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ABSTRACT

Needles are commonly used to reach target locations inside of the human body for
various medical interventions such as drug delivery, biopsy, and brachytherapy cancer
treatment. The success of these procedures is highly dependent on whether the needle tip
reaches the target. One of the most significant contributors to the target accuracy is the
needle insertion force that causes needle-tip deflection, tissue deformation, and tissue
damage. Recently there has been tremendous interest in the medical community to develop
innovative surgical needles using biologically-inspired designs. It is well known that
insects such as honeybee and mosquito steer their stingers effortlessly to a specific target
and release their venom in a certain path through the skin with minimal force. These unique
traits inspire this dissertation work to develop bioinspired needles and to study the insertion
mechanics of these needles for reducing the insertion force, needle-tip deflection, tissue
deformation, and tissue damage.

In this work, the insertion mechanics of honeybee-inspired needles with applied
vibration in polyvinyl chloride (PVC) tissue phantom and chicken breast tissues was first
investigated. It was observed that the insertion force was decreased by 43% and the needle
tip deflection was minimized by 47% using honeybee-inspired needles. Furthermore, the
insertion mechanics of mosquito-inspired needles in PVC tissue phantom and bovine liver
tissues were studied. Design parameters such as maxilla design on the needle body, labrum-
tip, vibration, and insertion velocity were considered. It was found that the insertion force
was reduced by 60% in PVC tissues and 39% in bovine liver tissues using mosquito-

inspired needles. To validate the developed bioinspired needle prototypes, a size scale
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study was performed using insertion test in a PVC tissue phantom. It was confirmed that
the insertion force was decreased by 38% using different needle sizes. An analytical LuGre
friction model was used to explain the insertion mechanics and to confirm the experimental
results.

Lastly, to investigate the effect of the insertion force reduction, the tissue deformation
and the tissue damage studies were performed. Using a novel magnetic sensing system, it
was observed that the tissue deformation caused by mosquito-inspired needles was
decreased by 48%. A histological study was performed to quantify the tissue damage in
bovine liver tissues. It was observed that the tissue damage of mosquito-inspired needles
was reduced by 27% compared to standard needles.

In conclusion, this dissertation study shows that applying bioinspired needle designs
and vibration during insertion into tissues reduces the insertion force, the needle-tip
deflection, the tissue deformation, and the tissue damage. The outcome of this study will
benefit medical communities to advance the bioinspired needles for vibration-assisted

clinical procedures.
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NOMENCLATURE
Amplitude
Bevel-tip angle
Diameter of the needle
Stribeck velocity parameter
Young’s modulus
Tissue stiffness of the crack surface
Tissue stiffness
Cutting force stiffness resistance from the tissue
Friction force
Normal force
Stiffness resistance from the tissue

Length of the needle

Length of puncture into the tissue or depth of the insertion

Length of the maxilla design on the needle (number of the maxilla on the needle)

Labrum-tip

Maxilla angle

at point

Stiffness coefficient

Damping coefficient

The viscous relative damping coefficient

Ohm
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t Thickness of the maxilla

T The normalized coulomb friction coefficient
g The normalized static friction coefficient
uT  Microtesla

Vs The stribeck effect velocity

v Total velocity

\ Insertion speed

® Vibrational frequency

X Distance between inner maxilla of the needle

Xijp ~ Position of the needle-tip

X1 Position of the tissue before puncture

X5 Position of the tissue after puncture

z (n, t) Deformation due to two elements at a point 1| and at time t

z Deflection of the needle
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CHAPTER 1
INTRODUCTION

Needles are commonly used in medical procedures that include both diagnosis and
therapy such as in vivo analysis using optical, Raman spectroscopy, chemotherapy,
brachytherapy, photodynamic therapy, rf-based thermal ablation, biopsy, and viral or gene
therapy !'>!. There have been many research activities to design innovative surgery needles
to reduce tissue damage for procedures such as blood sampling, biopsy, and brachytherapy
in the prostate, liver, kidney, and other tissues [1, 2]. For example, a core needle biopsy [6]
technique is commonly used to extract tissue samples. A sample of tissue is cut and taken
from the organ with a needle using an ultrasound-guided percutaneous approach and is then
assessed for the presence of cancerous cells by histopathological analysis or molecular
profiling. The needle insertion in these procedures is highly dependent on the insertion

target accuracy [7-9].

The accuracy of needle steering inside tissue is influenced by mainly the insertion force
which causes the tip deflection, tissue deformation, and tissue damage [10-13]. It has been
investigated decreasing the insertion force can improve the needle insertion procedure |2,
10]. Additionally, the decrease in the insertion force could potentially result in less pain,
trauma, and edema caused to the patients, such that it allows them to recover in a shorter

time [15].

The insertion force occurs when the needle first breaks through the tissue, and a high
insertion force leads to more tissue damage [12, 16]. The insertion force consists of the

cutting force (F), the friction force (Fy), and the stiffness resistance from the tissue (Fj)
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[2] as shown in Fig 1.1. The stiffness force (F;) occurs during needle puncture into the
tissue; the cutting force (F;) is the force at the needle-tip, and the friction force (Fy) occurs
at the interface between needle during insertion after puncture. Also during needle-tissue
interactions, it has been discovered that the largest contributing force to the insertion force

is the friction force [17, 18].

F;: Stif fness Force

/ F.: Cutting Force

y

Figure 1.1. Forces acting during needle-tissue interaction are the stiffness force (F;), the friction

force (Fy), and the cutting force (F;).

1.1 Needle Insertion Mechanics

The interaction between needle and tissue during insertion leads to different phases [2].
These phases are insertion, relaxation, and extraction as shown in Fig 1.2. A typical needle
insertion into the bovine liver is shown in Fig 1.2 using an 18-gauge standard needle.
During the insertion phase, the needle intersects with the tissue resulting in the first contact,
and an initial crack is formed, the crack is then widened and increased by the size of the
needle, and then the needle continues inside the tissue, resulting in friction and cutting (or
rupture) force. In the intermediate phase, i.e., the relaxation phase happens when the needle
changes the direction, resulting in force change from positive to negative. Finally, the

extraction phase is due to the needle pulling out from the tissue and the extraction force is

2



mainly due to the frictional force. Evidently, if the tissue stiffness is larger, such as in
muscle and kidney, the needle displacement will most likely be greater and the target

inaccuracy will occur [19, 20].

3 Insertion Extraction

(%]

Relaxation

Force (N)
[=]

'
(%]

Displacement (mm)

Figure 1.2. A typical needle insertion process consists of insertion, relaxation, and extraction
phases in soft tissue. (Insertion speed — 3 mm/sec, Insertion depth — 65 mm, Needle — 18-gauge,

tip angle - 40°, tissue - PVC)



Understanding the parameters such as needle geometry, the needle-tip, the velocity of
insertion, tissue material properties, and insertion with rotation and vibration [6, 14-20]
that affect the insertion force is critical in improving the insertion efficacy. Moreover, a
typical procedure is generally done by inserting a needle to reach a certain target at the
maximum insertion depth where the maximum insertion force occurs. It has been
investigated that the target inaccuracy during a procedure can be related to the increase in
the maximum insertion force [1, 28, 29]. In other words, the increase in insertion depth
increases the maximum insertion force. Therefore, if the maximum insertion force is

reduced, the damage to the tissue is decreased [12, 30].

1.1.1 Needle Geometry and Materials

The insertion force is highly dependent on the needle tip, size, and shape, such as shown
in Fig 1.3. The geometrical effects on insertion force have been studied by many
researchers 22241, For example, Shergold and Fleck [24] studied the mechanics of sharp
and blunt tip needles and found that sharp tip needle lowers the insertion force by up to
40%. In another study, Okamura et al. [22] found that a change in diameter and needle
shape will result in a change in the needle insertion force by 25%. Stellman [23] showed
that a hypodermic needle design could reduce the insertion force by 70% and also minimize
the needle deflection. Also, the effect of cutting-edge angles of the needle-tip on insertion
force was investigated by Moore et al. [31] and found that the decrease in the cutting force

is due to the cutting edge angle larger than 30°.



I
|
|
) Needle surface
I
|
1

D}a?n_et_erk ____________________ ~_Aa-beveltip angle

Needle surface

Diameterk Conical -tip

Figure 1.3. A schematic representation of needle geometry consists of needle surface, diameter,

and needle-tip.

The stiffness of the needle during insertion into soft tissue plays an important role in the
force behavior. For instance, a standard 16-gauge stainless steel needle has a higher impact
on the force behavior compared with that of polymer needles. Polymer needles have been
used to study the influence of the needle geometry on the insertion force [32, 33]. In another
study, the fabrication of microneedles to mimic the mosquito-proboscis has been conducted
to show the reduction in the insertion force [34]. Kim et al. studied the mosquito-inspired
microneedle insertion in porcine skin tissue and found that the mechanophysical stimuli

(i.e., 1 to 1000 Hz vibration) lower the insertion force [35].

Due to the complex shapes and geometries, the fabrication of metal bioinspired design
needles is very challenging. Therefore, in this research, polymer needles were used. The
polymer needles offer transparent and biodegradable functionalities for the new biomedical

solutions [36, 37]. The needles were manufactured using a 3D printer, which makes the



manufacturing process easy and cost-efficient. The manufacturing of 3D printed
bioinspired needles was also kept at the same limitation but the mechanical properties of
polymer needles are comparatively shown to be better because of biocompatibility and
biodegradability [38]. The needle needs to have mechanical properties such as high tensile
strength, easy to handle, should not break unexpectedly, and cause minimal tissue reaction
during needle insertion [39]. However, there is a major challenge using these polymer
needles because their stiffness (measured as Young’s Modulus) has a factor of 100 lower
than the steel. But, the polymer needles offer shear-induced breakage due to polymer
viscoelasticity [38, 40]. The shear-induced breakage for the polymer needles is dependent
on its stiffness such that the force acting on the needle tends to break the polymer needle if
the stiffness is lower than the tissue stiffness. An 18-gauge (outer diameter of 1.27 mm)
polymer needle buckles easily in tissues with stiffness larger than 5 kPa and results in
higher needle bending or deflection. Due to this reason, the needles were scaled to 3 mm
to study the influence of vibration on bioinspired needle insertion force. The polymer
material used for manufacturing the bioinspired needles in this study consists of 30%
Acrylic monomer, 25% Isobornyl acrylate, 15% Phenol, and a small percentage of other
polymers. The scale size was also studied to show the influence of vibration on the insertion

force. The experiments were carried out in PVC tissues with stiffness smaller than 4 kPa.

The shape of the needle-tip also plays a vital role in minimizing the needle deflection
or reducing the insertion force [11, 33, 41, 42]. The conical needles tend to create crack
extensions with star-shaped cracks on the tissue which are steady and increases with an

increase in insertion depth, whereas the bevel-tip needles create circular crack extensions



because of the tip-angle and the lower axial force [2]. The bevel-tip angle needles show
less insertion force compared to conical tip angle needles [2, 29]. A novel compliant
geometry which consists of slit shapes at the needle-tip assists in converting the
longitudinal cutting to transverse cutting was investigated by Barnett et al. [43] to reduce
the friction force. The effect of different needle-tip designs such as bevel, blunt, triangular,
and cone was investigated by Shan et al. [44]. From all these studies, altering the needle-
tip geometry and changing the design can affect the insertion force [45]. With the increase
in insertion force leading to more damage to the tissue [1], it is essential to study the effect

of needle geometry on the insertion force that should help in reducing the tissue damage.

1.1.2  Tissue Material Properties

The insertion force also depends on the stiffness properties of the tissue. The tissues
with different layers are crucial in determining the needle insertion force as it passes
through the different tissue layers such as skin, muscle, fatty, and connective tissue [1].
The needle insertion in blood sampling procedures has to go through the skin tissue, which
is smaller in stiffness properties compared to porcine skin outer layer tissue. The biological
tissue inhomogeneous and anisotropic properties could also affect the needle insertion
force. Van Gerwen et al. [2] showed that there are more than 99 papers that study tissue
characteristics. Among them, 38 are in artificial tissues such as gelatin, PVC, plastisol,
silicone, or similar materials, 8 are in human tissues and the remaining papers were done
in biological tissues. The different tissues studied in these works were shown the influence
of tissue property on insertion force. The artificial tissue materials consist of homogenous

properties and biological tissue materials are non-homogenous properties. For example,



the insertion force acting on the needle is lower for the tissue stiffness around 1 to 2 kPa
compared to the tissue with stiffness larger than 4 kPa [2]. Similarly, when the insertion
force acting on the needle is found higher in tissue with a stiffness greater than 4 kPa
compared with tissue with lower stiffness, less than 3 kPa [46]. The needle insertion force
is dependent on tissue stiffness. If the stiffness of the needle is higher than the tissue

stiffness properties, the needle bending inside the tissue can be avoided [47].

The non-linear force curve in biological tissues is due to anisotropy and the existence
of fluid [48]. But, the force curve is linear in artificial tissues and has many advantages
over biological tissues in terms of reproducibility, availability, and visibility [2]. For this
reason, researchers have utilized artificial tissues in studying the needle insertion
mechanics [18, 32, 45, 49-52]. The needle-tissue interaction force behavior changes
accordingly with the change in tissue properties. For example, Misra et al. [53] studied the
stiftness/puncture force due to the impact of artificial gel properties and found that the
force depth curve is linear in the artificial gel. From the survey done by Yang et al. [30],
the insertion force required to insert the needle in porcine skin is larger than that of human
skin tissue. However, irrespective of the tissue material, if the surface area of the needle is
minimized, the insertion force can be reduced [32, 54]. This force reduction could lead to

a decrease in tissue damage [12, 55].



1.1.3 Needle Insertion Velocity

The insertion velocity is another crucial parameter that contributes to the increase or
decrease in the insertion force. Several researchers have studied the effect of insertion
velocity on the insertion force and tissue deformation [13, 19, 56, 57]. For instance,
Heverly et al. [57] showed that increasing insertion velocity reduces the puncture force in
the porcine heart by 48%. Furthermore, the effect of insertion velocity on the insertion
force was also studied by researchers using biological tissues [21, 58, 59] and artificial
tissue-mimicking materials [7, 60, 61]. They found that increasing the insertion velocity
results in a higher force. Mahvash and Dupont [21] also showed that an increase in the
insertion velocity reduces the puncture force. Based on the physician feedback for prostate
brachytherapy, Abolhassani et al. [19] considered the insertion velocity ranging from 1 to
20 mm/sec to study the influence of velocity on the tissue deformation. They found that
increasing the velocity results in higher tissue deformation. DiMaio and Salcudean [7]
showed that the friction force increases with increasing velocity but the cutting force does
not increase as much compared to that of the friction force. The needle deflection also
depends on the insertion velocity, which means decreasing the insertion velocity will
minimize the needle deflection [1]. From all these studies, it is understood that increasing
the insertion velocity will decrease the stiffness force but increases the insertion force

which results in tissue damage [2, 21].



1.1.4 Insertion Method

Another parameter that influences the insertion force is the insertion method. Some
examples of insertion methods are rotating needle insertion [62,63], fast needle insertion
method [21,64], and applied vibration method [40, 41]. Among these procedures, the
applied vibration method has been shown to lower the insertion force and particularly, the
cutting force. From the literature, researchers have studied vibration tissue cutting [27,67—
70], but the work addressing vibration tissue cutting using a bioinspired needle is very
limited [25, 38]. The applied vibration is a periodic oscillatory response of a mechanical
system in a sinusoidal waveform [71]. Barnett et al. studied the insertion force of the
hypodermic needles at varying vibration frequencies [43]. Other researchers have also
studied vibration frequency ranging from 100 Hz — 20 kHz to lower the insertion force [30,
40, 42, 43] and found that increasing the vibration will result in a higher insertion force.
The advantage of using vibration leads to a decrease in the cutting force [74], which aids
the reduction of the insertion force. To further study how vibration reduces the insertion
force, Huang et al. [68] showed a 28% reduction in the maximum insertion force using a
hypodermic needle (27- gauge needle). Clement ef al. [27] showed 73% a reduction in the
maximum insertion force using a hypodermic needle (25-gauge needle). The reduction in
the insertion force was also achieved by applying axial or longitudinal vibration on
microneedle [75] and ultrasonic vibration on hypodermic needles [68]. These forces were
tested by varying frequencies and amplitudes in optimizing the vibration parameter on
tissue cutting [72]. It is shown in Fig 1.1 that the insertion force is the summation of
friction and cutting force. If the cutting force can be reduced with the applied vibration and

the friction force is reduced by changing the needle geometry, the insertion force can
10



therefore be decreased. In this dissertation study, the longitudinal vibration is applied to

the bioinspired needle to reduce the insertion force.

1.2 Research Motivation and Related Work

A biologically inspired solution can help to lower the insertion force caused during
percutaneous procedures. Insect stingers of honeybees, wasps, scorpions, and mosquitos
have sophisticated sting mechanics and morphological structures. Researchers are inspired
by the unique traits of these insects that steer their stingers effortlessly to a specific target
and release their venom in a certain path through the skin [29, 37-39]. The research efforts
to mimic insect stingers are ongoing with penetration mechanisms such as honeybee [29,
40, 41], and mosquito [30, 37] to facilitate better needle insertion in skin tissues (higher
stiffness properties) and to lower the insertion force. These mechanisms include needle
geometry, needle-tip design, and vibration during insertion. For example, Mohammad et
al. [12] investigated the honeybee stinger barb geometry on the needle body and found a
reduction of 35% in PVC tissue phantom and 46% in bovine liver, and a 31% reduction in
tissue damage compared to standard needles. Gidde et al. [20, 55] also investigated the
honeybee-inspired needles with vibration and showed up to 50% reduction in PVC tissue
phantom and 43% in chicken breast compared to standard needles without vibration. The
insertion force can be reduced with a change in needle geometry and with needle control
during insertion (applied longitudinal vibration). However, it is equally important to
decrease the tissue damage caused during these procedures. Therefore, the geometry of the
design in this study is designed in such a way that the extraction force can be reduced and

damage to the tissue can be reduced. To implement this design on the needle body and the
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vibration during insertion, it is crucial to understand the mechanics of a bioinspired
(mosquito and honeybee) needle and its effect on insertion force from the literature, which

is discussed in the following Section.

1.2.1 Bioinspired Needle Mechanics

Insect stingers hold promise for modernizing needle design, as the stingers have
evolved and become adept at entering human tissue through various mechanical and
dynamic insertion techniques [81]. Few studies in the literature discuss bioinspired needle
mechanics in soft tissues [30, 55-58]. Researchers studied different bioinspired needle
mechanics such as harpoon shape on the needle body to optimize the vibration tissue
cutting [84], jagged shape on the microneedle [34], multiple cutting shapes on the needle-
tip geometry [16], barb geometry on the needle body [29, 30], and compliant geometry
(transverse cut) at the needle-tip [66] to lower the insertion force. Zhao et al. [85] studied
the honeybee and paper wasp mechanisms into silica gel and showed 7-8 mN puncture
force with an insertion velocity of 1 um/sec. From the literature, the idea of having a
honeybee-inspired barbed design on the needle body could potentially lower the force
because of the removal of material. The honeybee stinger has asymmetric barbs and lays
the flush against the body of the stinger [80]. It also has been shown that the barbs on the
needle body surface reduce insertion force but increases the extraction force to about 70

times that of the acupuncture needle [40, 56].

Another insect-inspired mechanism is the mosquito, the most well-known and best-
studied hematophagous animal. A female mosquito (males do not feed on blood) is evolved

to have a biological needle-like structure known as a fascicle to penetrate human or animal
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skin easily. The important tool used by the female mosquito during its penetration into the
skin to suck the blood is its mouthpart known as the proboscis. Aoyagi et al. [67]
investigated the fascicle structure using a Scanning Electron Microscope (SEM). The
vibration was applied longitudinally during needle insertion to study the vibration effect
on insertion force with a mosquito-inspired needle. The mosquito proboscis mechanism
has exceptional ability and penetrating technique in reducing insertion force with minimal
pain [45, 46, 53]. Kong and Wu [87] investigated the penetrating behavior of mosquitoes

while fascicle penetrates human skin.

p Labium

Mandibles

Maxilla

—

P Pharynx

Labrum

Figure 1.4. The schematic representation of the mosquito proboscis.

The proboscis consists of six elements (also called needles) such as two maxilla (used
to pierce the skin tissue), mandibles (acts as a support), labrum (the tip region which is

used to transport blood), and hypopharynx (which is for injecting blood-thinning saliva)
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[34,36]. The two maxillas have a jagged structure, which is said to be functional for easy
insertion [88]. The schematic representation of the mosquito proboscis with all the six
elements is shown in Fig 1.4. Among the six elements that are shown, the maxilla which
has a jagged structure is said to be functional for easy insertion along with the labrum tip.
This feature of mosquito was designed on the needle body to lower insertion force. The
jagged structure was carved on the needle body in this study and was symmetric throughout
the design to avoid drag force. The other advantage of utilizing the maxilla design is that
the extraction force can be reduced. The labrum design at the needle-tip, which has a curve

shape helps in reducing the cutting force.

From the literature, the bioinspired geometry designs on the needle body are shown in
Fig 1.5. The researchers studied the mechanics of the bioinspired designs for the needle
body on the effect of insertion force and tissue deformation. In Section 1.1, the different
phases of the needle insertion in soft tissues were discussed. The insertion force consists
of cutting and friction force, which means the friction force depends on the frictional
interface between the needle and tissue. If the frictional interface is reduced in the body
surface, the damping coefficient will be lowered and causes a decrease in the friction force.
Similarly, the cutting force that depends on the needle-tip and the insertion method such as
increasing velocity should result in a higher force. With applied vibration during needle
insertion, the cutting force should reduce and should lead to less effort in penetrating

tissues.
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Tip angle: 30 deg Tip angle: 30 deg

Straight shape Harpoon shape

Figure 1.5. The bioinspired geometry on the needle body a) jagged geometry on the side of
the needle inspired from mosquito (Izumi et al. 2008), b) the standard design on the needle body
with a tip angle of 30 deg (Aoyagi et al. 2008), c) the harpoon shape inspired from mosquito-
proboscis (Aoyagi et al. 2008), d) the harpoon shape with different geometry to mimic the
mechanism of the mosquito-proboscis (Annie L et al. 2020) and ¢) the honeybee-inspired barb

geometry on the needle body (Mohammad et al. 2018).

The vibration during needle insertion has been shown to improve the needle placement
accuracy by the reduction in needle insertion force and needle deflection. In particular, a
mosquito-inspired vibration has gained interest due to its penetrating technique in reducing
insertion force with minimal pain [30], [45—47]. The vibration of the mosquito is reported
to be a longitudinal direction between 15 to 30 Hz [76]. The longitudinal or axial vibration
is parallel to the direction of the mosquito-proboscis bite into the human or animal skin
tissue. The other important addition of vibration during needle insertion discussed by
Barnett ef al. is that the vibration lowers the needle insertion force, which allows for greater
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blood sampling and also the stress specifically in animals [43]. To study the mechanics of
the vibration tissue cutting for human use in percutaneous procedures, it is important to
understand the mechanics and optimization of the vibration parameter during needle
insertion. The mosquito vibration has been observed through the high-speed camera during
its insertion into skin tissue [47, 71]. The research efforts to mimic mosquito mechanism
has shown interest in the medical community to improve the needle insertion procedure
and minimize the target placement error. Specifically, the vibration during mosquito
proboscis has gained interest in recent times, i.e., mimicking similar vibration on a different

scale in needle insertion procedures.

More studies on vibration tissue cutting are discussed in the literature. Bi and Lin
studied the vibration effect during needle insertion [90] and found that with vibration, the
needle deflection can be reduced compared to without vibration. Gidde et al. [54]
investigated the dual bioinspired approach with honeybee needle design and mosquito
vibration and showed a 47% reduction in needle deflection compared to without vibration.
Scali et al. [78] studied the needle body geometry and actuation (using nitinol wires)
inspired by wasp ovipositor and concluded that the diameter of the needle should be
decreased to minimize deflection. Also, Gidde et al. [20] showed that mosquito-inspired
needle design lowers the insertion force by 27% using a 16-gauge needle compared to the
standard needle. Yang et al. [75] investigated the microneedle insertion with applied
vibration and concluded that the force could be reduced by up to 70% compared to without
vibration. The researchers previously reported the silicon and polymer jagged microneedle

with an anisotropic cut in its fabrication to lower insertion force [53, 55]. According to
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Kong and Wu [87], the labrum-tip (see Fig 1.4) along with the mandibles are the first to
enter the skin with a mean penetration force of 18 uN. During this process, the fascicle is
anchored, i.e. the tip penetrates the outer skin layer and the fascicle is repeatedly pushed
forth and back within the labium at around frequency of 15 Hz[76] and 30 Hz [67]. Medical
device procedures are considered minimally invasive, but due to the higher needle insertion
force, their damage to the tissue can still cause injuries to the organ tissue and the patient.
The problem related to the bioinspired needle with vibration tissue cutting in reducing force
and damage to the tissue has not been addressed, and it is still challenging to address these
problems. In this dissertation work, the focus is to lower the insertion and extraction force,
tissue deformation, and damage to the tissue using a unique approach of needle geometry
design on the needle body and the vibration effect. The concept of utilizing vibration is
inspired by mosquito proboscis and the geometry of the needle in this study is maxilla
shape and labrum-tip design [58, 62]. This study of dynamic bioinspired needle insertion
will aid in developing novel methods to lower insertion force and tissue damage for
percutaneous procedures. To understand more about the mosquito-inspired vibration tissue
cutting, the mechanism of the mosquito-proboscis was studied, which helps to steer its
stingers effortlessly and with minimal force [76]. It is understood that one of the mosquito
needles has a maxilla body shape (tissue cutting during mosquito-proboscis) and the

labrum-tip (used in transport the blood) plays a key role during mosquito-proboscis.

1.3 Problem Statement
The needle placement accuracy highly depends on insertion force and tissue

deformation in minimally invasive procedures. As discussed in Section 1.1, reducing the
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insertion force can help to minimize needle deflection and decrease tissue damage, thus
improving the needle insertion procedure. However, the fundamental research in
understanding the influence of vibration on bioinspired needles has yet to be performed.
Although many researchers studied the vibration effect separately, the influence of
vibration parameter with the mosquito-inspired needle design has not been reported.
Therefore, the goal of this research is to study the effect of vibration of the mosquito-
inspired needle on insertion force, tissue deformation, and tissue damage. However
different bioinspired needle designs have been studied such as honeybee barb design,
wasps sting, and mosquito proboscis. Nevertheless, the current novel design geometry
which consists of maxilla shape on the needle body inspired from one of the six elements
of mosquito proboscis (see Fig 1.4) and labrum design at the needle-tip along with applied
longitudinal vibration presented in this work has not been studied. The mosquito-inspired
design is not entirely the same in this study, the main features of the mosquito i.e., maxilla
design (tissue cutting during mosquito proboscis) shown in Fig 1.4 and labrum design
(which is a curved shape at the needle-tip) were experimentally studied. Moreover, the
influence of vibration on insertion was theoretically studied. The two features of the
mosquito design (maxilla and labrum) along with the vibration can be used to decrease

tissue damage.

This study presents the insertion mechanics of the vibration cutting of honeybee and
mosquito-inspired needles, which includes investigating the parameters of the needle
insertion that can be modified to lower the insertion force, such as vibration, insertion

velocity, and needle geometry. The maxilla design has been designed on the needle body
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to decrease the penetration load, which results in reducing frictional force. The penetration
load will be reduced because of the maxilla design geometry on the needle body, which
means removal of material will result in a decrease in the load (12% reduction) and also
benefits in reducing the force at the same time compared to standard needles. The weight
of the standard needle is 1.20 grams, and the weight of the mosquito-inspired needle is 1.06
grams, which means the mosquito-inspired needle loses 12% of its total weight with the
removal of material. But still able to lower the force with the applied vibration during
insertion into tissues. The maxilla shape is designed on the needle body to reduce the
frictional force and the labrum design at the needle-tip to reduce cutting force. The analysis
of the vibration was also studied to understand the influence of mosquito-inspired vibration
on insertion force during needle insertion. The schematic representation of the applied
longitudinal vibration to the bioinspired needle during insertion into soft tissue is shown in

Fig 1.6.

Axis of insertion
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)

—
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Figure 1.6. The schematic representation of the needle insertion with longitudinal vibration

(parallel to the axis of insertion).
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This dissertation study aims to reduce the insertion force, tip deflection, tissue
deformation, and tissue damage. This dissertation is organized into four Chapters. Chapter
2 discusses the experiments and test methods utilized in this dissertation study. Chapter 3
describes the honeybee-inspired needle parametric study, the vibration effect of honeybee-
inspired needles on the insertion force, and the needle-tip deflection. Chapter 4 studies the
vibration cutting of mosquito-inspired needles, which includes the parametric study, the
influence of vibration on insertion force, and its theoretical analysis. Moreover, the
influence of vibration of a mosquito-inspired needle on insertion force, tissue deformation,

and tissue damage will be discussed experimentally.

The mosquito-inspired needle insertion mechanics in soft tissues were studied to
evaluate its effect on insertion and extraction force, needle deflection, tissue deformation,
and tissue damage. The fundamental study presented in this dissertation will aid in
advancing the bioinspired needles such that the success of needle insertion procedures can

be improved for vibration-assisted clinical procedures.
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CHAPTER 2

EXPERIMENTS AND METHODS

2.1 Needle Insertion Force Measurement Test Method

The needle insertion test setup in this study consists of a linear insertion motor with a
six-axis Force/Torque Transducer Nanol7® (ATI Industrial Automation, Apex, NC), a
data acquisition system (National Instruments Corporation, Austin, TX), and a
piezoelectric actuator (Physik Instrumente, Auburn, MA) that vibrated the needle in the
longitudinal direction (i.e., in z-direction or parallel to the axis of insertion) with a
sinusoidal waveform at a frequency of 200 Hz and an amplitude of 5 pm. The amplitude
during the applied vibration was kept constant because of its cutting effect at the needle-
tip that depends on cutting force [43], therefore the amplitude was set to 5 um and the
vibration was studied experimentally and theoretically (0 to 500 Hz) to study the effect of
vibration on needle insertion force. The force sensor recorded the insertion and extraction
forces in the z-direction. The programmable data acquisition system using LabVIEW
software was used to acquire the force data. The needle guider was used to steer the needle
and to decrease the possible buckling of the needle during insertion. The amplifier was
used to control the low - high output voltages during the applied longitudinal vibration.
Considering the needle guider friction and other errors, calibration was done on the data.
To calibrate the data, the experiments were performed in airspace (without tissue) and were
subtracted from the experimental data in tissues. This procedure of calibrating the data was
applied to all the experiments in this study. The needle insertion test setup is shown in Fig

2.1 b) using both artificial tissue-mimicking materials and biological tissues.
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Figure 2.1. a) The applied longitudinal vibration in the insertion direction and b) the

experimental needle insertion test setup for force measurement in tissues.

2.2 Manufacturing of Tissue Mimicking Materials

To fabricate the tissue-mimicking materials, a polyvinyl chloride (PVC) phantom
material was used, which is commonly used to mimic tissues such as brain and liver tissues
[92]. Because of its optical transparency and mechanical properties, PVC has been widely
used as a tissue-mimicking material in studying needle insertion procedures [7, 49, 93, 94].
To prepare the PVC tissue phantom, the PVC polymer and softener (diethyl hexyl) solution
were combined, and this mixed solution was heated to a high temperature of 100°C until it
became a thick and transparent solution [50]. The components of the materials of diethyl
hexyl can be adjusted to manufacture the desired stiffness properties of the tissue phantom
ranging from 1.3 to 7 kPa. Moreover, this solution cannot be heated too long since
overheating will change the properties of the material. After heating, the thick viscous
liquid is transferred into an aluminum mold and cooled to room temperature and was
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solidified by storing it in a freezer to ultimately turn into a PVC tissue phantom and a white

opaque solution, which mimics the viscoelastic properties of the tissue [64, 76].

Moreover, the gelatin phantom tissue was utilized for the needle deflection study due
to the lack of tissue damage seen in PVC tissue phantom [92]. In particular, the water
content in the gelatin is relatively higher compared to PVC, which allowed better visibility
of the location of the insertion path. Because of the lack of transparency, the insertion path
was unable to be observed in the PVC. To create a gelatin phantom, 111 grams of gelatin
powder and 225 ml of de-ionized degassed water were mixed in a sanitized container before
adding 10 drops of Vyse defoamer solution (Vyse Gelatin Co., Schiller Park, IL, USA).
The mixture of evaporated milk or water of 500 ml and 275 ml of de-ionized water was
heated to 80°C and added to the above solution where it was thoroughly stirred and allowed
to cool to 40°C before transferring into a phantom mold. The compression test was
performed to find the Young’s Modulus of the PVC tissue phantom and gelatin phantoms
(see Appendix. A). All the experiments in this dissertation work were studied using PVC,
except for the deflection study, where the gelatin tissue phantom was chosen due to its

transparency.
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Table 2.1. The Young’s Modulus properties comparison of artificial [77] and biological tissues

[83].
Young’s Modulus (E) Artificial Tissues Biological Tissues
1.3 kPa PVC Bovine brain ( 1- 4 kPa)
1.8 kPa PVC Bovine muscle (2 kPa)
4.2 kPa Gelatin Bovine brain (1 -4 kPa)
6 kPa PVC Bovine liver (7 kPa)

2.3 Needle Deflection Method

To quantify the position during insertion of the honeybee-inspired needle with and
without vibration, the needle deflection was studied using a gelatin tissue phantom. The
insertion path in the gelatin allowed us to view the damage to surrounding tissue with a
colored dye, as shown in Fig. 2.2 a). The insertion path of the tissue sample was sliced into
sections and a colored dye was used to spread across the sample sections. The needle
insertion path was located and each of the sections of the gelatin samples were used to
determine the needle-tip deflection. A digital camera was used to image the sections and
the distance from the edge of the tissue to the center of the wound was measured using
ImageJ (NIH, USA) software. The total number of sectioned samples was 10 and the
average of the needle-tip distance gave the final deflection. The Young’s Modulus (E) of
the gelatin phantom is 4.2 kPa, which was measured using a compression test that is

described in Appendix A
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Figure 2.2. The distance from the edge of the tissue to the center of the wound: a) top view

showing the initial section and b) a schematic representation (side view) of the needle deflection.

2.4 Tissue Deformation Method

A magnetic-based tissue deformation sensing system is used to examine the
deformation using mosquito-inspired needles with vibration. The sensing system measures
the tissue deformation by interpreting the change in a magnetic field induced by an
implantable soft magnet that moves during needle insertion. This sensing method is
accurate by 90% in measuring the deformation using a magnetic sensor [97]. This
deformation reduction can be compared by analyzing the tissue damage, which is due to a
reduction in the needle insertion force. The sensing system is calibrated using a high-speed

camera (60 fps, EOS 60D, Canon). The schematic representation of the tissue deformation
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during needle insertion is shown in Fig 2.3, which shows the distance (d) that is measured

from the top of the tissue surface to the maximum deformation in the tissue.

Needle Id

Tissue

Figure 2.3. A schematic representation of the tissue deformation in distance (d) during needle

insertion is measured from the top of the surface to the needle tip at the maximum depth.

The soft magnet is made of iron oxide (Fe203) nanoparticles embedded in silicone
elastomer to conform with the elastic properties of the soft tissue. The disk-shaped soft
magnets are prepared with a diameter of 3 mm and a thickness of 2 mm. A soft magnet is
placed at 2 mm away from the needle penetration site (see Fig 2.4). An array of three highly
sensitive magnetic field sensors (Micro Magnetics STJ-240) is placed directly above the
soft magnet with a distance of 2 mm. As the tissue deformed due to the needle insertion,
the magnetic field strength reduces by inverse cube law [98], which could be detected by

the magnetic sensor array that has a sensitivity of 0.12 Q/uT. The amount of change in the
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magnetic field directly corresponds to the tissue deformation during the needle insertion.
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Figure 2.4. A schematic representation of the needle insertion test setup along with the novel
sensing test setup (close-up view) with a soft magnet (in red color) and MTJ sensor array for

measuring tissue deformation in PVC gel

2.5 Tissue Damage Method

The insertion tests were performed in bovine liver tissue using mosquito-inspired and
standard bevel-tip needles. The tissue samples were cut and trimmed i.e., along the
insertion path that created the insertion. Before adding formalin solution (10%), the
samples (4x4 mm) were immersed three times in Dulbecco’s phosphate-buffered saline
(DPBS) (Thermo Fisher Scientific, Waltham, MA) solution to wash the tissue samples
before dissociation. Samples were then immersed in formalin (Azer Scientific Inc,
Morgantown, PA) and left in the solution for 24 hours. These samples were washed again
with DPBS solution before adding the optimal cutting temperature (OCT) in the cryomold.

The samples were then transferred into a cryomold, OCT was added to the tissue samples
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and stored in the -80°C freezer. These frozen samples were sectioned into slices with a

thickness of 0.5 pm using a cryostat machine as shown in Fig 2.5 b).
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Figure 2.5. a) A schematic representation of the sectioned bovine liver tissue sample for
histology after insertion tests and b) the cryotome machine which was used for sectioning the

bovine liver tissue sample of 0.5 pm thickness.

To histologically evaluate the bovine liver tissue sample, Hematoxylin solution, Eosin
Y solution, xylene (all three solutions from Sigma-Aldrich Inc, USA), and ethanol (Fischer
Scientific, USA) were prepared and added in the Tissue-Tek dishes. To obtain the

Hematoxylin and Eosin (H & E) stain, graded ethanol from 70 to100% was made to obtain
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the desired %(v/v) concentration by diluting 100% ethanol with DI water. All the obtained
prepared solutions were added to a Tissue-Tek dish to the indicated line mark for allowing
the micro slides to immerse in the solution. The sectioned slides are shown in Fig. 4.7 a).
were placed in a Tissue-Tek holder for the staining process. These mounted sectioned
slides with a thickness of 0.5 um were dehydrated by soaking them for 5 minutes each in
100% xylene and 50: 50 xylene: ethanol. The slides were then soaked in graded alcohols
from 70 to 100% for dehydration for 5 minutes in each of the %(v/v) concentrated
solutions. The slides were added to a 1%(v/v) hematoxylin for 5 minutes and washed two
times with DI water. Next, the slides were added to 1%(v/v) eosin y solution for 20 seconds
before washing the slides two times with DI water. This process was repeated in reverse
order i.e., from 100 to 70% for 5 minutes each to rehydrate the sample slides. Finally, the
samples were soaked in 100% xylene for 5 minutes to complete the staining procedure and

the final stained slides are shown in Fig 2.6 b) (the stained slides).
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Figure 2.6. a) The sectioned slides of the bovine liver tissue sample with a thickness of 0.5um

and b) the hematoxylin & eosin-stained slides.

After finishing the staining process, the sample slides were allowed to air dry for 10
minutes and 100 pL drops of Permount (mounting medium) were added on each slide of
the sectioned stained sample. During the sample preparation before staining, all the
protocols discussed were followed to achieve consistent physical characteristics in tissue
sections. For example, tissue fixation in a 10% buffered formalin solution initially causes
a slight change in properties, but the overall composition of the tissue remains the same

[99]. This procedure was the same for both samples (see Fig 2.6). The cover slips were
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added on top of the stained slides that have drops of Permount solution and the pressure
was applied manually to clear out the excess Permount and the air bubbles from the slides.
They were left for 24 hours to airdry before observation. A microscope (Olympus BX53F
Inverted Microscope) with a color camera of DP26 was used to observe and image the
stained slides. The magnification during imaging of the slides was 4X and the exposure
time was kept constant along with the brightness during the imaging process. The needle
insertion area was located by defining the overview area on the slide and images were
captured. These captured or snapshots of the images were studied using ImageJ (NIH) to
measure the cross-sectional area of the damage caused by the needle insertion that was
located on the slide in Pixels [100]. The steps that were followed to measure the cross-
sectional area of the damage are within the standard procedure [86, 87, 101]. The area of
the damage in the sectioned sample with 0.5 pm thickness is not different from the time
the H&E staining is processed, which is why the results were compared with standard

needles.

2.6 Statistical Analysis

The experimental data were analyzed using one-way Analysis of Variance (ANOVA)
and post-hoc Tukey tests to compare the significance between different groups of the
needle design parameters. Also, an independent #-test was used to test the significance of
the data in Fig 4.19. For honeybee-inspired and mosquito-inspired needle insertion force
analysis, multiple comparisons were made within the levels of independent variables to
determine if the mean values of different factors such as maxilla angle, barb angle,

thickness, insertion velocity, and vibration were statistically different. The ANOVA test
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was conducted for each different data for all the figures in Chapters 3 and 4. The
significance level was set at a = 0.05 (95%) confidence interval, which means the null
hypothesis can be rejected for p less than a (0.05). The analysis was done in Excel and the
ANOVA test was done with the experimental data. The Tukey test was performed with the
degree of freedom (df), trials (n) values from ANOVA, and the q value was found from the
g-table of the Tukey test. The ANOVA test results will tell us whether the data is significant
or not, but the post-hoc Tukey tests will reveal the significant difference within the groups.
The difference between the two means of the data provides the significance of the data.
This significance factor is plotted with letters A, B, C, and D to show the significance of
the data within the groups. The bar graph plots with the same uppercase and lowercase
letters indicate that they are not significantly different, and the different letters indicate the

significance at the 95% confidence level based on post-hoc Tukey tests.
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CHAPTER 3
VIBRATION CUTTING OF HONEYBEE-INSPIRED NEEDLES
In this Chapter, the vibration cutting of the honeybee-inspired needles in PVC, gelatin
phantom, and chicken breast were experimentally studied in detail and compared with
standard bevel-tip needles to show its effect on the maximum insertion force and the

needle-tip deflection.

3.1 Honeybee-Inspired Needle Insertion Mechanics

The insertion mechanics of the honeybee-inspired stinger mainly consists of barb
geometry. Considering the drawback of honeybee barb stingers, the design of the needle in
this study utilized the symmetric barbs around the needle body. In Fig 3.1 a-b, it is shown
that the barb geometry on the honeybee stinger is asymmetric and has sharp edges. The
geometry design of the barbs reduced the insertion force significantly by 35%. The
extraction force for a honeybee-inspired needle can be lowered because of the gap space
that allowed for the easy extraction [82]. In our study, the barbs were carved on the needle
body surface, so that the extraction force can be reduced with the vibration [30, 42]. The
parameters that were studied are barb front angle and barb height. Previous research studies
have shown that increasing or decreasing the parameters will affect the insertion force [32].
However, the barb front angle and barb height were experimentally studied due to their
significant contribution in reducing the insertion force [54]. The barb back angle is shown
to be dependent on the barb front angle and barb height. The number of barbs can be
increased or decreased depending on the depth of insertion. Therefore, parameters such as

barb back angle of 90°, number of barbs of 10, and barb tip thickness of 0.15 mm were
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kept constant according to the study by Mohammad et al.(see Fig 3.1 for the parameters)

[12].

a) b)

0.05mm

<)

Barb back angle Barb height Barb front angle

e
/7

Figure 3.1. a) the honeybee stinger, b) 2D drawing of the stinger (Mohammad et al. 2018), and c)
a schematic representation of the honeybee-inspired needle and its parameters such as barb

height, barb front angle, and the number of barbs.

The addition of vibration to the honeybee-inspired needle during its insertion into tissue
lowers the insertion force. Studies have shown that vibration-assisted needle insertion
assists in increasing the needle placement [90] and reduces the cutting force [19, 55],
ultimately decreasing the insertion force. This vibration parameter inspired from the

mosquito proboscis helps to facilitate better needle insertion [76]. Furthermore, due to its
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penetrating technique in reducing the insertion force, it also assists in minimizing the
damage [45, 46, 53]. This penetrating process of the mosquito vibration was added to the
honeybee-inspired needle to further reduce the maximum insertion force. The maximum
insertion force with an amplitude of 5 pum is 1.84 N + 0.11 N compared to the amplitude
of 10 pum i.e., 2.15 N + 0.15 N. The maximum insertion force increases with increasing
amplitude. The honeybee-inspired needle was compared with the standard needle, and both
the needles were modeled using CAD software and 3D printed (see Fig. 3.2). This study
experimentally investigated the effect of barb front angle, barb height, and vibration
frequency on the maximum insertion force. The importance of adding the honeybee-
inspired barb design is that to utilize the advantage of barb design geometry on the needle
body and at the same time, to experimentally study which design parameters are mostly

influencing the maximum insertion force.

Table 3.1. Insertion parameters of the honeybee and mosquito used in this study.

Needle Length — 180 mm, Needle diameter — 4 mm

Parameters Insect-inspired from Values
Barb front angle Honeybee 140°,145°,150°,155°,160° and 165°
Barb height Honeybee 0.1,0.2, 0.3, 0.4 and 0.5 (all in mm)
Vibration Frequency Mosquito 60, 70, 80, 90 and 100 (all in Hz)
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Honeybee-inspired needle

Standard needle

Figure 3.2. The microscopic view of (a) honeybee-inspired needle and (b) standard bevel-tip

needle.

3.2 Results of Vibration-Assisted Honeybee-Inspired Needles

The insertion tests were performed in PVC tissue phantom, Young’s Modulus (E) of
1.3 kPa, using a honeybee-inspired needle to study parameters such as barb front angle,
barb height, and vibration. The insertion tests were also performed in chicken breast (E =
20 kPa). Lastly, the needle-tip deflection was studied in gelatin using the honeybee-

inspired needle.

3.2.1 Parametric Study

The maximum insertion force was measured with different barb front angles (Fig. 3.3)
and the barb heights (Fig. 3.4). The average maximum insertion force of the five trials of
both barb front angle and barb heights are shown. The maximum insertion force is defined

as the peak force that is recorded at the maximum depth of insertion. The maximum
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insertion force lowers with an increase in barb front angle and similarly, increasing barb
height also resulted in the maximum insertion force reduction. Both the parameter study
conjectured that increasing the barb angle or barb height results in less frictional force [82]
and thus decreasing the maximum insertion force. The post-hoc Tukey tests were also
performed to compare the differences in the mean data within the groups. Bars shown in
Fig 3.3 with the same uppercase letters are not significant, which means the p-value (0.09)
is greater than alpha (0.05). Bars showing the different uppercase letters are significant
with a p-value (0.03) is less than alpha (0.05). However, it is shown that increasing the

barb front angle will result in a lower maximum insertion force.
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Figure 3.3. Effect of different barb angles on honeybee-inspired needle peak force (maximum
insertion force) without vibration (Barb height - 0.5 mm, insertion depth - 60 mm, and insertion
speed - 3 mm/sec). Bars sharing the same letters at the top of the bar graph are not significantly

different at the 95% level, based on post-hoc Tukey tests.
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Figure 3.3. Effect of different barb angles on honeybee-inspired needle peak force (maximum

insertion force) without vibration
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Figure 3.4. Effect of different barb heights on insertion force of the honeybee-inspired needle
without vibration (Insertion speed - 3 mm/sec, barb angle - 165°, and insertion depth - 60 mm).
Bars sharing the same letters at the top of the bar graph are not significantly different at the 95%

level, based on post-hoc Tukey tests.

Similarly, the post-hoc Tukey test revealed a significant difference between the mean
data of different groups in Fig 3.4. Bars with different uppercase letters are significant with
a p-value (0.02) less than alpha (0.05) and with the same letters are not significant (p-value

greater than alpha of 0.05). It is shown that increasing the barb height lowers the maximum
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insertion force. The final parameter studied was the mosquito vibration applied to the
honeybee-inspired needle and discussed at what vibration frequency effect will reduce the
insertion force. Since a mosquito vibration lies between 15 - 30 Hz [36, 69, 76] and
increasing frequency could result in a higher force. However, to mimic this on a larger
scale, empirical tests were done to determine the lowest frequency that affected the
insertion force measurements, while still being below 100 Hz to be representative of the
mosquito. Between the vibrational frequency of 15 and 60 Hz, there is a small difference
0f 0.012 N in the maximum insertion force. This is because the diameter of the needle is 4
mm and the vibration effect is 15 Hz. Therefore, the vibration frequency ranging from 60
to 100 Hz with an amplitude of 5 pm was studied. The vibration addition decreases
maximum insertion force but increases with further increase in vibration due to more
cutting effect that results in higher cutting force. The difference between cutting and
friction force is presented in Chapter 4, Section 4.4.3. The results for this analysis are
shown in Fig. 3.5, which indicates that increasing the vibration to 100 Hz lowers the
maximum insertion force for a honeybee-inspired needle. The post-hoc Tukey tests showed
a significant difference between the means of the data. The p-value for significant data is
less than alpha (0.05) and the data with different uppercase letters are significant with the

p-value (0.032) greater than alpha of 0.05.
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Figure 3.5. Effect of different frequencies on peak force of the honeybee-inspired needle
(Insertion speed - 3 mm/sec, amplitude - Spum, insertion depth - 60 mm, barb angle - 165°, and
barb height - 0.5 mm). Bars sharing the same letters at the top of the bar graph are not

significantly different at the 95% level, based on post-hoc Tukey tests.

3.2.2 Needle Insertion Force Study

The insertion tests were performed in PVC tissue phantom (E = 3.5 kPa) and the
chicken breast (E = 20 kPa) using a horizontal needle insertion test setup (see Chapter 2,
Section 2.1) [53] with a honeybee-inspired needle. The honeybee-inspired needle
parameters consist of a barb front angle of 165°, a barb height of 0.5 mm, and a vibration
frequency of 60 Hz with an amplitude of 5 um. The maximum insertion force data in PVC

tissue phantom using a vibratory honeybee-inspired needle (with and without vibration)
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and standard bevel-tip needle without vibration are shown in Fig. 3.6. The maximum
insertion force results for the chicken breast are shown in Fig 3.7. The maximum insertion
force in the chicken breast using a honeybee-inspired needle (without vibration) was found
to be a mean of 6.97 N, whereas the final average insertion for the honeybee-inspired
needle (with vibration) was 3.99 N. The applied vibration actuation during honeybee-
inspired needle insertion reduces the amount of force required for needle penetration. The
significant difference between the means of the data is presented in Fig 3.6 and the bars
with different uppercase letters are significant at the 95% confidence level. This significant
experimental data with a honeybee-inspired needle with vibration decrease the maximum

insertion force by 50% compared to standard needles without vibration.

BC
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Bevel-tip B
Needle

Bioinspired
Needle

Maximum Insertion Force (N)
s
n

Bioinspired Needle (Vibration) Bioinspired Needle (No Vibration) Standard Bevel-tip Needle (No Vibration)

Figure 3.6. The maximum insertion forces obtained from insertion tests into PVC gels using
bioinspired (honeybee)and standard bevel-tip needles (Vibration - 60 Hz, amplitude - 5 pm,
insertion speed - 3 mm/sec, depth of insertion - 60 mm). Bars sharing the same letters at the top

of the bar graph are not significantly different at the 95% level, based on post-hoc Tukey tests.
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It has been demonstrated that having vibration actuation during a honeybee-inspired
needle reduces maximum insertion force in the chicken breast compared to a standard
needle without vibration. The experimental results were also examined in PVC tissue
phantom and found that the maximum insertion force decreases with vibration. The
vibration-assisted insertion for the honeybee-inspired needle lowers the maximum
insertion force compared to the standard needle without vibration due to reduction in
cutting (vibration effect) and friction (barb geometry) force. The cutting and frictional force
difference and their effect are presented in Chapter 4 Section 4.4.3. The experimental data
shows that with the vibration of a honeybee-inspired needle, the maximum insertion force
reduces significantly by 43% in the chicken breast. The post-hoc tests also revealed a
significant difference between the means of the data shown in Fig 3.7. The bar plot with
different uppercase letters is shown to be significant with a p-value (0.03) less than alpha

of 0.05.
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Figure 3.7. The maximum insertion forces obtained from ex-vivo insertion tests into the chicken

breast using bioinspired (honeybee) and standard bevel-tip needles (Vibration - 60 Hz, amplitude

- 5 um, insertion speed - 3 mm/sec, depth of insertion - 60 mm). Bars sharing the different letters
at the top of the bar graph are significantly different at the 95% level, based on post-hoc Tukey

tests.

3.2.3 Needle Deflection Study

In addition to the insertion force measurements, the needle-tip deflection was studied
in gelatin phantom (see Appendix A for E = 4.2 kPa) to determine the effect of vibration
on the deflection of a honeybee-inspired needle. This deflection study helps in
understanding the influence of vibration effect on the honeybee-inspired needle other than
the insertion force. The design parameters during this study are as follows: barb front angle
of 165°, a barb height of 0.5 mm, and vibration frequency of 60 Hz with an amplitude of 5

pum. The maximum insertion force in gelatin with vibration (2.94 N + 0.08 N) is lower than
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the force without vibration (3.44 N+ 0.07 N). The initial and final distance measured values
and the standard deviation values for distance from the edge of the tissue to the center of
the wound are presented in Table 3.2. The data analysis for the needle deflection with t-
test showed that the p-value (0.04) is less than alpha (0.05) with two different groups

(standard and honeybee-inspired needles).

Table 3.2. Honeybee-inspired needle insertion (with and without vibration) deflection values for

distance from the edge of the tissue to the center of the insertion path.

Initial deflected Final deflected Total distance (mm)

Group
= Final - Initial

distance (mm)

distance (mm)

with vibration

7.87+0.03

9.31£0.08

1.44 £0.10

without vibration

6.84 +0.05

9.56 £0.02

2.72 £0.03

3.3 Discussions

In this Chapter, a honeybee-inspired needle with vibration effect on maximum insertion
force and needle-tip deflection was designed and experimentally studied. The fundamental
objective of this study was to utilize the vibration effect in tissues. The honeybee-inspired
needle design parameters were experimentally modified to study their effect on the
maximum insertion force. The removal of material from the needle with the increase in
barb front angle shows a significant reduction in the maximum insertion force. The

vibration parameter on the honeybee-inspired needle was also studied to determine the
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effect of vibration frequency ranging from 60 to 100 Hz on the maximum insertion force.
The experiments were performed in PVC tissue phantom with a stiffness of 3.5 kPa and
found that the maximum insertion force decreased by 50% compared to standard needles.
Similar to the insertion force reduction, the needle-tip deflection was also reduced with the
vibration effect. However, the honeybee-inspired needle diameter in this study is 4 mm,
the results are compared with the standard needles of the same diameter. From the
literature, the results shown by the researchers using the scaled-up diameter of the needles

have shown a similar effect on the insertion force [32].

In addition to the insertion force study, a needle deflection was studied with and without
vibration effect during insertion into soft tissues. Comparisons between the experimental
data show good correspondence, with an error of 10%, and prove that the effect of vibration
decreases the maximum insertion force, which also resulted in a 47% reduction in needle-
tip deflection. The limitation of utilizing the tissue-mimicking material in this study is PVC
because of its viscoelastic properties compared to the biological tissues, which is why the
insertion tests were also performed in the chicken breast (E = 20 kPa). The other limitation
is the transparency of the artificial tissues because gelatin tissue is more transparent
compared to PVC tissue phantom. For this reason, gelatin phantom is utilized for locating
the needle insertion path, which gave the total distance of 1.44 mm in needle deflection
with vibration. More investigations are needed to determine the influence of vibration on
the insertion force using theoretical analysis which consists of the cutting and frictional

force, which are discussed and compared with experimental data in Chapter 4.
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CHAPTER 4
VIBRATION CUTTING OF MOSQUITO-INSPIRED NEEDLES
In this Chapter, the vibration cutting of mosquito-inspired needles is experimentally
studied in artificial and biological tissues. In the earlier Chapter, it was found that the
influence of vibration of a honeybee-inspired needle has a significant reduction on the
maximum insertion force. The influence of vibration and the mosquito-inspired needle
design on the maximum insertion force, tissue deformation (using novel magnetic sensing

system), and tissue damage (histological evaluation) were studied.

4.1 Mosquito-Inspired Needle Design and Modifications

The labrum-tip and maxilla shape were designed on the needle body to penetrate tissues
with minimal damage due to the lower insertion force [45, 46]. From the literature, it is
shown that the maxilla design has a jagged shape on the mosquito proboscis [34].
Therefore, the symmetric maxilla shape was carved on the needle body surface, which has
a 360° revolved feature to minimize the friction and drag force. The modified design
parameters of the mosquito-inspired needle are shown in Fig. 4.1(b). The mosquito-
inspired needle parameters minimize the disadvantages of the maxilla design but maintain
the feature in our presented design. The maxilla needle has a sharp edge and is asymmetric,
but the symmetric shape was designed and experimentally modified to study their effect

on the maximum insertion force.
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°]

Figure 4.1. a) The maxilla needle in mosquito-proboscis (Izumi et al. 2011) and b) the 2D
representation of the proposed maxilla needle on the needle body with parameters labrum-tip
(L,), maxilla angle (M,;), length of maxilla design (L,,), length of the needle (L), the diameter of

the needle (D), thickness (t), and distance between the inner maxilla (x).

The design parameters in the proposed needle are labrum-tip (L), maxilla angle (M,),
length of maxilla design (L), thickness (t), and distance between the inner maxilla (x).
The thickness (t) is between each maxilla shape on the needle body, L is the total length of
the needle and D is the diameter of the needle. The limitation for the thickness parameter

in the needle design is that it cannot exceed 0.3 mm because the needle will lose its stability
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and can cause needle bending during insertion. Needle bending will also depend on the
needle-tip, as the needle deviates in the direction of the tip shape. For this reason, the
needle-tip is designed with a radius of 35 mm rather than a bevel angle. This curved shape
is inspired from one of the elements of mosquito proboscis. Studies have shown that the
bevel angle tends to deviate with the direction of the bevel, but the presented labrum-tip
design minimizes the bending and reduces the cutting force. This mosquito-inspired needle
design study is compared with the standard bevel-tip needles. The needles were modeled
using CAD software and both the mosquito and standard needles were manufactured using
a high-resolution 3D printer (Object Connex 350, Stratasys, Inc., Eden Prairie, MN) as

shown in Fig 4.2.

a)
Standard Needle

Mosquito Needle

b)

Figure 4.2. a) The 3D models and b) 3D printed standard and mosquito-inspired needles and a

closer view of the labrum-tip design.
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The experiments were carried out in tissues using a mosquito-inspired needle and
standard bevel-tip needle to validate the results. The insertion velocities in this work were
divided into sections (insertion velocity of 1,3,5,7 and 10 mm/sec) to study the effect of
vibration. The increase in insertion velocity gradually decreases the puncture force and
tissue displacement but increases the friction force [2]. Also, the higher insertion velocity
can potentially reduce friction force in tissues with stiffness less than 3 kPa, but the damage
to the tissue will result in a higher impact [92]. However, the effect of insertion velocity
using a mosquito-inspired needle with vibration has not been reported. Therefore, the
variation in insertion velocity with vibration was studied and the tests were performed in

PVC tissue phantom.

Table 4.1. Insertion parameters for studying the mosquito-inspired needle.

Needle Length — 180 mm, Needle diameter — 3 mm
Parameters Values
Maxilla angle 110°, 130°,150°, and 170°
Thickness 0.1, 0.15, and 0.2 (all in mm)
Vibration frequency 100, 150, 200, 300, 400 and 500 (all in Hz)
Insertion velocity 1,3,5,7and 10 (all in mm/sec)

The parameters that are involved during vibration tissue cutting of mosquito-inspired
needles are the vibration frequency, amplitude, needle-tip geometry, depth of insertion, and

speed of insertion (see Table 4.2). Each of these parameters during needle insertion that

49



affects the insertion force (cutting and friction force) is discussed in the theoretical model
presented in Section 4.3. The important parameters during vibration cutting are the
insertion depth and the vibration that is applied longitudinally, which is why the increase

in insertion force is seen using the mosquito-inspired needle and standard needle (Section

4.4).

Table 4.2. The needle insertion vibration cutting parameters and their forces.

Parameter Units Type of forces
Applied Vibration Hz Insertion Force (Cutting and Friction)
Amplitude pum Cutting Force
Insertion Speed mm/sec Insertion Force (Cutting and Friction)
Depth of Insertion mm Insertion Force (Cutting and Friction)
Needle-tip radius mm Cutting Force
Needle-tip angle degree Cutting Force

4.2 Theoretical Analysis of Vibration Influence on Insertion Force

The major force component during needle-tissue interactions is the friction force [17],
which mainly depends on the frictional interface between the needle and tissue. The total
force consists of stiffness, friction, and cutting force [13, 24, 28] (see Fig 4.3). The stiffness
force occurs during the needle puncture, which means during puncture of the tissue. The
cutting force acts after the puncture to slice the tissue and make the path for the needle [1,

69]. The friction force occurs along the needle shaft i.e., between two contact surfaces
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(needle and tissue). Among these forces, the friction force is the largest contributor (see
Chapter 4, Fig 4.12), and was also studied experimentally with the mosquito-inspired

needle. The total force that acts during needle-tissue interactions is given as

FTotal Force — Fstiffness + Ffriction + Fcutting (1)
Axis of Insertion

E,: Cutting Force

I, [;: Stiffness Force I <

Figure 4.3. The insertion force consists of cutting force (F.), friction force (F¢), and stiffness

resistance force from the tissue (Fy).

The stiffness force, in this case, is for a linear stiffness model (which is equivalent
to zero) after puncture compared to cutting and friction force. For example, in Fig 4.13, it
is shown that the puncture force (also called the stiffness force), is less than the friction
force. Furthermore, it is evident from our experimental data (see Fig 4.16) that the
deformation seen is linear. If the tissue properties are non-homogenous, then the
deformation will be non-linear which can be presented as a non-linear model [103]. The
general form of the stiffness force on the needle is considered as a small number, which is
less than 1% compared to the insertion force, which means the stiffness force is considered

before puncture [103] and its relationship is given as

0 xp <xq
Fstiffness = {O xtip > X3 (2)
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In the above equation, x;, x3 are the positions of the tissue surface before and after the

needle puncture, as shown in Fig 4.4.

Axis of insertion

ﬁ O Xq Before puncture
ﬂxz Puncture

+ After puncture

Figure 4.4. The needle and tissue interaction at different stages of insertion i.e., before puncture
(x4 position of the tissue surface), puncture (x5 ), and after puncture (x5 position of the tissue

surface).

The cutting force occurs when the needle cuts the tissue and makes the path, which
means the needle-tip plays an important role when cutting the tissue. The estimated cutting
force from the experimental data can also be found using insertion and extraction force.
The insertion force is the summation of friction and cutting force that occurs after puncture
force and during extraction, there is no cutting, which means only friction force exists.
Therefore, the cutting force was calculated by subtracting extraction force (no cutting
force) from insertion force, which results in cutting force (see Fig 4.13 for approximate

cutting force). Based on the tissue cutting that begins after the puncture, the cutting force
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for high insertion depth decreases with insertion depth because the needle load inside the

tissue is more [103] and is given as

4tan (%)EI%
Fcutting = bE; (3)

In the above equation, a represents the tip angle, E represents the tissue stiffness an
ER represents the stiffness of the crack surface and b represents the insertion depth. The

schematic representation of the cutting force during needle-tip tissue interaction is shown

in Fig 4.5.

Tissue

Er

Fc

Figure 4.5. The cutting force during needle-tip tissue interaction with a magnitude ofF. (a —

needle-tip angle andER — tissue stiffness at the crack)

The friction force is the biggest force contributor in the total insertion force, it also
depends on the cutting force (F,). Minimizing the frictional effects could potentially reduce
friction force, thus reducing the insertion force. From the experimental results (see Fig 4.9),
it was observed that varying or minimizing the vibration parameter values could lower
insertion force but increase with the increase in vibration [30, 67]. Reduction in insertion

force leads to a decrease in the soft tissue deformation [91], which is important in needle-
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based procedures [104]. A mathematical model is needed to justify various design
parameters such as needle geometry, insertion velocity, and vibration that affect the
reduction in the insertion force. The researchers have proposed several models to explore
friction [82, 83] and its effects and found that friction is a complex nonlinear phenomenon
and its response is not instantaneous but has internal dynamics, which is why models like
the LuGre friction model have been widely used in the literature [82, 83, 102]. This friction
model will relate to the impact of the design parameter variations during needle insertion,
such that the force and vibration relationship will be studied. The relationship between the
vibration parameters and the coefficient of friction in the LuGre model is presented. The
LuGre friction model responds on dynamics properties and assist friction compensation.

The differential form of the governing LuGre model equation [106] is given as

az —p- P

Where v is the relative velocity between two surfaces. The first term represents the
deflection, which is proportional to the integral of the relative velocity. The second term

describes the deflection z.

L(t
Friction(t) = J; df (n,6) (5)
z(n,t) — deformation of the two elements (needle and tissue) at point # at time ¢, v
represents the relative velocity of the needle and tissue, and L(t) — length of puncture into

the tissue.

When v is constant, the deflection (z) is in a steady state and the function g is positive

and depends on properties and lubrication. If the velocity (v) increases, g(v) will decrease,
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which corresponds to steady-state behavior. The friction force occurs along the needle shaft
during its interface with the tissue and is due to the Coulomb friction and tissue adhesion
[26]. The friction force generated from bending of the two elements (needle and tissue)
with the parameters like stiffness coefficient (g,) and damping coefficient (o; ) is associated
with z. To account for viscous friction, the viscous relative damping coefficient (o;) is
added. These coefficients are responsible during needle-tissue interaction which results in
needle bending and thus leading to friction force [26]. The equation (6) for the friction
force is characterized by the stribeck effect (g), and the parameter g(v) has been proposed

to describe the stribeck effect velocity (see eq 4). The friction force is described as

Fr = F, (092 + 01 5+ 03v) (6)

_(¥y2
00 2vV) = UcH(Us - Uc ) € Gy (7)

Where p, is normalized Coulomb friction coefficient, pg is the normalized static
friction coefficient and v is the Stribeck effect velocity. The deflection (z) can be described

as

z== g(v) 8)

vl

If vibration is applied longitudinally during needle insertion, the total velocity (v) can
be expressed as the summation of vibration and insertion speed (v;) in terms of sinusoidal
form can be described as

v = 2n(aw)cos(wt) +v; 9)
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where a represents the amplitude and o is the frequency given, substituting v in Eq (8)

gives,
z = g(aw+cos(wt) +v;) sgn(aw+cos(wt) +v;) (10)
d ]
%= vim00( )z (11)

Combining all the equations i.e., for insertion force (cutting and friction forces), the

insertion force (F) is given as

F= Fstiffness + Ffriction + Fcutting (12)

4tan (%)EI%

F=F, (0yz+ 0, %+ 0p9) + — (13)
T

The above equation (11) was plotted in MATLAB along with the force acting on the
needle and compared with experimental results to show the influence of vibration on the
insertion force. The plot shown in Fig 4.6 gives the relationship between vibration and

insertion force (Fy + F;) for a standard needle. The parameter values for the Eq.13 are

between the needle and tissue with g, of 0.0521 N/mm?, o, of 0.0145 N. sec/mm?, o, of
-0.0051 N. sec/mm?, y, of 1.0611 N/mm and pg of 0.294 N/mm [103]. The tip angle («)
is 40°, E; and Egr in this model is same because of the linear stiffness model. It is
understood from the model that increasing the vibration results in higher insertion force for
a standard needle with a bevel-tip angle. The model plot is not linear because of the
incremental insertion force at different vibration frequencies. The influence of vibration of
a standard needle (16-gauge) reduces the cutting force, which is dependent on the stiffness
properties of the tissue (E and ER), but with the increase in vibration, the total velocity (v)
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also increases, which results in a higher cutting force. For this reason, the insertion force
with a vibration frequency ranging from 200 to 500 Hz is higher. Similarly, the friction
force also plays an important role such that if the friction between the needle and tissue can
be decreased by decreasing the penetration load (see Chapter 3, Fig 4.13), the friction force
can be reduced. This reduction in friction force depends on Coulomb friction, static
friction, and damping coefficients. The cutting force parameter is dependent on the
stiffness of the tissue or the crack inside the tissue. When the stiffness of the tissue becomes
homogenous, the cutting force parameter will become a constant or small number that

results in friction force (in total insertion force).

5| % Experimental X
— Model

N

Insertion Force (N)
™. @

0 1 1 1 1
0 100 200 300 400 500

Vibration(Hz)
Figure 4.6. The insertion force (friction and cutting forces) comparison between experimental

data and model with the influence of applied longitudinal vibration.
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4.3 Results of Mosquito-Inspired Needles with Vibration

4.3.1 Parametric Study

The effect of mosquito-inspired needle design parameters on the maximum insertion
force was explored in this Section, while other design parameters are kept constant. The
effect of the thickness (t) and maxilla angle (M,) on the maximum insertion force of the
needle was studied before evaluating the parameters that contribute to force reduction. The
labrum-tip radius (L, = 35 mm) and distance between the inner maxilla (x = 2.20 mm) is
constant because the parameter ‘x’ depends on the maxilla angle. Figure 4.7 shows the
average of three trials for the insertion tests of mosquito-inspired needles with different
thicknesses (t=0.1, 0.15, and 0.2 in mm). The maximum insertion force decreases with an
increase in thickness. The final thickness value chosen for the needle is 0.2 mm. Similarly,
with t = 0.2 mm, Fig. 4.8 shows the average of three trials of the insertion tests in PVC (E
= 6 kPa) with different maxilla angles (M, = 110, 130, 150 and 170 in deg). The increase
in maxilla angle resulted in a lower insertion force because of the extra removal of material
from the needle body surface. Higher maxilla angle showed less maximum insertion force.
Therefore, the final values considered were 0.2 mm of thickness and 170° of maxilla angle.
The experimental data with parameter modification showed the influence of thickness and
maxilla angle on the maximum insertion force. The data analysis was performed to test the
significance of the data using ANOVA. The post-hoc Tukey tests revealed the difference
between the means of the data for thickness 0.1, 0.15, and 0.2 mm. The bar plot shown in
Fig 4.7 with the same uppercase letters is not significant with a p-value (0.07) greater than

the alpha of 0.05. Moreover, the difference between the data is not significant, but the
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increase in thickness resulted in a lower maximum insertion force using mosquito-inspired

needles without vibration.

Maxilla angle (M,)

6 Thickness (t)

BC

Maximum Insertion Force (N)
B

0.1 0.15 0.2
Thickness (mm)

Figure 4.7. The mosquito-inspired needle design parameter on the maximum insertion force for
the parameter thickness (t) in mm (no vibration, Insertion velocity = 1 mm/sec, PVC tissue
phantom with E = 6 kPa). Bars sharing the same letters at the top of the bar graph are not

significantly different at the 95% level, based on post-hoc Tukey tests.
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Figure 4.8. The mosquito-inspired needle design parameter on the maximum insertion force for
maxilla angle (M,) in deg (no vibration, Insertion velocity = 1 mm/sec, PVC tissue phantom with
E = 6 kPa). Bars sharing the same letters at the top of the bar graph are not significantly different

at the 95% level, based on post-hoc Tukey tests.

The influence of vibration frequencies was investigated using mosquito-inspired
needles. The maximum insertion force reduced with an increase in vibration at a constant
amplitude of 5 pm and insertion velocity of 1 mm/sec. The vibration frequencies ranging
from 0 to 500 Hz were experimentally evaluated with the mosquito-inspired needle. The
insertion tests were performed in PVC tissue phantom (E = 6 kPa) at an insertion depth of
60 mm (this being the maximum target in our study). As discussed in Section 4.3

(theoretical model), it is found that the influence of vibration plays a vital role in decreasing
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or increasing the insertion force. From Fig 4.9, the insertion force decreases and starts to
increase with the increase in vibration. At 0 Hz frequency (no vibration) the insertion force
is higher, but when the vibration starts to increase, which means applied longitudinal
vibration from 100 to 200 Hz, the insertion force reduces, but increases thereafter with an
increase in vibration from 200 to 500 Hz. This is also shown in our model that an increase
in vibration increases the insertion force [106]. The average SD values for the vibration
study (see Fig 4.9) range from 0.05 < SD <to 0.13. The limitation of the vibration using a
mosquito-inspired needle was at 200 Hz, which showed a reduction with an increase in
insertion depth. The maximum insertion force is critical as it directs the needle to deflect
and causes higher force, which is why studying the maximum insertion force is vital. In
this parametric study of vibration frequency, it is experimentally seen that increasing the
vibration will lead to an increase in maximum insertion force. The post-hoc Tukey tests
showed a significant difference between the means of the data for different maxilla angles
in Fig 4.8. The bars with the same letters showed no significance because of the slight
change in angle. But the difference between the means of the data for 110 and 170 deg
showed significance with a p-value (0.026) less than alpha (0.05). Moreover, the increase

in the maxilla angle resulted in a lower maximum insertion force.
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Figure 4.9. The insertion force results for different vibrational frequencies ranging from 0 to 500

Hz. (Insertion speed — 1 mm/sec, amplitude -5pum and depth of insertion — 60 mm)

From the experimental results shown in Fig 4.8, the maximum insertion force reduces
compared to standard needles. The effect of insertion velocity was studied with mosquito-
inspired needles. From Fig 4.10, the insertion force at 60 mm depth is smaller than the
insertion force at 0 Hz. In the earlier Section, the vibration of 200 Hz showed a reduction
in insertion force, this vibration was applied to study the effect of insertion velocity on the
insertion force. The results show that increasing the velocity increases the insertion force
from 1 to 10 mm/sec. The insertion force at a velocity of 1 mm/sec is lower irrespective of
the insertion depth compared to the insertion velocity of 10 mm/sec. The reduction in force

is due to an increased energy rate and decrease in fracture toughness [11]. Also, the
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stiffness of the tissue creates extra pressure when increasing the velocity, which results in
a higher force. The maximum insertion force increases with the increase in insertion
velocity between 1 and 10 mm/sec, the final velocity that was utilized in our next
experiments in this Chapter using standard and mosquito-inspired needles was 1 mm/sec
based on our experimental results. The standard deviation values for this study ranges from

0.05<SD< 0.14.
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Figure 4.10. The insertion force results for mosquito-inspired needle by varying insertion

velocity from 1 to 10 mm/sec with constant vibration of 200 Hz and amplitude of Sum.
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4.3.2 Needle Insertion Force Study

The insertion and extraction forces of the needle were studied in this Section after
experimentally modifying the vibration and velocity parameters that affect the maximum
insertion force along with the maxilla angle and thickness of a mosquito-inspired needle.
The insertion tests were performed in PVC tissue phantom (E = 6 kPa) and the data
presented is the average of three insertion tests. The insertion speed during needle insertion
using both the needles is 1 mm/sec, depth of insertion is 60 mm, and needle diameter for
both needles is 3mm. The relationship between vibration and insertion force was analyzed
in Section 4.2. It is experimentally shown (see Fig 4.11) that with the effect of vibration,

the maximum insertion force reduces using a standard needle.

It is conjectured that the vibration effect during needle insertion reduces the insertion
force with maxilla design on the needle body and labrum-tip (see Section 4.3.3). During
this insertion force study, the other important observation was the extraction force which
is also reduced due to the vibration effect using a mosquito-inspired needle. The ease of
extraction becomes much easier due to the path that is already created during insertion with
vibration. Also, it is assumed that there is no cutting force during extraction (see Fig 4.13),

only the friction force is present, which is discussed in Section 4.4.3.
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Figure 4.11. The insertion and extraction forces using standard and mosquito-inspired needles
with and without vibration. (Vibration — 200 Hz, Insertion Depth — 60 mm, Insertion speed — 1

mm/sec and Amplitude — 5 um)

The standard deviation values for this study are in the range of 0.04 < SD <0.12. From
Fig 4.11, the overall reduction of insertion force is 60% and the extraction force is 57%
using a mosquito-inspired needle compared to the standard needle without vibration. The
insertion force increases with insertion depth and the maximum insertion force values are
shown in Fig 4.12. The post-hoc Tukey tests revealed a significant difference between the

experimental data shown in Fig 4.12. The p-value (0.015) is less than the alpha (0.05) and
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the mosquito-inspired needle with vibration reduced the maximum insertion force by 60%

compared to the standard needle without vibration.

10

Insertion Force (N)

Standard Needle Mosquito Needle (No Vibration) Mosquito Needle (Vibration)

Figure 4.12. The standard deviation values for the insertion forces using standard needle without
vibration and mosquito needle with vibration. Bars sharing different letters are significant at the

95% level.

4.3.3 Friction Force Study

The insertion force (cutting and friction) that occurs during needle insertion with and
without vibration were discussed in the earlier Section 4.2. Therefore, this Section studies
the difference between cutting and frictional force. During insertion into soft tissue, the
insertion force occurs due to its contact and also the force at the needle-tip. During
extraction, there is no cutting of the needle-tip, but there is friction between needle and

tissue (which means only frictional force). To obtain the approximate cutting force values,
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the measured extraction force was subtracted from the insertion force. For a mosquito-
inspired needle with vibration of 200 Hz, the cutting force reduces or very less in number
compared to the frictional force. Figure 4.13 presents the measured cutting force for the
mosquito-inspired needle. The insertion force consists of friction and cutting force, and the
extraction force consists of friction force (no cutting). Therefore, to measure the cutting
force, the extraction force was subtracted from the insertion force, which resulted in the
cutting force. The results obtained from the PVC tissue phantom and bovine liver tissue
agreed with the hypothesis that maxilla design on the needle body along with vibration
lowers the friction force and cutting force. The friction and cutting forces from the Fig 4.13

give us an understanding of the reduction in insertion force with vibration.
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Figure 4.13. The approximation of measured cutting forces from insertion and extraction forces
of the experimental data during insertion into tissue gel phantom. (vibration — 200 Hz, tissue-

PVC, insertion speed— 1 mm/sec)

4.3.4 Size-Scale study

The size scale effect on insertion force was investigated using mosquito-inspired and
standard needles. Since all the experiments were done using a scaled-up needle, a scaling
study was also performed to validate the needle prototypes. However, this dissertation
study focuses on the fundamental study of the mosquito-inspired needle with vibration, it
is crucial to study the influence of vibration on the small-scale needles. The needle outer

diameter in the biopsy and brachytherapy procedures are 16-gauge (D = 1.65 mm) and 18-
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gauge (D = 1.27 mm) needles. The outer diameter of the needles in this study is 1.65 mm
(16-gauge), 2 mm (14-gauge), and 3 mm (11-gauge). The 3D printed standard and

mosquito needles are shown in Fig 4.14.

D=1.6 mm

Standard Needle

Mosquito Needle

D=2mm
Standard Needle

- Mosquito Needle

D=3 mm

Standard Needle

:Mosquitb Needle

Figure 4.14. The standard and mosquito-inspired needles with different diameters (outer diameter

(OD) =1.6, 2, and 3 in mm). (M, = 170°, t = 0.2 mm, o = 40°)

The insertion tests were performed in PVC tissue phantom, which has a Young’s
Modulus of 1.8 kPa. The maximum insertion force decreases with the vibrating mosquito
needles compared to standard needles without vibration (see Fig 4.15). The results are
compared with a standard needle of the same outer diameter. The maximum insertion force
is reduced by 32% using the mosquito-inspired needle with vibration for a needle diameter

of 1.6mm.
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Figure 4.15. The insertion force results using standard and mosquito-inspired needles with
vibration for different diameters (D) of 1.6, 2, and 3 in mm. Bars sharing the same uppercase and
lowercase letters at the top of the bar graph are not significantly different at the 95% level, based

on post-hoc Tukey tests.

This study also confirms that influence of longitudinal vibration results in a reduction
in the maximum insertion force irrespective of the needle size. To test the significance of
the data for two different groups (standard and mosquito-inspired needles), ANOVA single
factor was used. The data using ANOVA were significant but to test the significance within
the means of different groups, the post-hoc Tukey test was used. This test revealed a
significant difference between the multiple groups. The bars with the same lowercase and

uppercase letters are not significant but are significant with different letters. The p-value
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0f 0.032 is less than the alpha of 0.05. The post-hoc Tukey tests also revealed that with the
change in diameter, the maximum insertion force reduced with vibration is significant at a

95% confidence level.

4.3.5 Tissue Deformation Analysis

In the earlier Section 4.3.2, the effect of vibration of a mosquito-inspired needle on the
insertion force was demonstrated and showed a 60% reduction in the insertion force. From
the literature, it is known that decreasing the insertion force could reduce tissue
deformation [2, 74, 81]. Therefore, this study focuses on tissue deformation analysis using
a magnetic sensing system (see Section 2.3). The change in the magnet position is recorded
using an MTJ sensor array that measures tissue deformation changes during needle
insertion. This experiment was performed with the mosquito-inspired needle with vibration
and compared to a standard needle without vibration. Firstly, the tissue deformation
sensing system was measured in PVC tissue phantom using both the needles for known
depth of insertion. The camera observation data was also measured (which is an average
of three data) parallelly during the needle insertion. The measured distance from the top of
the tissue to the maximum deformation due to the standard needle was 17.5 mm, while the
mosquito needle with vibration is 11.2 mm (36% reduction) (Fig 4.16). The change in
magnetic field strength implies the change in position of the magnet, which means a change
in the tissue deformation. The data analysis for the optical data is significant with a p-value
(0.042) less than alpha (0.05). The maximum difference in tissue deformation distance with
the mosquito-inspired needle with vibration is less than the standard needle without

vibration.
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Figure 4.16. The recorded tissue deformation using a) standard needle without vibration and b)

mosquito needle with vibration.

The needle insertion force increases with the increase in insertion depth (see Fig 4.12)
and the maximum insertion force occurred at maximum depth, which is the maximum
distance of tissue deformation. This deformation shown in Fig 4.16 was recorded with a
high-speed camera and the change in the magnetic field occurred at time (t = 10 sec) using
a mosquito-inspired needle and time (t= 13 sec) with the standard needle (see Fig 4.17).
This decrease in deformation is due to the reduction in the insertion force with applied
vibration. The tissue deformation distance (d) was decreasing with the mosquito-inspired
needle compared to the standard needle. The maximum change in the magnetic field of the
soft magnet for the mosquito-inspired needle with vibration was measured to be 7.112 uT,
whereas the standard needle exhibited 9.151 pT. The lower change in the magnetic field
corresponds to less tissue deformation and thus required less insertion force. This change

in the magnetic field is then converted to the amount of distance from the MTJ sensor using
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inverse cube law and plotted with distance on the y-axis and time on the x-axis, as shown
in Fig. 4.17. To confirm the overall tissue deformation, any distorted area from the site of
the needle was estimated from the picture (taken from the camera) using Imagel. The
mosquito-inspired needle with vibration indeed shows a smaller deformed area (0.24 mm?)

compared to that of standard needles (0.46 mm?), which is a 48% reduction.
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Figure 4.17. The magnetic sensing recorded tissue deformation in distance (mm) in PVC gels

with a standard needle without and mosquito-inspired needle with vibration.

4.3.6 Ex-vivo Insertion Tests into Biological Tissue

This Section investigated the performance of the mosquito-inspired needle with
vibration in bovine liver tissue. Figure 4.8 shows the average insertion force of three
insertion trials into the bovine liver tissue for both standard bevel-tip needle and mosquito-

inspired needle. The insertion tests into liver tissue were carried out with applied
73



longitudinal vibration of 200 Hz, an amplitude of 5 um, and insertion velocity of 1 mm/sec.
As shown in Fig. 4.18, the insertion force of a mosquito-inspired needle with vibration
reduces compared to the standard needle without vibration. During the insertion into the
tissue, both needles have different puncture force and as the needle penetrates in the tissue,
the force acting on the needle increased for the standard needle and decreased for the
mosquito-inspired needle. This is due to the unevenly distributed stiffness properties of
the bovine liver tissue. As the depth of insertion increases, the insertion force also
increased. The maximum insertion force was reduced by 39% using a mosquito-inspired
needle with vibration. Also, in Fig 4.18, the insertion force was linear until 20 mm and
increased after 20 mm and until 60 mm, and the inconsistency is due to the non-
homogeneous properties of the bovine liver tissue, which resulted in force change and the

non-linearity of force curve.
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Figure 4.18. a) Ex-vivo insertion tests into bovine liver tissue and b) the average insertion forces
obtained from insertion tests into bovine liver tissue with the vibration of 200 Hz, an amplitude of

Sum, and insertion velocity of 1 mm/sec.

The insertion force increases with an increase in depth irrespective of the needle shown
in Fig 4.18 b). The insertion force for mosquito-inspired needles from 0 to 60 mm was

lower than the standard needle, but they increase as the insertion depth increases. It is
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conjectured that the reduction in insertion force is due to the reduction in friction force
during insertion into bovine liver tissue compared to the standard needle. The cutting force
in the bovine liver tissue depends on the stiffness of the tissue and crack that occurred at
the needle-tip, which is why the cutting force will be less than the frictional force. However,
the reduction in insertion force should decrease the damage in the bovine tissue due to less
pressure and less fracture [43]. The data analysis using paired z-test for the maximum
insertion force between the standard needle and mosquito-inspired needle is significant
with a p-value (0.037), which is less than alpha (0.05). Bars with different letters indicate

that the difference between the means of the data is significant at a 95% confidence level.
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Figure 4.19. The standard deviation for insertion forces into bovine liver tissue at a depth of 60
mm using both standard and mosquito-inspired needles. Bars with different letters are significant

at the 95% level.
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4.3.7 Tissue Damage Analysis

The cross-sectional area of the damage caused by both standard and mosquito-inspired

needles was evaluated histologically. All the standard protocols were followed during the

histological evaluation, i.e., starting from insertion tests in bovine liver tissue, sample

preparation, hematoxylin, and eosin staining, imaging, and analyzing the tissue damage.

The insertion tests were performed in three different bovine liver tissue samples for

histological evaluation [99]. The damaged area on the tissue sample was located using

microscopy observation. The cross-section area of the needle paths on the stained slides

was measured using ImagelJ software. The statistical data presented in Table 4.3 shows the

area measured in pixels using ImageJ software.

Table 4.3. The statistical data information for the area of damage in bovine liver tissue due to

standard and mosquito-inspired needles.

Bovine liver samples damage in the

Needle type area (Pixels) Mean Standard
(Pixels) Deviation
Sample 1 Sample 2 Sample 3
Standard needle 872,535 1,056,790 912,446 947,257 79,147
Mosquito needle 679,900 687,431 707,456 691,595 11,629
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Figure 4.20 shows the damaged cross-sectional area caused by both the needles for
three bovine liver tissue samples. The area of the damaged hole caused by both mosquito-
inspired and standard needles were different because of the insertion method. It is found
that the average cross-sectional area of the damage was reduced by 27% using a mosquito-
inspired needle with vibration compared to the standard needle. A #-test was used to study
the significance of the data in three liver tissue samples with the standard and mosquito-
inspired needles. The mean area of the damage using a standard needle is 947,257 Pixels
and with the mosquito-inspired needle is 691,595 Pixels. The significant difference of the
data was tested and found that the p-value is 0.023, which is less than alpha (0.05).
Therefore, the null hypothesis is rejected, and the data presented in Table 4.3 is statistically
significant. The schematic representation of the area of the damage due to the mosquito-
inspired needle was compared to the standard needle is shown in Fig 4.20 (c¢). The results
infer that needle insertion with the vibration of a mosquito-inspired needle decreases tissue
damage. This reduction implies that reducing insertion force led to a tissue damage

reduction [91], which can lead to less invasive percutaneous procedures.
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Figure 4.20. Magnified view of the damage in different bovine liver tissue samples due to a)
standard needle, b) mosquito-inspired needle and c¢) the schematic representation of the damaged

area in bovine liver tissues (M — mosquito-inspired and S — standard).

4.4 Discussions

In this Chapter, an experimental study related to the design of mosquito-inspired needle
with vibration during needle insertion procedures were investigated. The ultimate goal was
to provide a guideline for the surgeons to properly utilize the mosquito-inspired needle
insertion for advancing the vibration-assisted clinical procedures. The study was conducted

using 3D printed needles of diameter (D = 3 mm). The design on the needle is complex
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and was unable to manufacture at the scale of 18-gauge (typical medical needle for biopsy
and brachytherapy procedures). Therefore, the needles were designed and manufactured
using a 3D printer, which is easy to manufacture and cost-efficient. The fundamental study
of this work is to utilize the mosquito-inspired design on the needle body and apply the
longitudinal vibration during needle insertion. The parametric study of maxilla angle and
thickness showed that increasing the values will result in a lower maximum insertion force.
Similarly, for the vibration parameter, the maximum insertion force decreases until 200 Hz
and increases with an increase in vibration. This influence of vibration on insertion force
is analytically studied using the LuGre friction model. The analytical model related to the
insertion force (cutting and friction force) was analyzed and compared to the experimental
data. The results show that the insertion force model provides an understanding of the
influence of vibration on the insertion force when the vibration is increased. In fact, the
experimental results are also aligned with the model data that increasing the vibration
results in a higher insertion force. The vibration cutting parameters in bioinspired needle
insertion needs to be studied to understand the influence of insertion forces [107].
Furthermore, a series of experiments were performed with a standard needle without
vibration and a mosquito-inspired needle with vibration in PVC tissue and bovine liver

tissues.

The results show that mosquito-inspired needles with vibration reduce the insertion
force by 60% in PVC and 39% in the bovine liver compared to standard needles. Also, the
approximate values of cutting and friction force were calculated, which gives the influence

of cutting force acting on the needle-tip and friction force acting at the needle-tissue
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interface. The analysis of different needle sizes implies that the application of longitudinal
vibration guides in reducing the maximum insertion force irrespective of the needle size.
This application of vibration-assisted mosquito-inspired needle insertion is more critical
for blood sampling procedures where the insertion velocity required is very less (1
mm/sec). In blood sampling procedures, the needle has to be inserted into the skin tissue
(E greater than 6 kPa) can be beneficial because of a reduction in the tissue damage. The
tissue deformation from the surface to the depth of insertion also showed a reduction with
the mosquito-inspired needle. The limitation in measuring the tissue deformation is the
tissue. The tissue utilized for measuring the tissue deformation was PVC because the
transparency and viscoelastic properties made it optically easy to record the needle

insertion and compare it with the change in the magnetic field.

Furthermore, the reduction in tissue damage with vibrating mosquito-inspired needles
showed a consistent reduction in the insertion force. For this reason, an insertion velocity
of 1 mm/sec is recommended in our study during the needle insertion for soft tissues less
than 3 kPa. The cross-sectional area of the tissue damage during the histological process
followed all the standard protocols to ensure that the sectioned sample does not lose its
damaged area [99]. This reduction in tissue damage suggests that the findings can be
applied and extended to several blood sampling procedures and also biopsy procedures in

which cannula is inserted to extract a tissue sample.
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CHAPTER 5
CONCLUSION AND FUTURE WORK

5.1 Conclusion

The insertion mechanics of the honeybee-inspired needles with vibration were
experimentally studied and compared with standard needles. The vibration addition during
this study is inspired by mosquito-proboscis. The results obtained from the insertion tests
showed that insertion force is reduced by 50% in PVC tissue phantom and 43% in chicken
breast and needle-tip deflection by 47% using vibration-assisted honeybee-inspired needles
compared to the standard bevel-tip needles. Furthermore, the results of the mosquito-
inspired needles in PVC tissue phantom were used to experimentally modify the needle
design parameters to lower the insertion and extraction force further. Our results showed
that with modified parameters, the insertion force is decreased by 39% and the extraction

force by 32% in PVC tissue phantom.

With the findings of the mosquito-inspired needle design effect on insertion force, the
vibration was added during its insertion into tissues. The theoretical LuGre friction model
was also studied to confirm the experimental results and to explain the insertion force
(friction and cutting force). It was found that mosquito-inspired needles with vibration
lowered the insertion force by 60%. Reducing the insertion force minimizes tissue
deformation. Therefore, a novel magnetic sensing system was used to study the
deformation of the tissue using vibrating mosquito-inspired needles. The tissue
deformation area decreased by 48% and the distance lowered by 36% in PVC tissue

phantom using a mosquito-inspired needle with vibration.
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To show the relevance of insertion with vibration, insertion tests were performed into
biological tissue namely bovine liver tissue using both standard and mosquito-inspired
needles. The results showed that the insertion force is reduced by 39% in bovine liver tissue
using the mosquito-inspired needle. Furthermore, a histological study was performed to
evaluate the tissue damage using the vibrating mosquito-inspired needle. The mosquito-
inspired needle with vibration was able to decrease the cross-sectional area of the tissue
damage by 27% compared to a standard needle without vibration. The vibration cutting of
mosquito-inspired needles in this study is beneficial for skin tissues with higher stiffness
properties because the vibration influence during mosquito-inspired needle insertion can

reduce the force and also the tissue damage.

5.2 Future Work

The fundamental study of the insertion mechanics (which is vital in the needle insertion
force) of the honeybee and the mosquito-inspired needle has been shown to reduce the
needle insertion force and tissue deformation significantly. Moreover, this reduction using
bioinspired needles led to a reduction in tissue damage. The work presented in this
dissertation has shown evidence that the application of bioinspired needle insertion has the
potential to improve the insertion accuracy, specifically in percutaneous procedures. The
future work of this fundamental study of bioinspired needle insertion will aid in further

advancement of the bioinspired approach in clinical procedures by:

1) Investigating transverse vibration tissue cutting in tissues. The vibration effect
performed in this study utilized only in the longitudinal direction (same as the axis

of insertion). However, the limitation of using transverse cutting should be

&3



challenging as the damage to the tissue cannot be increased. Therefore, transverse
vibration cutting in soft tissues will be studied to determine its effect on insertion
force and needle deflection.

2) Analyzing the bioinspired tip geometry can be optimized to reduce cutting force.
The labrum-tip has been shown to lower the insertion force with and without the
vibration effect. Further work is needed to understand the mechanics of bioinspired
tip geometry.

3) Formulating computational models, to study the effect of bioinspired needle
insertion is confined by soft tissue materials and also by predicting the force for
force feedback to improve the target error. More parameters should be analyzed in
these models especially during vibration tissue cutting.

4) Executing the manufacturing methods such as laser-induced plasma machining
(LIPMM), metal 3D printing can be implemented to manufacture bioinspired
needles, aiming to experimentally test for procedures like blood sampling and drug
delivery before performing the surgery. The other aspect of this manufacturing is
using biomaterials. The surface coatings on the bioinspired needle using
biomaterials like polymer and composites to manufacture a biomaterial-based
bioinspired needle (dual combination), which can replace stainless steel needles for

better healing.

Moreover, this dissertation study will aid in developing the bioinspired needle for
vibration-assisted clinical procedures. For example, in procedures like brachytherapy, if

the needle insertion force and deflection are minimized, the needle can reach the site of the

84



procedure with minimal force. Since the vibration-assisted insertion reduced tissue
damage, it can be implemented in a blood sampling procedure, where the surgeon inserts
the needle into the skin tissue to acquire the blood sample. Also, developing and
manufacturing the bioinspired needles for the application of surgical robotics, where high
precision is required to perform the surgery. The vibration effect during bioinspired needle
insertion has shown to lower the insertion force acting on the needle and the tissue damage,
this reduction can be an advantage in needle-based procedures using robot surgical systems

like da Vinci (Intuitive Surgical, Sunnyvale, CA) and Mako (Stryker, Kalamazoo, MI).
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APPENDIX A
COMPRESSION TESTS FOR PVC AND GELATIN PHANTOMS
The compression tests were performed on the tissue-mimicking materials that were
used in the dissertation study. The tissue-mimicking materials were utilized according to
their viscoelastic properties. The gelatin tissue phantom was used to study the needle
deflection, as there was a lack of tissue damage seen in PVC material. But most of the
studies used in this dissertation were PVC tissue phantom. Many studies have been used

PVC tissue material to study the insertion force and its effects.

| =
. Load cell

Control
console

Lol 1.2

Figure A1l. The compression test setup to determine the Young’s Modulus of the tissue

phantoms.
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To determine the Young’s Modulus of the different phantom gel, an Instron (Mini 55)
Universal Testing System to perform a compression test as shown in Fig A1 was utilized.
This is a standard method from the literature to acquire stress-strain relationships. The
resolution of the load cell for the Instron machine is 0.112 mN. The tissue samples of each
tissue-mimicking material were cut into a cylindrical shape with a thickness of 10 mm and
a diameter of 50 mm. Due to the viscoelastic properties of the tissue phantoms, they were
compressed with a 5 N load by small increments of 0.5 mm at a rate of 0.5 mm/s and then
allowing the tissue to relax for 10 sec, this was repeated until the tissue reaches its strain
condition and the minimum values for each compression and strain gave us the Young’s
Modulus. The most linear portion was used to find a line of best fit and the calculated slope
was determined to be the Young’s Modulus. The 11.1% of gelatin had Young’s Modulus
value of 4.2 kPa which was a sufficient model for healthy breast tissue. The PVC tissue

phantom has a Young’s Modulus of 1.8 and 6 kPa.

Table Al. The Young’s Modulus and insertion force values for different tissue-mimicking

materials used in this study.

Material Young’s Modulus (E) kPa | The average insertion forces (N)
1.3 1.99 £ 0.09 (No vibration)
(Polyvinyl chloride)
1.8 1.2 +£0.11 (Vibration)
PVC
6 3.25 £ 0.06 (No vibration)
Gelatin 4.2 2.94 £+ 0.08 (Vibration)
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APPENDIX B

MATLAB CODE FOR THEORETICAL MODEL

cle

clear all

close all

%the parameters that were chosen with respect to the properties of the needle for the
model and the needle used in the experiment for this theoretical analysis
Fco=1.0611; %coulomb friction

Fs=0.294; Ystatic friction

sigma 0 = 0.0521; %stiffness coefficient

sigma 1=0.0145; %damping coefficient associated with z

sigma_2 =-0.0051; %viscous damping coefficient

alpha =40; % needle-tip angle
E T =0.0026; %stiffness of the crack surface

E R =0.0557; %stiffness modulus

omega = linspace(0, 500,11);
% omega represents the vibration frequency

%divides the elements into 11 from 1 to 500 vibration frequency
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%experimental data using 16-gauge standard bevel-tip needle into PVC %tissue (E =6
kPa)

A=1[2.141.401.271.14 1.69 2.49 3.12 4.02 4.35 4.87 5.05];

err = [0.08 0.108 0.09 0.11 0.106 0.092 0.086 0.1095 0.0958 0.086 0.075];

% The standard deviation (SD) values for the maximum insertion force at each
%rvibration frequency from 0 to 500 Hz

errorbar(A, err);

fori=1: length(omega)
F(i) = insertion(Fco, Fs, sigma 0, sigma_1, sigma_2, omega(i));
end

F = abs(F);

errorbar(omega, A,err,'x")
hold on
plot(omega, F)

hold off

x1im([0 500])

%%ylim([0 10) %if the force needs to be limited
xlabel ("Vibration(Hz)");

ylabel('Insertion Force (N) ');

legend("Experimental","Model");
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set(gca,' FontSize',12);
set(legend,'position',[0.2 0.7 0.15 0.15],'FontSize',12)

print('Force', '-dpng', -r300"); % save figure in PNG format with dpi

% Friction force:

%function below is the friction force formula that includes vibration
%eftect on friction force (Ff) and cutting Force (Fc)

%F1 is the force acting on the needle

%F?2 is the cutting (Fc) and friction force (Ff)

%F is the total insertion force

% The function for

function [F] = insertion(Fco, Fs, sigma 0, sigma 1, sigma 2, omega)
gamma = 0.0078;

vi =1; %insertion speed

a=0.475; %amplitude at the tip with respect to the change in units
t=60; %time at insertion occurs during insertion into tissue

alpha =30; % needle-tip angle

E T =0.0026; %stiffness of the crack surface

E R =0.0026; %stiffness modulus

%sinusoidal form of vibration
% V represents the total velocity, which means the summation of %insertion vibration

and insertion speed
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V =2*pi*a*omega*cos(2*pi*omega*t) +vi; %mm/sec
g =Fco + (Fs - Fco)*exp(-gamma*abs(vi)); % N/mm
z = g*sign(V); %N/sec

zdot = vi - sigma_0*(abs(V)/g)*z;

Fc = (4*tan(alpha/2)*(E_R)"2)/b*E_T;

Ff=((sigma_0*z + sigma_1*zdot + sigma_2*V)- (0.009));

F2 = Fc+Ff;
F1=2.01;
F=F1 +F2;
end
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