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Abstract

Otitis media is a group of inflammatory ear diseases of the middle ear that can cause
earaches and hearing loss, and even lead to incurable damage of the middle ear structure
in extreme cases. The current treatment for different types of otitis media (i.e., acute
otitis media and otitis media with effusion) is tympanostomy surgery, which has a risk of
general anesthesia in children, the economic burden of surgical costs, and the probability
of long-term defects in the tympanic membrane (TM) structure. This thesis provides the
scientific foundation for minimally-invasive therapeutic methods and medical devices that
rely on tearing and fracture of the TM. In this thesis, we investigated the biomechanics of
the TM and its mechanical interactions with needles during the needle-insertion process to
establish a fundamental understanding of the fracture-related mechanical properties of the
TM. To this end, we exploited numerical modelling, combined with experimental analysis
to address these objectives.

To begin with, we utilized finite-element analysis (FEA) to model needle insertion into
skin, as the most similar biological tissue to the TM with existing relevant experimental
data, and to investigate how the various mechanical and geometrical parameters impact
the relationship between force and displacement in needle-skin interactions, the required
force to puncture the skin, and the mechanical stress generated during this process. Our
FEA was established based on a 2D bilinear cohesive zone model for which the cohesive
parameters including initial stiffness, failure traction, and separation length for the skin
tissue were obtained using a three-stage algorithm. Our results showed that the coefficient
of friction, between the needle and skin, substantially changed the needle reaction force.
Also, the needle’s cutting angle primarily influenced stress in the skin tissue, whereas
the needle diameter played a more critical role in the needle’s reaction force. We also
presented an energy analysis on frictional dissipation, damage dissipation, and recoverable
strain energy stored in the skin tissue during the insertion process.

In order to develop and establish an experimental methodology to be later applied
to the TM, we also conducted an experimental analysis of needle insertion into phantom
membranes made of polyethylene and nitrile rubber using an innovative custom-designed
experimental apparatus and studied the effect of different insertion and membrane parame-
ters on the most important features of the needle reaction force plots. Our findings revealed
that, in most cases, the increase in the needle diameter, membrane thickness, and needle
inclination led to increased crack length, maximum insertion force, puncture displacement,
kinetic frictional force, and static frictional force. However, the effect of velocity on these
factors was generally negligible, except for an increase in the kinetic frictional force with
a higher insertion velocity. Our results also highlighted that lubrication had a notable im-

vii



pact on reducing puncture displacement and frictional forces but did not significantly alter
the maximum needle insertion force into the membranes. Moreover, we proposed a com-
bined experimental-numerical approach using finite-element (FE) modeling to calculate
fracture toughness, resulting in values of 6.66 1.16 kJ=m? for polyethylene and 3.98 0.56
kJ=m? for nitrile rubber. Additionally, the developed FE model was employed to predict
membrane deformation and mechanical stress.

In the next part of this thesis, we investigated the cutting behaviour and fracture-
related mechanical properties of the TM using force measurement during a 2-cycle needle
insertion/extraction process on the gerbil TM. Energy components, including the fracture
energy, friction energy, strain energy, and hysteresis loss, were considered throughout the
analysis to understand various stages of the procedure. Our results showed the viscoelastic
behaviour of the TM, with hysteresis loss having a minimal effect on the energy dissipation
compared to the fracture energy and friction energy. Interestingly, the puncture force of
the TM remained stable shortly after the animal’s death while increased after a week due to
the drying effects of soft tissues. Also, the needle geometry significantly influenced needle
insertion features such as the crack length, insertion forces, and puncture displacement.
On the other hand, the insertion velocity only affected insertion forces, while did not have a
remarkable impact on the puncture displacement. Furthermore, we computed the fracture
toughness of the gerbil TM, which was obtained to be 0.33 0.10 kJ=m?2.

We also carried out numerical analysis using a combination of a 3D FE model of the TM
and other middle-ear structures and a 2D cohesive zone FE model of needle insertion into
the TM to investigate the TM and middle-ear response during the needle insertion process.
Using 3D modelling, we proposed a nonlinear Ogden model for the TM and acquired
the whole-domain deformational behaviour of the TM and other middle-ear structures.
Moreover, using the 2D cohesive zone modelling, we obtained cohesive parameters of the
TM, and studied its mechanical behaviour during needle insertion.

This thesis initiated obtaining an understanding of the TM behaviour during needle in-
sertion and cutting, as well as its fracture-related properties. The proposed methodologies
and presented results in this thesis serve as a robust starting point for a more fundamental
knowledge of TM mechanical damage. Ultimately, this knowledge can contribute to the
development of innovative minimally-invasive surgical devices and treatment strategies for
hearing and balance diseases.
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Chapter 1

Introduction

One of the most prevalent ear diseases throughout the world is otitis media (OM), which
can cause hearing loss, earache, body imbalance, and even lead to incurable damage of the
middle ear structure in its extreme conditions [1, 2]. Two main types of OM are persisting
otitis media with e usion (OME) and recurring acute otitis media (AOM); the former is
the accumulation of liquid in the middle ear, whereas the latter is acute in ammation
in the middle ear induced by bacteria or viruses [3, 4. OM may be initiated after a
cold, a respiratory infection, or the dysfunctionality of the Eustachian tube causing an
accumulation of uid in the middle ear [5]. Children are usually more susceptible to
middle ear infections and consequently more likely to develop chronic OM [6, 7]. The
current treatment for both types of OM is tympanostomy; a surgical process to drain out
the uid from the middle ear and insert a small tube into the tympanic membrane (TM)
to make ventilation in the middle ear possible.

Unfortunately, tympanostomy surgery is not the most appropriate solution for the
treatment of OM and is concomitant with serious problems. To perform tympanostomy
successfully, the patient's head must be held stationary, requiring general anesthesia in chil-
dren [8]. In addition to the risks of general anesthesia, tympanostomy may cause medical
complications [9] and induce long-term structural changes of the TM such as focal atrophy
at the site of insertion [10]. Permanent perforation of the TM was reported in 1% to 6% of
ears after the extrusion of the tympanostomy tube [11]. Furthermore, tympanosclerosis (a
thickening and granulation of the TM) occurs in almost 32% of ears after tube extrusion
[10]. Because of these risks, the current guidelines restrict tympanostomy to cases lasting
three months or longer after initial diagnosis and only in cases with other serious symptoms
[8]. Besides all these problems, the cost of tympanostomy tube insertion is usually high,



which brings a signi cant economic burden [12, 13]. Therefore, it is bene cial to develop
a better treatment for OM in terms of the medical risks and economic burden.

We believe novel needle-based devices can be developed to potentially replace the cur-
rent approaches for the treatment of OM to eliminate the need for tympanostomy surgery,
to obviate the need for general anesthesia in children, and to overcome their disadvantages.
However, to design and develop novel needle-based medical devices for the treatment of
OM, new understandings about the cutting process of the TM and its mechanical prop-
erties including the fracture-related parameters are required. The nite-element method
(FEM) can be used as a powerful tool to investigate the cutting process of soft tissues.
Although some studies in recent decades investigated some aspects of the cutting process
of soft biological tissues, a model that simulates the through-and-through deep needle in-
sertion into the tissue and analyzes the e ect of the geometry of the needle on insertion
force and stress-strain distribution in the tissue is missing. Such a model can be e ectively
used for investigating the fracture of the TM and for developing new devices that utilize
its rupture.

Additionally, for the development of needle-based medical devices for the treatment of
OM, having a more profound knowledge of the mechanics of needle-membrane interaction
and membrane puncture during a needle insertion process is necessary. Despite the previ-
ous experimental and modelling endeavors to study the mechanical characteristics of the
needle insertion process into soft tissues, the cutting characteristics of thin biological mem-
branes during the needle insertion process have remained unknown. Moreover, multiple
parameters related to the insertion condition and membrane thickness and material can
a ect remarkably the insertion process of the needle into thin membranes, which are still
unexplored.

More speci cally, there have not been any e orts in the literature to investigate the
cutting process of the TM and the insertion of needles into the TM, which means there
is no scienti ¢ knowledge base for the development of novel needle-based medical devices.
Although multiple studies have investigated some mechanical properties of animals and
human TM over the past decades the cutting behaviour of the TM and the fracture-related
mechanical properties of the TM such as its fracture toughness have remained unknown.

In this thesis, we investigated the insertion of di erent needles into soft tissues including
skin, which is the most similar biological tissue to the TM, and thin membranes as a phan-
tom model of real TM using numerical and experimental approaches. These approaches
were then applied to real TM tissue using nite-element (FE) modelling and experimental
measurements investigating the fracture-related parameters of the TM. The methodolo-
gies and results presented in this thesis not only allow the development and optimization



of modern needle-based treatment devices for hearing and balance pathologies but also
provide a better understanding of the mechanical properties of the TM. The current re-
search also paves the way to develop surgical robots, virtual-reality based medical training
systems, and novel intratympanic administration approaches.

1.1 Objectives

Di erent considerations should be taken into account in designing and developing novel
needle-based surgical devices. These devices should be capable of a convenient and e -
cient interaction with the TM with an optimized insertion force and minimum irritation

and pain for the patient, have the minimum e ect on the vibrations and sound transmission

in the middle ear after implantation, and also can be easily manufactured using the com-
mon practical microfabrication techniques. In this thesis, we mainly focused on the rst
consideration above and worked on the mechanical interaction between medical needles
and the TM and the insertion of the medical needles into the TM. The main objectives of
this thesis are discussed in three main stages:

" The rst stage of this thesis covers the development of a numerical modelling ap-
proach to investigate the insertion of medical needles into the skin as the most similar
biological tissue to the TM (Chapter 3). The speci c objectives for this stage include:

1. To develop a cohesive zone (CZ)-based FE model for analyzing the interaction
of the needle with biological soft tissue and the through-and-through insertion
of the needle into the tissue. Also, to adjust the CZ parameters described based
on a hilinear traction-separation law (TSL) in order to replicate the experimen-
tal data available in the literature.

2. To carry out a detailed parametric study on the e ect of needle geometry and
tissue thickness on a force-displacement plot of the complete insertion proce-
dure and von Mises stress distribution in the tissue. Also, to perform an energy
analysis on the whole insertion procedure using the developed FE model.

" The second stage of this thesis is focused on the experimental analysis of thin mem-
branes during the insertion of medical needles into them (Chapter 4). The most
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important objectives of this stage are:

3. To design and develop an experimental apparatus for the measurement of fracture-
related properties of thin membranes as well as features of force-displacement
plots for needle insertion into membranes.

4. To develop and perform an experimental-numerical approach for obtaining vis-
coelastic and fracture-related mechanical properties of thin membranes and an-
alyzing the cutting characteristics of thin membranes using needle insertion case
studies.

5. To carry out a parametric study on the e ect of various insertion and mem-
brane parameters (i.e., insertion velocity, needle diameter, lubrication, angle of
insertion, membrane thickness, and membrane material) on the most important
features of the insertion process (i.e., insertion force, puncture displacement,
friction, and fracture toughness).

" The third stage of this study is dedicated to applying the numerical and experimental
approaches developed in the previous stages to real TM tissue (Chapters 5 and 6).
This stage mostly covers the following objectives:

6. To update the experimental apparatus (designed as objective #3) for needle
insertion measurements on gerbil TM samples and to perform needle insertion
experiments on TM samples in order to obtain the cutting characteristics of the
TM (based on the approach developed under objective #4).

7. To apply the CZ-based FE model (developed as objective #1) to the TM.

8. To perform a parametric study on the e ect of needle and insertion parameters
on the most important features of the insertion process.



1.2 Thesis Structure

In Chapter 2, a detailed literature review on modelling and experimental works focused on
the interaction of needles with soft tissues, including TM, is presented. In Chapter 3, a 2D
FE model based on cohesive zone method (CZM) is presented to simulate needle insertion
into human skin, which is the most similar biological tissue to the TM. In Chapter 4,
an experimental apparatus and measurement approach along with an indentation nite-
element analysis (FEA) is introduced for the investigation of cutting characteristics of soft
membranes. In this chapter, phantom membranes are used instead of real TM, to establish
the methodology. In Chapter 5, the proposed measurement approach is implemented on
the gerbil TM using an upgraded version of the developed apparatus in Chapter 4 to
investigate the characteristics of the TM. Finally, in Chapter 6, the proposed FE model in
Chapter 3 in combination with a 3D FE model that includes the TM and other middle ear
structures are presented to analyze the TM cutting characteristics numerically; the model
is validated using the experimental data from Chapter 5. Figure 1.1 shows a owchart of
the interconnected relevance of each chapter to other chapters. In Chapter 7, conclusions
from the current research and suggestions for future works are presented.

Figure 1.1. A comprehensive owchart illustrating the interconnectedness of chapters.



Chapter 2

Literature Review

2.1 Tympanic Membrane

2.1.1 Ear Anatomy and Tympanic Membrane Structure

The ear is a complex organ that plays a crucial role in hearing and balance. It is composed
of three main parts: the outer ear, middle ear, and inner ear [14]. The outer ear consists
of the auricle, or pinna, and the ear canal. The auricle is the visible portion of the ear,
and it is composed of cartilage covered with skin. The ear canal is a narrow, tubular
structure that leads to the tympanic membrane (TM). The outer ear plays an important
role in collecting sound waves and directing them toward the middle ear. The middle ear
includes an air- lled cavity that is located between the outer ear and the inner ear. The
middle ear also consists of the ossicles, which are the three smallest bones in the human
body (i.e., the malleus, incus, and stapes) and the Eustachian tube, which connects the
middle ear to the back of the throat and helps equalize pressure in the middle-ear air- lled
cavity. The ossicles play a crucial role in transmitting sound waves from the TM to the
inner ear. When the TM vibrates, it causes the ossicles to move, which in turn causes the
oval window of the cochlea to vibrate. The movement of the oval window creates pressure
waves in the uid within the inner ear, which stimulate the hair cells of the cochlea and
lead to the perception of sound. The inner ear is a complex structure that is responsible
for both hearing and balance. It is composed of the cochlea, which is responsible for
hearing, and the vestibular system, which is responsible for balance. The cochlea is a
spiral-shaped structure that is lled with uid. When the uid in the cochlea moves, in
response to pressure waves created by the ossicles, the hair cells, bend and send signals to
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the brain, which are interpreted as sound. Thus, any defect in the structure of the middle

ear including the TM may be followed by problems in the hearing process. Figure 2.1-a
shows the structure of the human ear. Now, we focus more speci cally on the anatomy
and structure of TM.

The TM is a thin, doubly curved membranous tissue of mammalian ears, connected
to the auditory ossicles, separating the external ear canal from the middle ear. It plays
a crucial role in hearing by converting sound waves into mechanical vibrations that are
transmitted to the inner ear. The TM consists of three layers including the outer epithelial
layer, the middle brous layer, and the inner mucosal layer. The outer epithelial layer is a
thin layer of skin that covers the outer surface of the membrane. The middle brous layer
is composed of radial and circular collagen bers that provide the membrane with strength
and elasticity. The inner mucosal layer is a thin layer of connective tissue that covers the
inner surface of the membrane. Considering its overall structure, the TM typically consists
of a major portion, namely pars tensa, and a smaller part known as pars accida. The
pars accida is located in the superior section of the TM and is smaller than the pars tensa

[ 1 1 1 ]

The TM can also be divided into four quadrants: anterior superior, anterior inferior,
posterior superior, and posterior inferior. The quadrants are important in clinical practice
as they help to identify the location of speci c pathologies, such as perforations or infec-
tions, and they are also important in terms of the development of novel surgical devices
and treatment methods as the location of surgery and treatment can signi cantly a ect
its e ciency and success [19, 20, 21]. The TM is situated with a brocartilaginous an-
nulus, which is called the tympanic annulus. The annulus of the TM is connected to the
tympanic bone and the central part of pars tensa is connected to the manubrium of the
malleus. The umbo is part of the TM that is drawn inward medially [22]. Figure 2.1-b
presents a schematic picture of the human TM and the name of the quadrants of the TM.

A few studies also revealed more detailed information about the geometry of the TM,
more speci cally the diameter and thickness of the TM. Kuypers et al. [23] measured
the thickness of gerbil TM using confocal microscopy. They showed pars tensa has an
approximate thickness of 7m in the central region between the umbo and annulus, which
increases by moving towards the edges (around 36 close to the annulus and around 20
m near to the manubrium). Figure 2.1-c shows a contour plot of the thickness distribution
of a right gerbil TM. Van der Jeught et al. [24] also exploited optical coherence tomography
to obtain a full- eld distribution of the thickness of human TM. They showed the thickness
of human TM is in an approximate range of 50m to 150 m , which is remarkably small
compared to the average diameter of human TM, which is around X@m. Their results
showed mean thickness value across the pars tensa is in a range ofnii9to 97 m .
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Based on their results, the thinnest part of the TM is the central region between umbo
and annulus (around 50 { 70m ). Also, by moving from the thinnest region toward the
manubrium or tympanic annulus of the pars tensa, the thickness steeply increases over a
small distance to around 100 { 120m . Figure 2.1-d shows a contour plot of the thickness
distribution of a human TM. Comparing the thickness distribution of human TM with
gerbil TM shows although human TM is relatively thicker than gerbil TM, the pattern of
thickness change across the TM is qualitatively very similar to each other.

Figure 2.1: a) The human ear structure [14], b) cross-sectional view of the TM [22], ¢) full-
eld thickness distribution on a gerbil TM sample [23], d) full- eld thickness distribution
on a human TM sample [24].

2.1.2 Tympanic Membrane Mechanical Properties
As discussed above, the TM is a multilayer biological tissue consisting of di erent parts

that have relatively complicated mechanical properties. There are plentiful experimental
studies that investigated some of these properties in association with a variety of analytical
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and numerical models. The linear elastic model is the most common model for the TM
reported in the literature [25, 26, 27, 28, 29, 30, 31, 32]. The Young's modulus of the
TM reported in these studies includes a wide range of 5 to 480P a [33], which indicates
the large inter-subject variability and, in some cases, methodological di erences in the
measurement strategies. However, most measurements reported Young's modulus of the
TM to be in the range of 20 to 40MPa [32].

A few studies investigated the nonlinear properties of the TM using indentation or ap-
plying static pressure and showed in many cases the TM conforms better to hyperelastic
behaviour rather than a simple elastic material [34, 27, 35, 36, 37, 38]. Cheng et al. [33]
investigated the viscoelastic properties of several fresh human cadaver TM samples through
the uniaxial tensile, stress relaxation, and failure tests and also introduced a hyperelastic
Ogden model for the human TM. The results presented in their study pointed out the
dependency of the mechanical properties of the human TM on the strain rate. Wang et
al. [39] introduced a hyperelastic Mooney-Rivlin model for the human TM combined with
geometrical nonlinearity. They showed the stress dependence of Young's modulus and the
geometry change of the middle ear structure may a ect the dynamic behaviour of the
TM. Aernouts et al. [40] used a combination of micro-indentation and Moie pro lom-
etry to investigate the mechanical behaviour of rabbit TM and tted some hyperelastic
material models to their experimental data based on the Mooney-Rivlin material model.
Motallebzadeh et al. [41] also used an Ogden hyperelastic material model to represent
the mechanical behaviour of the human TM using uniaxial experiments. Liang et al. [42]
implemented a micro-fringe projection experiment on the chinchilla TM under quasi-static
pressure and tted a 29-order Ogden model on the pressure-volume displacement results
through nite-element (FE) simulation.

Isotropic hyperelastic models have shown an excellent competency in the description of
the mechanical behaviour of the biological tissues including the TM. Ogden and Mooney-
Rivlin models are the most well-known hyperelastic material models for analyzing human
and animals' TM [33, 39, 41]. According to the Ogden model, a strain energy density
function W composed of deviatoric and volumetric terms (due to distortion and change of
volume, respectively) is de ned by [43]:

X,
W( 1 20 3)=  —(q+ )+ 5 3)+ W) (2.1)

i=1
where ; (i =1;2;3) are the principle stretch ratios,J® = ; , ;3 is the determinant

of elastic deformation gradient; ; and ; are material constants, andW,(J®) is the
volumetric part of the energy function.



Also, the Mooney-Rivlin model was used as a frequent material model for the TM
de nition that is conducted with the following strain energy density function [43]:

X
W = Ci(lx 3)(2 3) + W) (2.2)
i+j=1

with C; (i =0;1) as the Mooney-Rivlin constants and; and |, as strain invariants of
the deviatoric part of the Cauchy-Green deformation tensor that are given as:

li= I+ 2+ 3 (2.3)
1 1 1

= S+ S+ = (2.4)
1 2 3

The Mooney-Rivlin model can be retrieved from a"™-order Ogden model by substi-
tuting 1 =2and ,= 2. Table 2.1 provides material constants for some hyperelastic
models attributed to the human and animals' TM in the literature.

Table 2.1: Hyperelastic models of the TM presented in the literature.

Reference Species Model Constant Value
Cheng et al. [33] Human | 1%-order Ogden 0.46MPa
26.76
Wang et al. [39] Human Mooney-Rivlin Cio 0.4196MPa
Co1 -0.2135MPa
Cxo 1357.8MPa
C11 -2843.5MP a
Co2 1496.7MPa
Aernouts et al. [40] Rabbit Mooney-Rivlin Cio 31, 11, 51kPa
Co1 172,191, 15%Pa
Motallebzadeh et al. [41] Human | 1%-order Ogden 0.40MPa
28.8
Liang et al. [42] Chinchilla | 2"9-order Ogden 1 1.2MPa
1 3.9
2 7.1MPa
2 -4.3
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Some studies in the literature also presented viscoelastic models for the TM. Cheng
et al. [33] performed uniaxial tensile experiments on human TM and observed hysteresis
phenomenon in their specimens. Huang et al. [44] measured the viscoelastic properties of
the human TM in both in-plane and through-thickness directions via a nanoindentation
technique. Their results showed in-plane Young's moduli of the TM samples are larger than
their values in the through-thickness direction, which means real TM tissues demonstrate
anisotropic behaviour. Zhang and Gan [45] performed dynamic testing of the human TM
and introduced a viscoelastic FE model via acoustic-structure coupled analysis. In another
study, Aernouts and Dirckx [46] quanti ed the viscoelastic properties of gerbil TM using
indentation measurements and by tting the relaxation data obtained from a FE model
to their equivalent experimental data. Moreover, the combination of non-linearity and
viscoelasticity of TM was investigated in a study accomplished by Motallebzadeh et al.
[41] in which the hyperelastic Ogden model was convolved with Prony series representing
exponential time-dependence of the TM. De Greef et al. [47] also estimated the viscous
damping in the TM with a more anatomically-accurate FE model of human TM based on
stroboscopic holography experimental results.

For the de nition of the viscoelastic behaviour of materials, di erent constitutive models
such as Maxwell, Kelvin-Voigt, Standard Linear Solid, and Burgers models have been
frequently used in the literature. More speci cally, for the characterization of the TM,
generalized Maxwell model was shown to work very well with the experimental results.
For stress relaxation experiments, a generalized Maxwell model can be represented by
Prony series [41]. The following equations represent shear modul@s,using Prony series:

X
G(t) = Go g1 e®) (2.5)

i=1

X
G(t)= G + g(e ) (2.6)

i=1

where Gy is the initial sh}ear modulus andG; is the long-term or steady-state shear
modulus, and Gy = G; + iN:1 g. Also, g and ; indicate relaxation coe cients and
relaxation times, respectively. The bulk relaxation modulusK (t), and elastic relaxation
modulusE (t), functions can also be found by replacings with bulk modulus, K,, and
elastic modulus,E, respectively. Table 2.2 shows some examples of viscoelastic material
properties for gerbil and human TM from the literature.
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Table 2.2: Viscoelastic models of the TM presented in the literature.

Reference Type Constant Value
Huang et al. [44] Human posterior TM E:. 6.8MPa
E, 7.6 MPa
E, 3.9MPa
Es 0.7MPa
1 1
2 10
3 100
Human anterior TM E. 6.2MPa
E, 6.23MPa
E, 3.4MPa
Es 3.6 MPa
1 1
2 10
3 100
Aernouts & Dirckx [46] Gerbil TM G, 0.807
G, 0.0712
G, 0.122
1 0.709
2 43.5
Motallebzadeh et al. [41] Posterior Human TM G, 0.18
G, 0.08
Gs 0.12
1 0.98
> 6.6
3 91.7

The fracture behaviour of the TM is another important mechanical characteristic that
has a signi cant in uence on its cutting process. Despite the abundance of studies on elas-
tic, hyperelastic, and viscoelastic properties of the TM, there has been restricted attention
to its fracture mechanics except few recent studies related to blast injury of the TM under
high strain rates [48, 49, 50, 51]. To the best of my knowledge, there has not been any
guantitative study on the cutting of the TM in the literature. Nevertheless, some studies
investigated the fracture toughness of human skin, which is the most similar biological
tissue to the TM.
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Pereira et al. [52] exploited scissor-cutting measurements to calculate dorsal and pal-
mar skin fracture toughness by scrutinizing the load-displacement plot. Also, Shergold and
Fleck [53] developed micromechanical models for deep penetration of soft solids through
two di erent crack propagation modes, respectively using sharp and blunt needles. Con-
comitantly, they performed experimental tests using sharp and blunt needles and measured
the needle penetration force in each case [54]. The results indicated that the sharp needle
penetrates by forming a mode | crack, whereas the blunt needle penetrates by a jerky and
unsteady movement in which the crack grows in mode Il. Some other studies also measured
the fracture toughness of the skin of animals like chickens, rats, and pigs [52, 55, 56, 57].
Tension tests, trouser tear tests, and needle insertion tests are the most prevalent tech-
niques used in determining fracture properties in these studies. Table 2.3 shows several
studies on the fracture toughness of human and animals' skin with their reported values.

Table 2.3: Fracture toughness of skin tissue.

Reference Test type Skin tissue Gc(kJ=m?)
Pereira et al. [52] | Scissors cutting Hand (palmar-longitudinal) 1.777
Hand (dorsal-circumferential) 1.719

Hand (palmar-along the creases) 2.365
Hand (palmar-across the creases) 2.616

Rat (Abdominal) 0.588
Purslow [58] Trouser Rat (perpendicular to spine) 13.2
Rat (parallel to spine) 26.9
Doran et al. [55] | Opening mode || Chicken (along the head-tail axis) 2.32
Comley & Fleck [56]| Trouser tear Porcine (dermal tissue) 17
Smith [59] Cutting Porcine 1.3
Barnett et al. [57] | Needle insertion Porcine [1-2.5]

2.2 Finite Element Modelling

In this part, we speci cally focused on modelling tissue deformation and the cutting pro-
cess using nite-element analysis (FEA), which is not only a powerful tool for modelling
biomechanical procedures but also practical in many di erent cases where real experimental
studies are not feasible. It also does not have medical and ethical challenges that experi-
mental research on humans and animals should usually deal with. Models of needle-tissue
interactions can be either non-invasive or invasive. In the rst category, the deformation
of tissue or needles prior to the tissue puncture or needle damage is considered without
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the direct implementation of any damage mechanism to the model while in the second
category, a mechanism of failure or damage like cohesive zone (CZ) is incorporated into
the model in order to enable crack propagation in soft tissue and the insertion of a needle
into it.

2.2.1 Non-invasive Finite Element Models

The earliest models in the literature of needle-tissue interactions were models in which no
crack propagation happened in the tissue and consequently, the needle did not penetrate
inside the tissue. Although some of these studies claimed modelling the penetration pro-
cedure, they did not include a damage mechanism to account for the cutting procedure.
Hereafter we call these models non-invasive. The needle in these models either did not
exist, was in external contact with the tissue, or was embedded in the tissue yet without
the capability of inducing further crack propagation. The popularity of these models has
had two main reasons: rstly, some applications do not require cutting tissues, and ana-
lyzing their deformation under the external load of the needle without crack propagation
in the tissue gives enough information on needle-tissue interaction (e.g., nding needle re-
action force preceding the tissue puncture and predicting tissue deformation under needle
indentation). Secondly, fracture modelling in a soft tissue, as a complicated non-linear
phenomenon, usually involves an immense computational cost and requires experimental
measurements for validation.

Aoyagi et al. [60] used an FE model of microneedle insertion into the skin tissue to
investigate stress concentration around the tip of microneedles of di erent shapes (i.e.,
straight, simple jagged, and harpoon shapes) and various widths and tip angles. To this
end, they used both 2D and 3D FE models for the simulation of sharp microneedles and
jagged shape microneedles imitating mosquito's proboscis. In their models, no failure crite-
rion was incorporated into the tissue; instead, the microneedle was embedded in the tissue
since the beginning. Their simulations were performed under a load-controlled condition
by applying a constant force along the centerline of the needle and nding the stress dis-
tribution in the tissue. The needle was considered to be made of polylactic acid (PLA)
and the skin tissue was modelled as silicone rubber with linear elastic material properties.
Figure 2.2A exhibits stress distribution in the skin tissue caused by microneedle insertion
in di erent geometrical and loading conditions. Due to symmetry, in their 3D model, only
a quarter of the needle was considered in all simulations. The results showed sharper and
thinner microneedles cause more severe stress concentration in the tissue leading to an eas-
ier penetration procedure. For more complicated jagged shape microneedles, however, the
distribution of stress concentration is not always identical. Needles with a simple jagged
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shape cause stress concentration only around the needle tip in the tissue while for harpoon
shape needles the stress concentration appears at the tip areas of the jagged protrusions.
Multiple stress concentrations happening in the tissue by harpoon-shaped needles can be
regarded as a more e ective option for easy needle penetration.

Although in some tissues under specic loading conditions linear mechanical proper-
ties can imitate the stress-strain characteristics, the behaviour of most biological tissues
can be captured more accurately using non-linear constitutive material models. Wittek
et al. [61] employed a fully non-linear FE model that considered both geometrical and
material nonlinearities using subject-speci ¢ constitutive properties to simulate needle in-
sertion into the brain tissue. They implemented their proposed model on the swine brain
and determined the constitutive properties experimentally. An Ogden hyper-viscoelastic
material model proposed by Miller and Chinzei[62] was adopted to de ne the constitutive
behaviour of the brain tissue.

Wittek et al. used magnetic resonance images to reconstruct the brain mesh from
the swine brain. Eight-node hexahedral elements with hourglass control were exploited in
their model. Figure 2.2B (top) illustrates the general view of the swine brain mesh with a
re ned mesh graft around the insertion location. The pia mater (a tissue layer enveloping
the brain) was modelled with Belytschko-Tsay shell elements [67] rigidly attached to the
hexahedral elements and using the Mooney-Rivlin constitutive model. Instead of directly
including the needle, they applied external boundary conditions on several pia mater nodes
representing the needle tip as shown in Figure 2.2B (bottom). By this means, they analyzed
the e ect of needle indentation on the brain surface in the pre-puncture phase without
incorporating any damage mechanisms.

Modelling the high-speed deformation of biological tissues, especially using complicated
3D models with non-linear material properties, involves high computational costs. There-
fore, it is necessary to choose a suitable numerical solver and an appropriate mesh type
to obtain reliable results with high enough accuracy while minimizing the computational
cost. Idkaidek and Jasiuk [63] simulated the interaction of a surgical knife and the porcine
liver using di erent implicit and explicit analysis schemes, as well as various element types
and mesh densities in ABAQUS, and investigated their e ects on the computation time
using a 3%-order polynomial form of Ogden hyperelastic material. The liver was de ned
as a nearly incompressible material using the material properties reported by Kemper et
al. [68]. The surgical knife was modelled with elastic properties and compared with a
rigid model of the knife, and from this comparison, the authors concluded that there are
no noticeable di erences between them in terms of simulation speed. The surgical knife
was meshed with hexahedral elements, whereas di erent meshing strategies using either
hexahedral or tetrahedral elements with various element sizes were considered for the tis-
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