting the compressed depth of the prostate surface from the
driving distance of the needle by the linear stage.

Fig. 4. Overview of the experimental apparatus with a canine cadaver. The tubes above the
canine are part of the biplane X-ray system used to monitor the motion of the needle in the
canine

3 Results

Figure 5 shows the forces acting on the needle and the position of the needle tip ver-
sus time during penetration into the canine prostate. Each force data point was plotted
from an average five samples. The step line in the force plot is the trigger signal of the
linear stage controller, and the position of the needle tip is plotted according to this
signal. The thick lines indicate the total axial forces. The dotted lines indicate the tip
forces. The thin lines indicate the friction forces calculated by subtracting the tip
forces from the corresponding total axial forces.

The position of the needle tip is presented as 0mm at the prostate surface before the
penetration, and positive in the insertion direction. The needle tip positioned at -5mm
at the beginning, and touched the prostate surface about at 1.7sec. We defined this
period as (A).
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Fig. 5. The total axial, tip and friction forces vs. time together with the trigger signal of the
linear stage controller and the position of the needle tip vs. time. The thick line indicates the
total axial force, the dotted line the tip force, and the thin line the friction force. The step line
indicates the trigger signal, which is high when the needle is stationary. The position of the
needle tip is set as 0mm where the surface was before the penetration, and positive in the inser-
tion direction

After the tip touched the prostate surface, the total axial forces increased exponen-
tially and had two peaks. The first peaks were located at 7.2 or 7.5sec. We defined the
period following (A) until the first peak as (B). During this period, the tip forces fol-
lowed the total axial force until the first peak, but the friction forces remained low.
The needle tip moved about 16mm during period (B) according to the needle speed.
After the first peak the total axial forces decreased about 0.2N, and increased again
until the needle stopped. We defined this period as (C). During period (C), the tip
forces followed this decrease at the beginning, and remained constant with some
noise. In contrast, the friction force increased proportionally to time. We defined the
period following (C) until when the needle started to be pulled up as (D). During this
period, all of the forces decreased exponentially, and the tip forces remained positive
without being zero. The following period until the needle stopped again was defined
as (E), where the forces decreased more drastically. The tip forces became negative at
the end of (E).

After the whole procedure completed, it was observed that the needle tip was still
inside the tissue even when the tip position was at the location of the prostate surface
before penetration. At this time, the prostate surface was raised.
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In these procedures, needle deflection was not observed on the X-ray monitors, and
the transverse force of the needle, which was also measured together with the axial
forces, was almost zero. Therefore, we ignore the transverse force in this report.

4 Discussion

Since the tip forces traced the total axial forces during period (B), and the friction
forces remained low while they increased during period (C), it is considered that only
the needle tip touched to the surface without insertion into the prostate during (B).
This means that the first peak revealed the puncture of the prostate surface, and the
needle just compressed the surface until the tip force reached the magnitude required
for puncturing the surface membrane. Since this magnitude would change due to the
shape and sharpness of the needle tip, needle simulators should differentiate the peak
value according to the needle tip. The tip forces in (B) increased exponentially. This
means that the behavior of the prostate tissue under compression by a point is not
linear elastic. It is possible that this characteristic was caused by the non-elasticity of
the tissue or the effect of shear stress on the surface membrane. Since the needle
penetration into a swine hip muscle without skin revealed the same characteristic in
our previous experiment [6], we suppose that the latter hypothesis has higher possi-
bility. Further investigation is required.

The tip forces during period (C) decreased at first. This occurs because the force
required to cut the tissue inside the prostate was less than that required to puncture the
surface membrane of the prostate. The tip force slightly increased after the decrease.
Assuming that the tissue inside the prostate is uniform, it is expected that the tip force
remained constant after the decrease. We consider that this increase was caused by the
resistance force of the tissue below the prostate against its compression, therefore the
increase can be ignored for simulating the reaction of the prostate itself. The linearity
of the increase of the friction force in (C) means that the friction force was propor-
tional to the true insertion depth of the needle, since the true insertion depth also in-
creased linearly with time due to the constant speed of the needle. The true insertion
depth can be obtained by subtracting the 16mm surface motion of the prostate in (B)
from the driving distance of the needle by the linear stage. Assuming that the uniform
diameter of the needle generates the uniform clamping force along the axis, it is ex-
pected that the distribution of the friction force is also uniform along the axis. The
linearity between the friction force and the true insertion depth encourages this as-
sumption. Penetration with needles of different diameters is planned in order to in-
vestigate the relation between clamping force and needle diameter. It is expected that
the slope of the friction force will increase following the increase of the needle di-
ameter. In a needle simulation, the total axial force in this period will be represented
as the sum of the tip force, which decreases at the beginning from the value for the
surface puncture to the value for the cutting force of tissue and remain constant, and
the friction force, which increases proportionally to the true insertion depth according
to the needle diameter.

The decrease of all the forces in (D) is supposed to be caused by the viscosity of
the tissue. Since the tip forces were not zero, the needle tip still compressed the tissue
even when it did not cut the tissue. The decrease of the friction force was caused by
the decrease of the dragging-up force of the tissue edge facing to the needle, not by
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the decrease of the contact area on the needle surface to the tissue, because it was
observed that the prostate surface did not move during (D) in the X-ray images. Since
it is considered that the decrease of both the tip and friction forces were governed by
the same viscosity model, the total axial force in the simulation will be also repre-
sented by that viscosity model.

During period (E), the needle was drawn out from the tissue, and the tissue was
also stretched simultaneously by releasing the compression. Considering that the tip
force remained positive in the former part, it is possible that the stretch of the tissue
started first, then the drawing of the needle followed, because the drawing of the nee-
dle would drastically reduce the force to zero or negative. The decrease of static fric-
tion force by the dragging-up force at the tissue edge facing to the needle (an expo-
nential function of time) and the decrease of the dynamic friction force by the
drawing of the needle (a linear function of time) occurred simultaneously. Thus, it is
difficult to distinguish them. The reason that the tip force remained negative at the
end of (E) is that the tissue was still held on the needle and the raised tissue pulled
down the needle tip even when the needle at the location of the surface before pene-
tration. For a simulation model in this period, the tip force will decrease exponentially
in the same order as in period (B) until it reaches a negative value, which will be
determined by the maximum true insertion depth. This depth is determined by the
amount of the held tissue on the needle, and the friction force will also decrease,
where the same exponential function as the tip force and the linear function for
drawing out are added.

5 Conclusions

The tip force and the friction force on a needle during penetration into a canine pros-
tate were independently measured by a newly-developed 7-axis load cell, and each
force was related to the mechanical behavior of the prostate tissue. The change of the
behavior of friction force during penetration revealed the puncture of the surface, and
the true insertion depth of the needle in the tissue was also estimated from the punc-
ture of the surface. The linearity of the friction force during the insertion imply that
the friction force was generated uniformly along the axis by the constant clamping
force depending on the needle diameter. The tip and friction force when the needle
stopped revealed the viscosity of the tissue, and it was suggested that the tissue stretch
is prior to the needle drawing when the needle was released. The overview of the
needle simulation model was also revealed as the combination of an exponential
function and a linear function. Additional experiments with the needles of different
diameter and with different true insertion depths will be performed in near future.
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