W) Check for updates

Journal of

ENGINEERING
IN MEDICINE

Institution of

MECHANICAL
- . ENGINEERS
Original Article

Proc IMechE Part H:

J Engineering in Medicine

2023, Vol. 237(1) 113-123

© IMechE 2022

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/09544119221137133
journals.sagepub.com/home/pih

®SAGE

Experimental study of mosquito-
inspired needle to minimize insertion
force and tissue deformation

Sai Teja Reddy Gidde', Sayemul Islam?, Albert Kim?
and Parsaoran Hutapea'

Abstract

The aim of this work is to propose a mosquito-inspired (bioinspired) design of a surgical needle that can decrease the
insertion force and the tissue deformation, which are the main causes of target inaccuracy during percutaneous proce-
dures. The bioinspired needle was developed by mimicking the geometrical shapes of mosquito proboscis. Needle pro-
totypes were manufactured and tested to determine optimized needle shapes and geometries. Needle insertion tests on
a tissue-mimicking polyvinylchloride (PVC) gel were then performed to emulate the mosquito-proboscis stinging
dynamics by applying vibration and insertion velocity during the insertion. An insertion test setup equipped with a sen-
sing system was constructed to measure the insertion force and to assess the deformation of the tissue. It was discov-
ered that using the proposed bioinspired design, the needle insertion force was decreased by 60% and the tissue

deformation was reduced by 48%. This finding is significant for improving needle-based medical procedures.
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Introduction

Surgical needles are commonly used to reach the target
locations inside of the body for various medical inter-
ventions. There have been many research efforts to
design innovative surgical needles to reduce insertion
force and tissue deformation for procedures such as
blood sampling, biopsy, and brachytherapy.'> For
example, a core needle biopsy technique was utilized to
extract tissue samples.* A sample of tissue is extracted
from the organ with a needle using an ultrasound-
guided percutaneous approach, which is then assessed
for the presence of cancerous cells by histopathological
analysis or molecular profiling.’ Needle steering is dic-
tated by the mechanical contact between the needle and
the tissue. The effectiveness of the needle insertion is
typically measured by the target accuracy,’ which is
mainly affected needle geometry, speed at which the
needle is inserted, and the dynamics of the insertion.>”
These parameters also significantly affect needle path
deviation due to the bending of the needle and tissue
deformation."? The increase in the insertion force causes
the increase in tissue deformation, which in turn will
instigate the needle to deviate from its path resulting in

targeting error.”'"'? The goal of this work is to propose
a bioinspired design of a surgical needle that can mini-
mize the insertion force and the tissue deformation for
lessening the targeting error and tissue damage during
the needle insertion.

The insertion force can be defined as the combina-
tion of the cutting force, the friction force, and the stiff-
ness force that are generated during needle insertion,"?
where the friction force is the dominant force.
Therefore, reducing the insertion force can lower the
tissue deformation."!""'* Past research has shown that
the parameters such as needle geometry, velocity, and
insertion method play a major role in affecting the nee-
dle insertion force.*'*'® To study these parameters,
researchers have conducted studies to develop and
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implement nature-inspired mechanisms. Nature-
inspired designs such as honeybees barb structure,
wasps stinging mechanism, and mosquito maxilla struc-
ture and vibration mechanism have been shown to
minimize the insertion force of a surgical needle.'>!"2!
For instance, Sahlabadi et al.'” studied the barb design
geometry inspired by honeybee and found a decrease in
the insertion force using bioinspired needles compared
to that of using conventional needles. Scali et al.'®
investigated the needle insertion method inspired by the
wasp and found that needle deflection is decreased com-
pared to the standard needle insertion method. Other
researchers have analyzed the insertion mechanics of
jagged (or barb) structures for microneedles’ ** and
found that the bioinspired structures have a significant
impact during tissue insertion.*?

There have been also some efforts to mimic the
vibration of a mosquito proboscis in soft tissues to
minimize the needle insertion force.”>® Bi and Lin,?®
investigated the vibration effect during insertion to
reduce needle deflection. Li et al.'” have concluded that
the mosquito-proboscis inspired needle, where the nee-
dle and the bioinspired cannula move in the reciprocat-
ing motion so that the needle advances incrementally
and can significantly reduce the tissue deformation dur-
ing insertion. Researchers have found that the
mosquito-inspired vibration provides an exceptional
penetrating technique for reducing the insertion
force.”” *? Additionally, it has been shown in our prior
study that the use of longitudinal vibration during the
insertion of a honeybee-inspired needle showed that the
vibration can lower the insertion force and deflection
of a needle.®® In this work, the mosquito-inspired
design parameters (i.e. shape and geometry) and the
effect of dynamic insertion (i.e. vibration and insertion
velocity) were investigated to study their effect on the
needle insertion force and the deformation of the tissue.
Specifically, the dynamic insertion method employs
longitudinal vibration that is continuously applied in a
sinusoidal waveform.

Since studies have also concluded that that increas-
ing the needle insertion velocity will increase the inser-
tion force''**3% two dynamic insertion parameters,
insertion velocity, and frequency will be carefully con-
sidered for evaluating the proposed mosquito-inspired
needle for reduction of insertion force and tissue defor-
mation. The major contribution of this work is the
study of the effect of geometrical features such as max-
illa structure and thickness on the insertion force and
the tissue deformation. For example, a slight variation
in the barb angle could increase the frictional contact
(since the surface friction increases) and results in
higher insertion force. Along with these features, this
study also focuses on the effect of dynamic insertion,
where vibration and insertion velocity parameters were
applied to study the insertion mechanics of the pro-
posed mosquito-inspired needle.
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Figure 1. (a) The SEM image of the mosquito proboscis
showing the elements of the maxilla, and labrum and (b) the
optical image of the proboscis with a high-speed camera
(magnification: | 15x) ©.%¢

Materials and methods

Mosquito-inspired needle design

The design of the surgical needle in this work was
inspired from mosquito proboscis. A mosquito probos-
cis consists of the labium, labrum, pharynx, maxilla,
and mandibles.”*>%% The labium has a sliced tube
form which allows it to open and bend away from the
fascicle.>® The other elements are the labrum (for trans-
porting blood at the tip region), the hypopharynx (for
injecting blood-thinning saliva), two maxillas (stylets
with a sharp edge on the sides), and two mandibles
(pointed stylets for support).??*® As illustrated in
Figure 1(a), the two-maxilla design on each side of the
labrum has a barbed structure to enable effortless nee-
dle insertion.’® The major contribution in this work
compared to our previous mosquito-inspired needle*
study is that the geometric features of a mosquito, such
as, thickness and maxilla angle were experimentally
studied by changing various thickness and angle para-
meters. This experimental investigation of each geome-
trical parameter was performed to choose optimized
design parameters to fundamentally understand the
mechanics of mosquito-inspired needle insertion in soft
tissue. It has been shown in the literature that the lab-
rum design helps to lower the average insertion force of
18 wuN during insertion in soft tissue.*® During this
penetrating process in the mosquito, the fascicle is
attached on the outer layer of the skin, and it is moved
forth and back within the labium at vibrating frequen-
cies of 15°7 and 30 Hz.>' Therefore, this vibration fre-
quency was also considered to study its effect on the
insertion force and deformation of the tissue.

The schematic representation (2D) with the geo-
metric features of the proposed mosquito-inspired nee-
dle design in this work is shown in Figure 2(a). The
proposed needle design consists of the maxilla jagged
structure and labrum tip for lower insertion force.?*°
The main goal is to reduce the insertion force, which is
a combination of friction and cutting force.'* Because
of the dominant forces such as friction and cutting force
acts during the needle insertion into soft tissue,''!¥ 13
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Figure 2. (a) The 2D representation of the proposed
mosquito-inspired needle design consisting of the modified
maxilla (a jagged structure designed for the main body of the
needle) and labrum tip. (L: length of the needle, L,,: length of the
maxilla, L,: Radius of the labrum tip, M,: Maxilla angle, t :
thickness between each maxilla, x: the distance between the
inner maxilla, and D: diameter of the needle); (b) 3D printed
mosquito-inspired needle.

the stiffness force in this work is relatively small and
therefore can be neglected. It should be mentioned that
the stiffness properties of the tissue mimicking material
have isotropic (homogeneous) properties in order to
minimize the effect of stiffness force. Reducing the fric-
tion force can be achieved by applying bioinspired
shapes on the needle body and decreasing the cutting
force can be achieved by adapting a bioinspired needle
tip.” Therefore, to lessen the insertion force, the maxilla
structure and labrum tip of mosquito was utilized as an
inspiration to design the bioinspired needle. The sym-
metric maxilla structure was etched on the body of the
needle with a 360° revolving shape for minimizing the
friction and drag force due to the barbed structure. The
labrum tip being the anchor in the needle was to
decrease the deflection and to minimize the cutting
force. While the reported Aedes albopictus mosquito
fascicle diameter has 2040 wm in diameter and 1.5—
2.5mm in length.*® The typical medical needle for
biopsy or brachytherapy procedures has 1.5-2mm in
diameter. Due to intricacy in manufacturing a true-
scale needle, scaled needles were designed and manufac-
tured up to 3mm in diameter in this study. Past studies
have shown that the needles with scaled-up diameters
have shown a similar influence on the insertion force
compared to the standard needles.®*®

The final proposed needle design parameters in this
study are chosen to be D=3mm, L=180mm,
L,,=65mm, L,=35mm from outside and ¢ = 0.2mm,
where D is outer diameter, L is the total length of the
needle, L, is the length of the maxilla, L, is the radius
of the labrum tip, and 7 is the thickness between each
maxilla. In this work, the length of the jags (L,,) is
65mm out of the total length of the needle
(L = 180mm). But to highlight the concept of jagged

T Longitudinal vibration

Needle insertion direction

I Force sensor
—_—
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Figure 3. The applied longitudinal vibration in the insertion
direction (top) and the needle insertion test setup (bottom).

design along with the respective angle and thickness,
they were captured closely for better understanding of
the mosquito-inspired needle design parameters. The
difference between L, in Figure 2(a) and (b) is that, in
Figure 2(a), the schematic representation is shown to
demonstrate how a jagged structure was designed (by
changing maxilla angle and thickness) and in Figure
2(b), the 3D printed mosquito-inspired needle is shown
with the same design parameters.

The influential parameters such as maxilla angle and
thickness were experimentally studied as their effect on
the insertion force varies with the increase in angle and
thickness, which is discussed in the Results section. The
other parameter contribution is not significant in terms
of its influence on the insertion force, compared to
maxilla angle and thickness. Note that the higher thick-
ness results in more gap space between each maxilla
design and thus deviates the needle to bend. The bioin-
spired and standard needles were manufactured using
the high-resolution print accuracy 3D printer (Object
Connex 350, Stratasys, Inc., Eden Prairie, MN), and
the 3D-manufactured needle is shown in Figure 2(b).
The main purpose of designing these mosquito features
on the surgical needle is that studies have shown that
reducing the friction between the needle and tissue
helps to steer the needle with less insertion force.!*!?
Furthermore, it was conjectured that the same influ-
ence of vibration could be seen on the typical needle.?’
To apply the vibration to the mosquito-inspired needle
during insertion into tissue, the needle was fixed to the
actuator, so that the needle can be vibrated in the long-
itudinal direction. Also, different frequency ranging
from 0 to 500 Hz were applied to determine the desired
vibrational frequency.

Test method for needle insertion

The needle insertion experimental setup, as shown in
Figure 3, includes a horizontal linear stage equipped
with a six-axis Force/Torque Transducer Nanol7®
(ATI Industrial Automation, Apex, NC) that is
attached at the support. A data acquisition system
using a programmable LabVIEW  (National
Instruments Corporation, Austin, TX) was used to
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Figure 4. (a) The schematic representation of the tissue deformation from three stages (before puncture, puncture, and after
puncture) defined in distance and (b) the tissue deformation test setup that mainly consists of a soft magnet (in red color) and

Magnetic Tunneling Junction (MT])) sensor.

measure the insertion force. Additionally, a piezoelec-
tric linear actuator (Physik Instrumente, Auburn, MA)
made of piezo material and an amplifier (Physik
Instrumente, Auburn, MA) were utilized to vibrate the
needle in the longitudinal direction with a sinusoidal
waveform. The tests were conducted with mosquito-
inspired needles and standard bevel-tip needles. The
needle guider was used during the insertion of both the
needles, so that the buckling of the needle is minimized.
The insertion tests were performed in PVC tissue gel
phantoms with Young’s modulus of 6kPa, which are
commonly employed to mimic biological soft
tissues.”*

Magnetic-based tissue deformation sensing system

A tissue deformation method with magnetic sensing
was used to investigate the deformation during needle
insertion in tissue due to mosquito-inspired needles
with vibration (Figure 4).*> This magnetic sensing sys-
tem measures tissue deformation by interpreting the
magnetic field change induced by an implantable soft

magnet. This soft magnet moves during needle inser-
tion and the movement of the magnet gives the change
in deformation. The schematic representation of the
deformation in three stages (before puncture, puncture,
and after puncture) is shown in Figure 4(a)). The sen-
sing system test setup includes a soft magnet, magnetic
field arrays, and a high-speed camera (60fps, EOS
60D, Canon). The soft magnet was made of iron oxide
(Fe,03) nanoparticles embedded in silicone elastomer
that should be mechanically compatible to the elastic
properties of the soft tissue.*’ The soft magnets with a
diameter of 3mm and thickness of 2mm (Figure 4)
were manufactured and were positioned about 2mm
away from the needle insertion location. A total of
three extremely sensitive magnetic field sensors (Micro
Magnetics STJ-240) with an array were placed on a fix-
ture and above the soft magnet.* A camera was used
to record the tissue deformation during the insertion,
which was then calibrated using the sensing data. The
magnetic field strength reduces during the needle inser-
tion (which is resulting in the deformation of the tissue)
by inverse cube law*' with a sensitivity of 0.12Q/uT.
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Figure 5. Effect of the thickness (t) on the maximum insertion
force. The experiments were conducted without vibration and
with an insertion velocity of | mm/s. Bars sharing the same
letters are not significant (95% confidence level) and are
denoted with the letters AB, ABC, and BC based on post-hoc
Tukey tests.

When the magnetic field changes, they directly corre-
spond to the deformation of the tissue during the
insertion.

Statistical analysis

The experimental data were statistically analyzed to
compare the significance between the distinct groups
using one-way Analysis of Variance (ANOVA) and
post-hoc Tukey tests. The number of experiments con-
ducted was three using each needle prototype and the
significance of the data was analyzed using ANOVA.
For the insertion force of a mosquito-inspired needle,
multiple comparisons were made within the indepen-
dent variables to determine the level of significance in
parameters such as maxilla angle, thickness, vibration,
and insertion velocity. The level of significance was set
at a 95% confidence interval. The post-hoc Tukey tests
reveal the significant difference between the groups.
The significant factor was labeled as 4, B, C, and D in
plots to show the significance of the data. The same let-
ters on the bar graph represent the non-significance
and the independent letters represent the significant
factor at the 95% confidence level.

Results

The insertion tests into tissue-mimicking PVC tissue gel
phantoms were carried out to study the mechanics of
mosquito-inspired needle insertion in tissue. First, the
effect of geometrical features on the insertion force was
analyzed to determine the optimized needle shapes.
Next, using the optimized shapes, the influence of
dynamic insertion, that is, vibration, and speed of the
needle, on the insertion force was evaluated. Finally,

7 Maxilla angle (M,)
—n ~
6 AB Sl
ABC Thickness (t)

w
e

BC

o

Maximum Insertion Force (N)
v

110 130 150 170
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Figure 6. Effect of maxilla angles (M,) on the maximum
insertion force. The experiments were conducted without
vibration and with an insertion velocity of | mm/s. Bars sharing
the same letters are not significant and bars sharing different
letters indicate the significance at the 95% confidence level
based on post-hoc Tukey tests.

the tissue deformation was examined using a magnetic-
based sensing system to comprehend the performance
of mosquito-inspired needles in terms of reducing tissue
deformation.

Effect of needle geometry on insertion force

The thickness (f) and maxilla angle (M,) (Figure 2) on
the insertion force of the bioinspired needle must be
first understood to determine the best needle geome-
tries. As shown in the illustration in Figure 5, the thick-
ness was varied but the radius of the labrum-tip
(L, = 35mm) and the distance between inner maxillas
(x =2.20mm) were kept constant. The value “x”
depends on the maxilla angle and the labrum tip radius
is also kept constant at 35mm. Figure 5 shows the
average of three maximum insertion forces for needles
with different thickness (¢ = 0.1, 0.15, and 0.2mm). It
was noticed that the maximum insertion force of the
mosquito needle decreased with an increase in thick-
ness. Using ANOVA and post-hoc Tukey tests, it is
shown that the effect of different thickness on the inser-
tion force was not significant because of the small
thickness difference. This significance in Figure 5 is
denoted by A, B, and C to show the parameter differ-
ence between each value. The terms AB and ABC
between 0.1 and 0.15mm thickness and ABC and BC
between 0.15 and 0.2mm thickness indicate that the
effect of thickness on the insertion force is not signifi-
cant. Therefore, for this study, the final thickness of
0.2mm was chosen based on the lowest insertion force
recorded, which was a 17% force reduction.

Using a thickness of 0.2mm, the effect of maxilla
angles (M, = 110°, 130°, 150°, and 170°) on the maxi-
mum insertion forces can be observed in Figure 6. The
lower maximum insertion force was seen with the
increase in the maxilla angle. This is due to removal of
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Table I. The mosquito-inspired needle geometry features the average maximum insertion force and its resulting standard deviation

values.
Needle parameters Mosquito Average maximum Standard deviation Standard deviation
geometry features insertion force (N) (SD) values (SD) range
Needle length Thickness 0.1 4.70 0.19 0.13<SD <0.19
(L) — 180 mm (in mm) 0.15 4.58 0.13
0.2 4.50 0.16
Needle diameter Maxilla angle 110 5.08 0.21 0.1 <SD <0.21
(D) —3mm (in deg) 130 4.88 0.15
150 4.65 0.11
170 4.26 0.13
geometry is the focus of this study, the needle insertion
7 experiments in the PVC tissue were experimentally pro-
ven to show their effect on the insertion force. Many
6 | OHz studies in the past have also shown that average of three
_0_128 :z experiments for the needle geometry could be signifi-
=50 |—a—200Hz cant in terms of determining the insertion force.®**
o —v— 300 Hz
S4r 400 Hz
E ) 500Kz Effect of vibration on insertion force
?,g Next, the effect of needle vibration on the insertion
£t force was evaluated. The needle geometrical parameters
2 obtained from Section 3.1 were used to fabricate the
1 needles. The insertion tests were performed in the
‘ ' ‘ ‘ ‘ tissue-mimicking PVC gel with Young’s Modulus (E)
00 10 20 30 40 50 60 of 6kPa. The vibrational frequencies varied from 0 to
Insertion Depth (mm) 500 Hz, but a constant amplitude of 5um, a constant

Figure 7. The vibration effect on the mosquito-inspire needle
insertion force. The experiments were performed with a
constant amplitude of 5 wm and at a constant insertion velocity
of | mm/s. The standard deviation (SD) for the vibration
frequency ranges from 0.05 < SD < 0.13.

extra material on the needle body that results in less
friction during insertion. Using ANOVA and post-hoc
Tukey tests, the terms AB on maxilla angle 110° and
ABC on maxilla angle 130° showed that the effect of
maxilla angle on the insertion force is negligible.
However, as the angle increases, the effect of the angle
becomes more significant because of the change in the
higher angle. The terms BC on maxilla angle 150° and
D on maxilla angle 170° showed that the effect of max-
illa angle on the insertion force of mosquito-inspired
needle is significant. Therefore, for this work, the max-
illa angle of 170° of maxilla angle was chosen based on
the lowest insertion force recorded, which was a 9%
force reduction.

The mosquito-inspired needle design parameters
such as thickness (t) and maxilla angle (M,) and their
effect on the maximum insertion are shown in Table 1.
Moreover, the standard deviation values are also calcu-
lated from three experimental trials. As the needle

insertion velocity of 1 mmy/sec, and an insertion depth
of 60mm were kept constant. The average of three
insertion test data was presented in Figure 7.
Interestingly, from 0 to 200 Hz, the insertion force
decreased with a frequency increase, but the insertion
force become unpredictable above 300 Hz. It was also
noticed that the slopes of the mosquito-inspired inser-
tion forces were in general similar at 0-200 Hz frequen-
cies. However, it was observed at higher frequencies
from 300 Hz to the vibration frequency of 500 Hz, the
slopes of the insertion forces changed dramatically after
around 30 mm insertion depth.

Effect of insertion velocity on insertion force

The effect of insertion velocity on the insertion force
can be evaluated in Figure 8. The insertion force
increased with increasing velocity from 1 to 10mm/s.
The slopes of the force curves were linear which could
be due to the homogenous properties of the PVC tissue
phantom. The increase in force at higher insertion velo-
city was conjectured to be due to the increase in energy
rate and/or decrease in fracture toughness*? and viscoe-
lastic behavior.! In short, it was observed from Figure
8 that the insertion velocity of 1 mm/sec provided the
least insertion force.
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Figure 8. The insertion velocities on insertion force. The
experiments were performed with a vibration of 200 Hz and an
amplitude of 5 um. The standard deviation values for the
insertion velocity range from 0.05 < SD < 0.14.

Insertion force of mosquito-inspired needle

The optimized parameters obtained in Sections 3.1-3.3
were utilized to evaluate the insertion and extraction
forces of mosquito-inspired needles. The needle was
inserted into tissue-mimicking PVC gels at a constant
insertion velocity of 1 mm/sec and a vibrational fre-
quency of 200 Hz with an amplitude of 5 wm. Using the
average of three insertion tests, the insertion and extrac-
tion forces of the mosquito-inspired and standard nee-
dles are compared in Figure 9. It was observed that the
forces of mosquito-inspired needles are lower compared

to those of standard needles. It was also found that the
largest insertion force of mosquito-inspired needles was
3.25*+0.06 N, while the largest for the standard needle
was 8.10 =0.06 N, which shows about 60% force
reduction.

Tissue deformation of mosquito-inspired needle

It has been demonstrated that the mosquito-inspired
needle can decrease the insertion force. It is expected
that the decrease in insertion force would result in
lower tissue deformation.”** The tissue deformation
was evaluated using a deformation magnetic sensing
system.*! The magnetic field change indicates that the
position of the magnet changed, which means the tissue
is deformed during needle insertion. The magnetic field
change of the soft magnet for the mosquito-inspired
needle during insertion was measured to be 7.11 T,
whereas the standard needle was measured to be
9.15 uT. The slight change in the magnetic field tells us
that the deformation is less when using the mosquito-
inspired needle and requires less insertion force. This
magnetic field change (MTJ sensor array) when using
both the needles was converted to the distance (in mm)
using the inverse cube law. Figure 10(c) shows the dis-
tance versus time. As shown in Figure 10(a) and (b),
the deformation of the tissue due to the standard needle
is 17.5*+0.22mm, while the mosquito needle with
vibration decreased the deformation to 11.2 = 0.19 mm,
which is a total of 36% reduction. Finally, to confirm
the overall deformation in the tissue, any deformed
area from the needle insertion location was measured
using ImageJ. The tissue deformation area caused by
mosquito-inspired needle insertion appeared as a

Mosquito Needle

Standard needle
Mosquito needle without vibration
6 Mosqutio needle with vibration

Force (N)

Standard Needle

Insertion Phase

Extraction Phase

L
30 40 50 60 70
Insertion Depth (mm)

Figure 9. The insertion force profile for the mosquito-inspired and standard needles (Vibration of 200 Hz, the amplitude of 5 um,

and the insertion speed of | mm/s).
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Figure 10. High speed-camera snapshots of the tissue deformation using (a) a standard needle (17.5 = 0.22 mm) and (b) a
mosquito-inspired needle (11.2 = 0.19 mm); (c) the tissue deformation in distance (mm) as a function of time.

smaller area (0.24mm?) compared to the deformation
area (0.46mm?) caused by the standard needle inser-
tion. This study confirms that the reduction in the
insertion force decreases tissue deformation.

Discussion

It is evident from the results above that the proposed
mosquito-inspired needle with a dynamic insertion
method can reduce the insertion force and the tissue
deformation. The needle shape parameters were first
determined by evaluating the maximum insertion force.
The thickness (7) and maxilla angle (M,) were varied
while the distance between the maxilla (x) and L, were
kept constant. The thickness () of 0.2mm and M, of
170° were determined to be the optimized values by
evaluating the maximum insertion forces as shown in
Figures 5 and 6 (see Table 1 for more details). Since the
bioinspired needle shape and geometry decrease the
interfacial surface area between the tissue and the nee-
dle surface, the dominant friction force is decreased
which contributes to the decrease in the insertion
force."?

Next, using these parameters, the effect of dynamic
insertion and the needle tip shape on the insertion force
and the tissue deformation was investigated. As shown
in Figure 7, from 0 to 200 Hz vibrational frequencies,
the decrease in the insertion force was seen with an
increase in frequencies, but the insertion force become
unpredictable above 300 Hz. It was also noticed that
the slopes of the insertion forces were in general similar

at 0-200 Hz frequencies. However, it was observed at
higher frequencies (300-500 Hz) the slopes of the inser-
tion forces changed dramatically around 30 mm inser-
tion depth. As mentioned previously, the insertion
force is defined as the combination of cutting, friction,
and stiffness forces.'® The stiffness and cutting forces
will be unaffected by the vibration, therefore only the
friction force is influenced by the bioinspired needle
design and the vibration.”*** ™ For example, Wu
et al.*® have observed that vibration can decrease the
friction force, but it does not influence the effect of tis-
sue stiffness on the needle body. Our results show that
this is true up to 200 Hz frequency but at higher fre-
quencies and above 30 mm insertion depth, it shows a
reverse trend. Increasing frequency from 300 to 500 Hz
shows increasing insertion force. The results in Figure 7
follow the LuGre model prediction*® where the friction
force reaches its peak when the value of aw (amplitude,
a, times frequency, w) is equal to the insertion velocity
of the needle. In our case, the amplitude (a) was a fixed
constant at 5Sum, and the frequencies varied from 100
to 500 Hz. It was understood based on the LuGre
model that when aw is less than the insertion velocity
of I mmy/s (below 200 Hz), the friction decreases com-
pared with the non-vibration state, and the friction
increases with the increase of aw (above 300 Hz).
Additionally, the tissue viscoelastic material beha-
vior may play a key role in influencing the steep
increase in the insertion force,>>' especially after the
needle reached 30 mm insertion depth (Figure 7). The
tissue deformation during insertion impacts the tissue
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stiffness that puts pressure on the needle body surface.
Friction is the result of Coulomb friction, tissue adhe-
sion, and tissue damping.’! When the vibration fre-
quency increases to 200 Hz, the pressure on the needle
lowers resulting in a decrease in friction. But as the
vibrational frequency continues to increase above
200 Hz, the friction starts to increase, which results in
increasing insertion force. The result agrees with
LuGre’s model analysis of friction® that when the nee-
dle is vibrated at higher frequency, the friction force
which is generated from needle bending inside the tis-
sue dependent on Coulomb friction, static friction, and
damping coefficients.*** This friction force is charac-
terized by the term Stribeck effect velocity,*® which
means that when a needle is vibrated longitudinally in
a tissue (which has linear stiffness properties), the bend-
ing of the needle relative to the total velocity (vibration
and insertion speed) increases the friction force, which
results in increase in the insertion force.*”*

Figure 8 shows the insertion forces measured using
different insertion velocities. It was confirmed that the
insertion force increases with the increase in the inser-
tion velocity. This is similar to the trend that was
observed in different studies that the insertion force is
directly proportional to insertion velocity."”!! It is
shown in Figure 8 that the insertion force at 1 mm/s
was 45% less than that at 10 mm/s. It was determined
for the next experiments that 1 mm/s insertion velocity
along with 200 Hz frequency was applied.

Figure 9 shows the insertion and extraction forces of
standard needles and mosquito-inspired needles. By
altering the geometry of the needle tip, the puncture
force that acts at the needle tip can be decreased, which
contribute to the decrease in the insertion force. This
result agrees well with previous research.”>* It can be
observed in Figure 9 that the mosquito-inspired design
and dynamic insertion had a noticeable effect on lessen-
ing the insertion and extraction forces. As also exam-
ined previously in Figures 5 to 7, the friction force
along the needle plays a critical role in the reduction of
the insertion force. The mosquito-inspired needle has a
smaller tissue-needle interfacial area. It has been shown
in this study that the insertion force of a mosquito-
inspired needle can be reduced by as much as 60%
compared to that of standard needles. The result is very
consistent as the standard deviation is in the range of
0.04 < SD < 0.12.

A big challenge when decreasing the diameter of a
bioinspired needle prototype is the thickness of the
maxilla design on the needle body. For future work,
meso-scale manufacturing method can be explored for
fabricating the proposed bioinspired needle prototypes.
The maxilla structure can be cut out from the standard
needle with a high accuracy of 0.1-5mm. It should be
pointed out that bioinspired needle size-scale study in a
previous work showed that irrespective of the diameter
size, the insertion force decreases significantly.**
Although this study is limited to the use of 3D scaled
printed needles, it is expected that the resulting

insertion mechanics of scaled needles would be qualita-
tively similar with that of true-scaled needles.

The reduction in the insertion force should lead to a
decrease in tissue deformation. Here, some experiments
were performed using the optimized conditions dis-
cussed previously to measure the tissue deformation
using a magnetic-based sensing method,*' as shown in
Figure 10. It is understandable that when a needle is
moving in tissue, the needle would cause tissue defor-
mation."”* It can be observed in Figure 10(a) and (b),
that the length (depth) of the deformation mosquito-
inspired needle (11.2mm) is about 36% less than that
of the standard needle (17.5mm). This was determined
by observing the magnetic field change which was con-
verted to the distance (length) using inverse cube law
with the optically measured reference data (Figure
10(c)). As shown in Figure 10(a) and (b), the deforma-
tion areas from the insertion of mosquito-inspired nee-
dle were calculated to be 48% less than that of the
standard needle. The images were taken during the nee-
dle insertion at the maximum depth. However, the
deformation shown in Figure 10(b) looks like a triangu-
lar area where the arca was large for a standard needle
(0.46 mm?) compared to the mosquito-inspired needle
(0.24 mm?). Moreover, the position of the magnet also
changes due to the needle insertion, which was tracked
by the sensing method. The decrease in tissue deforma-
tion indicates mosquito-inspired needle design coupled
with the dynamic insertion can be used to improve the
target accuracy>*>> and potentially can be effective to
reduce tissue damage in percutaneous procedures.’®
There are obviously differences between a homogenous
(isotropic) PVC tissue and real tissue properties. The
PVC tissue used here is isotropic, but it still has viscoe-
lastic behavior. The properties of real tissues are aniso-
tropic and non-linearly viscoelastic. These complex
properties are very challenging to characterize and to
mimic for any study due to the inherent tissue varia-
tion, that is, brain, liver, kidney, etc. The challenge in
this work is the measurement of tissue deformation. In
our case, since the PVC is transparent, placing the soft
magnet is more convenient for deformation measure-
ment. For future work, different types of sensors and
measurement methods should be investigated for direct
measurement of real tissue deformation.

Conclusions

The optimized geometric parameters of the mosquito-
inspired needle were determined by studying their effect
on the insertion force and the tissue deformation. The
results showed that it was feasible to achieve insertion
force reduction by as much as 60% using a mosquito-
inspired needle. Furthermore, the effect of the
mosquito-inspired needle on tissue deformation was
also studied using a magnetic-based sensing system. It
was concluded that there was a 36% reduction in tissue
deformation as measured by the deformation depth
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between the tissue surface to the needle tip. It was also
observed that there was a 48% reduction in the tissue
deformation area. The presented data support the
hypothesis that the bioinspired needle can minimize the
insertion force and tissue deformation. Future work
will investigate the force behavior, the deformation of
the tissue, and the tissue damage caused by the
mosquito-inspired needle insertion on real tissues such
as bovine brains and livers. Development of true-scale
prototypes using metal needle materials is also cur-
rently ongoing. In summary, the findings in this study
are very encouraging as this will help researchers to
advance bioinspired needles for more efficient needle
interventional procedures.
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