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ABSTRACT
This paper presents a novel design of solid surgical needle featured by its 4-bevel tip and shaft slots
with the aim to further explore the potential of vibratory needle insertion for medical applications.
The design philosophy was discussed, and a newway of using electric dischargingmachining (EDM)
is introduced for fabricating the new needle design. Two sets of needle prototypes with different
geometry parameters were fabricated and used for insertion into porcine skin with ultrasonic vibra-
tion. Modal analysis was conducted for the needles under the given vibration condition. The results
showed that the needle design could reduce the puncture force by 14.5% at maximum than the
12.2%of control. The reductionofpuncture forcewas found tobe related to theaxial displacementor
the combination of axial and transverse displacement. The effects of geometry parameters on trans-
verse displacement were also discussed. The presented new design and manufacturing techniques
can be used for surgical tools development and medical applications.
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1. Introduction

Needles are among themost widely usedmedical devices,
and they serve in a wide variety of medical procedures,
from ordinary ones like blood sampling and drug deliv-
ery to advanced ones like tissue biopsy and brachytherapy
[1]. Depending on the specific procedure, a medical nee-
dle may come in a solid or a hollow configuration, and
sometimes hollow and solid needles are used together as
cannula and stylet. Whatever the configuration is, low
insertion force is desirable because it helps to reduce tis-
sue deflection and needle bending, so that the placement
accuracy of the needle can be improved and the inser-
tion injury has the potential to recover better [5]. Low
insertion force also reduces the pain sensed by patients,
which is very important when anesthesia is not applica-
ble [6]. A good example to illustrate the importance of
low insertion force is in brachytherapy, where radioactive
seeds are placed systematically in a diseased organ to kill
cancer cells. Accurate seed placement is critical to ensure
the seeds are within the cancer areas requiring treatment
and far away enough from healthy cells. However, inser-
tion force not only causes the needle to deflect and bend,
but also pushes the target area away from its original loca-
tion, which will result in incorrect placement and even
medical complication. Low insertion force is desirable to
minimize such deflection and displacement.
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The deflection and insertion force of needle into tissue
has been extensively explored in a number of studies for
solid needles. Podder et al. [22] and Maurin et al. [14]
investigated the solid needle force with in vivo experi-
ments. O’Leary et al. [19] and Podder et al. [21] studied
the effects of tip geometry on solid needle deflection
and force experimentally, while Okamura et al. [20] and
Webster et al. [27] worked on modeling such force and
deflection. For hollow needles, Moore et al. [18] derived
the mathematical models of the inclination angle and the
rake angle for plane needle cutting edges, and developed
a novel enhanced cutting edge for two-plane symmet-
ric needle [17], which could reduce the insertion force
while increasing biopsy sample length. They also uti-
lized a mechanistic approach based on the concept of
elementary cutting tool to predict the initial peak needle
insertion force [16], and proposed a method to find out
the optimal design of two lancet needles with minimal
insertion force and bevel length respectively [26]. Frac-
ture mechanics based models have also been developed
by incorporating the tissues fracture toughness, shear
modulus, and friction force into understanding the total
needle insertion force [2]. Since lower insertion force is
often associatedwith smaller needle diameter,micro nee-
dles, which are sometimes only 100μm in diameter, have
been able to be fabricated in recent years [4]. While their
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Figure 1. Medical needle insertion: (a) traditional insertion and (b) vibration-assisted insertion.

effects on insertion force reduction are drastic, they are
not preferred in situations where a large dose is required
or large particulates need to pass through the needle [10].

Vibration-assisted cutting has been used in advanced
manufacturing processes, where a high frequency vibra-
tion with small amplitude is added to the main feed
motion of the cutting tool, as shown in Fig. 1. In drilling,
for example, studies have shown that ultrasonic vibra-
tions in the feed direction could reduce burrs in drilling
[25], create a better surface finish [12], and reduce the
cutting force needed [23]. In our earlier research [11],
vibration assisted drilling was studied and an analytical
modeling was developed for vibration assisted drilling
on bones and metals. In tissue cutting, increased inser-
tion speed has been shown to reduce both insertion force
[7] and tissue deflection [13], but higher insertion speed
often result in more difficulty in control. Vibration, how-
ever, offers a method to increase the maximum local
insertion speed of the needle tip while maintaining a
slow and controllable average insertion rate [25]. Actu-
ally, vibration-assisted cutting has been shown to reduce
insertion force in tissue cutting by several researchers.
Huang et al. [8] studied the frequency response of Gauge
27 bevel needles and showed that ultrasonic vibration
could reduce the insertion force. Barnett et al. [3] tested
the effectiveness of axial vibration in reducing the inser-
tion force into porcine skin across a range of frequencies,
amplitudes and needle sizes, and found that the addition
of the vibration was able to reduce the insertion force by
up to 35%. For micro needles, results have shown that
the addition of axial vibration can reduce cutting force
sometimes up to 70% [28]. From the viewpoint of physics,
Khalaji et al. [9] extended the LuGre friction model with
high-frequency vibration for translational friction, and
demonstrated that it could be reduced with the introduc-
tion of low-amplitude vibratory motion onto a regular
insertion profile.

This paper presents a novel design of solid surgi-
cal needle featured by its 4-bevel tip and shaft slots
with the aim to further explore the potential of vibra-
tory needle insertion. The design philosophy of the
needle was introduced. To overcome the challenging
issues faced in fabricating the designed needles, a

non-traditionalmanufacturing process using electric dis-
charging machining (EDM) for the tip and slots is pre-
sented. Needle prototypes of the proposed design were
fabricated with different geometries, and they are used
to conduct insertion experiment for porcine skin. The
puncture force and depth were used to evaluate the per-
formance. The preliminary results showed bothweakness
and potentials of the proposed design, and indicated
the necessity for more experiments. Details of the pro-
posed design and manufacturing processes along with
the experimental results are presented in the following
sections.

2. Design of the proposed novel surgical
needle

To achieve the vibration-assisted surgical needle inser-
tion, a new surgical needle geometry design is proposed
to accommodate the vibration during tissue cutting and
to amplify the vibration amplitude for more effective cut-
ting. Fig. 2(a) shows the design of the proposed medical
needle for vibration-assisted insertion. As shown in Fig.
2(a), the needle tip is featured by the four bevels forming
the needle tip and the two slots on the shaft. The bevels
are symmetrically distributed in a way that if they are cut
by a reference plane perpendicular to the needle central
axis, the intersection lines will form a diamond shape, as
shown in Fig. 2(b).

In Fig. 2(b), among the four edges formed by the four
bevels, the two associated the sharp corners of the dia-
mond shape are the main cutting edges during needle
insertion, which are highlighted in the figure. The other
two edges only push aside the tissue without cutting. A
coordinate system can be built with the Z axis coincid-
ing with central axis of the needle and the X axis passing
through the lowest point of themain cutting edges. Actu-
ally, the geometry of the needle tip can be determined
with only two parameters: the bevel angle ϕ and the
interval angle β. Given CD is perpendicular to AB, ϕ

is defined as the angle between OC and CD, and β is
the angle between OD and OB. From an intuitive view-
point, ϕ determines the relationship between a bevel and
the needle central axis, while β determines the distri-
bution relationship among the four bevels. Just like the
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Figure 2. The proposed needle design: (a) overview, (b) tip design, and (c) slot design.

bevel angles in commercial medical needles, the range
of ϕ can be set to be 10◦ ≤ ϕ ≤ 30◦. The range of β is
0◦ < β ≤ 45◦ within the coordinate system built above.
These two parameters are also useful in the fabrication
process of the needle, which will be discussed in the next
section.

The two slots on the opposite sides of the needle shaft,
where lies the major novelty of the proposed design, aim
at modifying the stiffness of the needle, and thus the
frequency response. The slots are cut along the X axis
direction as shown in Fig. 2(c), which enable the main
cutting edges to vibrate more easily along the X direc-
tion to perform tissue cutting than along the Y direction
under stimulation. This explains why a four-bevel design
is used instead of the relatively simple tri-bevel needle
commonly used in brachytherapy. When the tip of a
tri-bevel needle vibrates along a specific direction per-
pendicular to the central axis, only one cutting edge at
maximum can perform tissue cutting, while the bevel
between the other two cutting edgeswill hinder the vibra-
tion in that direction. By matching the amplitude and
frequency of the vibration applied to the needle in the Z
axis direction with the location and depth of the slots, the
main cutting edges can vibrate with high speed along the
Z andXdirections to performmicro tissue cutting, which
will be beneficial to reduce the insertion force. An illus-
trative picture is shown in Fig. 3. The design parameters
for the slots include the distance from the needle tip to
the first slot, D1, the distance from the needle tip to the
second slot, D2, and the depth of them, H. Their effects
on insertion force will be demonstrated in Section 5.

Figure 3. Illustration of insertion with the proposed needle
design.

3. Fabricationmethod of the proposed novel
surgical needle

The intricate geometry needle shown in Fig. 1 is challeng-
ing to manufacture due to its intricate geometric design
and small dimensions. Commercial needle tips are usu-
ally generated by a special burr-free grinding process.
It can also be applied to process the four bevels of the
compliant needle. However, the two small slots on the
shaft are difficult to process with traditional grinding. In
this paper, after exploring several different processes, it is
identified that the forceless electrical discharge machin-
ing (EDM) would be an effective and economic solution.
As a result, both the bevels and the slots are processed
on an EDM machine to avoid the alignment difficulty
and inaccuracy caused by transferring the work piece
between a grinding and an EDM machine. Details of
the machining process are described in the following
sections.

3.1. Fabricating the bevels by EDM

The setup of for the EDM of needle bevels is shown
in Fig. 4(a). The EDM was conducted in a Charmilles
Roboform 3-axis CNC EDM machine. The work piece
used was an AISI 304 stainless steel rod with a diameter
D = 1.27mm and a length L = 300mm. It was secured
to a spin index with a resolution of 1 degree using a 5C
collet. The spin index was fixed to a tilting table with
bolts and nuts to form a composite structure, and the
whole structure was fixed with the bottom of the tilting
table clamped to the machine table. The rotation axis of
the tilting table was parallel to the Y axis of the EDM
machine coordinate system, while the rotation axis of the
spin index was perpendicular to that of the tilting table
in space. With this setup, the bevel angle ϕ and the inter-
val angle β can be directly controlled by the rotation of
the tilting table and the spin index respectively. The block
electrode is made of a copper block milled to a standard
rectangle shape.
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Figure 4. Fabrication of bevels: (a) setup for EDM of needle bevels and (b) the four-step EDM procedure to generate tip bevels.

Fig. 4(b) shows the four-step EDM procedure to gen-
erate the bevels on the needle tip. In Step 1, the tilting
table was adjusted to bevel angle ϕ, and the spin index
was rotated to the 0◦ position. The block electrodemoved
along the negative Z axis of the EDM machine to cut
the first bevel needle tip at the end of the work piece.
The final Z position of the bottom of the electrode was
below the center point at the end of the work piece. In
Step 2, the spin indexed was rotated to the 2β position,
and the block electrode moved to the same final Z posi-
tion as in Step 1 to cut the second bevel. In Step 3, the
spin indexed was rotated to the 180◦ position, and the
third bevel was cut with the electrode reaching the same
final Z position. In Step 4, the spin indexed was rotated
to the 180◦ + 2β position, and the electrode completed
the last bevel at the same final Z position. The foil elec-
trode moved along the Y axis of the machine coordinate
system after cutting a bevel to make sure each bevel was
cut with an unworn section of the block electrode. The
needle remains secured to the collet after this step for the
following processing of slots.

3.2. Cutting the slots by EDM

Fig. 5(a) shows the setup for the EDM of the slots on the
needle shaft. The block electrode was replaced with a foil
electrode, which was prepared by using two thin rectan-
gle copper blocks to compress a rectangle pre-flattened
copper foil with a thickness of 50μm.One edge of the foil
was extended outside the blocks with a suitable distance
(3mm in this case) to form the cutting edge. Moreover,
the tilting table was rotated to the horizontal position so
that the rotation axis of the spin index was parallel to the
X axis of the machine.

Fig. 5(b) shows the two-step EDM procedure to gen-
erate the slots on the needle shaft under the setup above.
In Step 1, the spin indexed was rotated to the 90◦ + β

position, and the bottom of the foil electrode moved to
a position with a distance of D1 from the needle tip point
to cut the first slot with a depth of H. In Step 2, the spin
indexed was rotated to the 270◦ + β position, and the foil
electrodemoved along the positive X axis by a distance of
D2 and cut the second slot with a depth of H.

Fig. 6(a) shows a prototype of the compliant needle
with = 10◦ D1 = 5mm, D2 = 6mm, and H = 0.75D.
It can be measured that the width of the slots is about
100μm, as shown in Fig. 4(b). Such a narrow slot should
not trap any tissue during insertion, which would hin-
der needle movement and cause further damage to the
surrounding tissue. The value above is the base line of
the achievable slot width with the method described,
and wider slots can be fabricated by using multiple foils
stacked together if necessary.

4. Insertion experiment for porcine skin

4.1. Experiment setup

Fig. 7 shows the setup for the porcine skin experi-
ment. A porcine skin sample was clamped by two plates
using screws on a rotational structure. The plates had 12
aligned holes in them. By rotating the plates togetherwith
the skin sample around the central axis, a needle can pass
through the skin at 12 different locations without causing
any tension to the skin. A linearmotor (Dunkermotoren)
was utilized to insert the needle into tissue phantom at a
constant rate. A six-axis force sensor (ATI) was used to
measure the force during insertion, and it was attached
to a manual thread guild fixed on an adjacent table for
vibration isolation. A data acquisition system (National
Instruments, PXIe-6361) and LabVIEW software were
used to record the force data and to control the linear
motor.

For this study, an ultrasonic piezoelectric transducer
(Honda Electronics, Toyohashi, Japan) with a resonance
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Figure 5. Cutting the slots: (a) setup for EDM of the slots on the needle shaft, and (b) two-step EDM procedure to generate the slots on
the needle shaft.

Figure 6. A fabricated example of the proposed design: (a) overview of tip and (b) close view of slots.

frequency of 20 kHz was applied to provide vibration
to a needle in the axial direction. Since the actuation
amplitude of the piezoelectric ceramics alone was small,
a stepped horn made of 6061 aluminum was used to
increase the amplitude. A short conical section is added
in between the steps to reduce the stress in the horn.

A needle could be inserted into the hole at the end of
the horn and fixed with screw. An optical probe (MTI
Instruments, Albany, NY) was used to measure the peak-
to-peak amplitude at the end side of the horn, and the
results for different actuation voltages were summarized
in Tab. 1. Although a higher actuation voltage resulted

Figure 7. Experiment setup for needle insertion: (a) overview and (b) the skin plates.
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in larger amplitude, which may in turn result in lower
insertion force, 20Vwas used in the experiment for safety
considerations.

Table 1. Amplitude of the ultrasonic transducer with horn under
different voltages.

Voltage (V) 5 20 25 50 75 100
Amplitude (μm) 5.93 14.83 18.44 32.47 44.93 55.53

4.2. Experiment design

To study the effects of needle geometry parameters on
insertion performance, two sets of needle prototypes
were fabricated with the methods presented above. They
all had a ϕ of 10◦, an β of 20◦ and aD of 1.27mm (Gauge
18). For four needles in the first set, D1 was set to be
a constant of 5mm, while D2 changed from 10mm to
25mm with an interval of 5mm. For four needles in the
second set, D2 was set to be a constant of 25mm, while
D1 changed from 5mm to 20mm with an interval of
5mm. Due to the fact that a foil wore out quickly with
the method presented in Section 3, a copper sheet was
used instead to cut the slots, and the obtained slot width
was 0.8mm. The slot depth H was set to a constant of
0.75D. These two slot parameters actually also affect the
frequency response of the needle and will be studied in
the future. For each needle set, an additional needle was
made as control (N5 and N10), which didn’t have the
two slots on the needle shaft. A summary of the needles
in the two sets was shown in Tab. 2. Given that a nee-
dle can be approximated to be a homogeneous rod, the
length of the needleLwas determined using the following
equation [15]:

L = c
2f

(1)

where c is the wave propagation speed of the material
and defined as c = √

E/ρ, and f is the target frequency
of vibration (20 kHz in this case). In other words, L is
the half wavelength of wave propagation in 304 stainless
steel. With a Young’s Module of 196GPa and a density of
8000 kg/m3, L was calculated as 123.7mm.

Table 2. A summary of the needles in the experiment.

Set Needle D1 D2 Set Needle D1 D2

1 N1 5mm 10mm 2 N6 5mm 25mm
N2 15mm N7 10mm
N3 20mm N8 15mm
N4 25mm N9 20mm
N5 No slots N10 No slots

To mitigate the effects of property variations of differ-
ent porcine skin samples, each needle in a needle set was

inserted into the same sample twice, once with vibration
and once without. As a result, only 10 of the 12 holes were
used for a skin sample. The average velocity of insertion
was set to a constant of 1mm/s for all the trials. Five trials
were conducted for the vibration and the non-vibration
condition of each needle respectively, and the force and
position data were collected for each trial with a sampling
rate of 1000Hz. The averaged values of insertion force
and depth were used in Section 5.

An example force-position plot is shown in Fig. 8,
where three phases can be identified during the insertion
process. In the first phase, the needle tip has not punc-
tured the skin, and no cutting occurs. The force is mainly
caused by the elastic deformation of the skin. In the sec-
ond phase, the needle tip cuts and punctures and cuts
through the skin. There is a significant drop in the force.
The needle tip has exited the skin. The force is mainly
caused by the friction between the needle shaft and the
inner surface of puncture hole. Two parameters can be
measured as the indicator of the performance of a nee-
dle. The first parameter is the puncture force, which is the
peak value of insertion force before it suddenly drops. It
is the maximum force the phantom endures before pen-
etration begins. The second parameter is the puncture
depth, which is defined as the insertion distance between
0.1N and the puncture force. It is related to the maxi-
mumdeformation of the phantomduring insertion. Both
parameters are of great importance in evaluating the nee-
dle performance in practice, and keeping them low is
usually preferred.

Figure 8. An example force-position plot in the skin phantom
experiment.

4.3. Analytical modeling and vibration simulation

To determine the motion of the needle tip in air, a modal
analysis study was conducted using the Simulation Add-
in in SolidWorks (Concord, MA) software. The CAD
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Figure 9. Mass normalized displacement of N1 in (a) X direction, (b) Y direction, and (c) Z direction.

models of the needle sets were built with the parame-
ters shown in Tab. 2, and were meshed with a global
size of 0.5mm and a tolerance of 0.025mm. Since the
needle is in the free – free condition when attached to
the end of the horn [24], no constraint was applied to
the needle. An axial excitement with amplitude of 50
μm was applied at the bottom of the needle between the
frequencies of 19 kHz and 21 kHz for harmonic analy-
sis. As illustration, the deformation results of N1 as its
displacements in the three directions at 20 kHz can be
seen in Fig. 9(a-c). For all the needles in Tab. 2, the
Z (axial) and X (transverse) direction displacement of
the needle tip were recorded. The displacement in the Y
direction was at the magnitude of 10−2μm and thus not
recorded.

5. Results and discussion

Fig. 10 shows the results of puncture force and depth
for the first needle set under conditions with and with-
out vibration. For each needle, the puncture forces and
depths of the five trials were derived individually and
averaged. For all the five needles, applying vibration
resulted in the reduction in puncture force. N3 had the
smallest values of puncture force for both conditions
with and without vibration. The puncture depth also
decreased, although it was not significant for N3. This is
reasonable because the insertion force before puncture is
caused by the elastic deformation of the testing medium.
As the deformation increases, the insertion force also
rises.

Figure 10. Experiment results for the first needle set: (a) puncture force and (b) puncture depth.
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From Fig. 10, it can be noticed that when no vibra-
tionwas applied, the puncture force and depth for the five
needles were noticeably different from each other, while
theoretically they should be the same or at least close to
each other given the needles have identical ϕ and β. This
may be due to the fact that the slots reduce the stiffness
of the needle along the axial direction, so a greater dis-
placement of the needle is needed to reach the required
amount of force to puncture the porcine skin. Moreover,
the front section of the needle is likely to bend slightly
under force, so the tip is not interacting with the skin
with its best perpendicular orientation. Another possi-
bility is the minor geometry difference at the tips of the
needles caused during fabrication. To better investigate
the effects of D1 and D2 on needle performance, the rel-
ative decrease of puncture force was shown in Fig. 11.
While N5 as control could reduce the puncture force by
12.2% after applying vibration, N1 to N4 can reduce by
10.3%, 11.5%, 12.3% and 14.5%, respectively. In other
words, the proposed novel design of surgical needle can
result in greater reduction in puncture force with proper
selection of slot locations.

Figure 11. Relative reduction of puncture force for the first nee-
dle set.

Fig. 12 showed themass normalizedZ (axial) direction
and X (transverse) direction displacement of the needle
tip calculated in SolidWorks with excitement amplitude
of 50 μm at 20 kHz for the first needle set. From N1 to
N4, the Z displacement changed in the opposite trend to
the X displacement. N2 had the largest X displacement
and lowest Z displacement. N5 as control had virtually
no X displacement, but a Z displacement at the magni-
tude of the excitement amplitude. For N1 to N4, the X
displacement only changed between the range of 7.8 μm
and 9.1 μm. From the design point of view, it indicated
that for the given range changing D2 alone had minor
effects on transverse displacement. By comparing Fig. 12
and Fig. 11, it can be seen that for these four needles,
a larger Z displacement resulted in greater reduction in
puncture force, so the difference in the puncture force of
this needle set seemed to be mainly determined by Z dis-
placement. Although N5 had the largest Z displacement,
its X displacement was almost zero. This should be the
reason why it had a lower force reduction than N4.

Fig. 13 showed the results of puncture force and depth
for the second needle set under conditionswith andwith-
out vibration. Just like in the first set, applying vibration
resulted in the reduction in both puncture force and
depth, although the depth reduction for N8 was not sig-
nificant. N8 had the smallest values of puncture force for
both vibration conditions. The relative decrease of punc-
ture force was shown in Fig. 14. While N10 as control
could reduce the puncture force by 12.2% after applying
vibration, N6 to N9 can reduce by 14.5%, 14.6%, 10.0%
and 7.1%, respectively. For this needle set, the design of
N6 and N7 can result in greater reduction in puncture
force.

Fig. 15 showed the mass normalized Z and X direc-
tion displacement of the needle tip calculated in Solid-
Works for the second needle set. Z displacement also
went against the trend of X displacement. N8 had the

Figure 12. Mass normalized displacement of the first needle set in (a) Z direction and (b) X direction.
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Figure 13. Experiment results for the second needle set: (a) puncture force and (b) puncture depth.

Figure 14. Relative reduction of puncture force for the second
needle set.

largest X displacement and lowest Z displacement. N10
as control had a Z displacement at the magnitude of the
excitement amplitude but virtually no X displacement.
For N6 to N9, the X displacement changed between the
range of 7.8 μm and 14.6 μm, which is greater than the
range in the first needle set. From the design point of
view, it indicated that for the given range changingD1 had
greater effects on transverse displacement than D2. Since
the X displacement changed more greatly, the puncture

force didn’t seem to be determined by Z displacement
alone. The reduction of puncture force in Fig. 14 didn’t
show much similarity with Z displacement in Fig. 15(a)
or X displacement in Fig. 15(b). However, if the X and Z
displacement were combined like two perpendicular vec-
tors as shown in Fig. 16, the new displacement matched
the reduction of puncture force in Fig. 11. In other words,
a larger combined amplitude of X and Z vibration would
result in greater reduction of puncture force.

Figure 16. Combined displacement of Z and X direction for the
second needle set.

Figure 15. Mass normalized displacement of the second needle set in (a) Z direction and (b) X direction.
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6. Conclusions and future work

This paper presents a novel design of solid surgical nee-
dle featured by its 4-bevel tip and shaft slots with the aim
to further explore the potential of vibratory needle inser-
tion for medical applications. The design philosophy was
discussed, and the EDMprocesses for fabricating the nee-
dle were introduced. Prototypes of the needle designwith
different geometry parameters were fabricated and used
for insertion into porcine skin with ultrasonic vibration.
The results showed that the needle design could reduce
the puncture force by 14.5% at maximum than the 12.2%
of control. The reduction of puncture force was deter-
mined by the Z displacement and/or the combined X and
Z displacement. From the design point of view, chang-
ing D1 will be more effective in increasing transverse
displacement than D2 for the presented range.

Due to the factors such as uncontrollable needle fab-
rication repeatability and possible variations in porcine
skin properties, the feasibility and effectiveness of the
proposed compliant needle design was not yet well
demonstrated. To better explore the potential of vibra-
tory needle insertion and get more accurate results, the
following improvements should be made in the future
research. Duplicates of needles should be fabricated and
used in experiments to minimize the influence of fab-
rication uncertainty. Materials with higher consistency
should be used instead of porcine skin. The issues of
stress and fatigue still remain to be studied. More nee-
dles with different geometry parameters (D1,D2 and H)
will be tested.
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