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Summary

The human ear can be divided into three main parts, namely the external ear, the middle
ear and the inner ear. The middle ear consists of an eardrum and three ossicles, namely three
tiny bones (malleus, incus and stapes) which linked by each other, and connected with the
eardrum and the inner ear. The problem in the ear that makes the human being unable to hear
sounds in one or both ears is known as hearing loss. Hearing loss is one of the most severe
problem in usual life activity of the human being. WHO reports that over 5% of the world’s
population have hearing loss. Conductive hearing loss is the most common case due to
problem in the middle ear or outer ear at times. In the middle ear, conductive hearing loss
occurs due to chronic middle ear infection or glue ear where fluids fill up the middle ear so
that the eardrum can not move. The otosclerosis in which the ossicles in middle ear become
stiff or the dislocation of the three ossicles causes severe conductive hearing loss. The
eardrum with a hole also can result in the conductive hearing loss. The eardrum with a hole
accompanies liquid discharge from middle ear through the ear canal. Closing the hole in the
eardrum can prevent water entering in a middle ear and an ear infection. Conductive hearing
loss can often be treated with a surgery using artificial ossicles. The closure of the eardrum
with hole by surgery is myringoplasty. If it is possible to perform the simulation of dynamic
behavior of the human ear system before the surgery, it must be very helpful.

The purposes of this study are to develop a three-dimensional model of human ear
system, to simulate the dynamic behavior of human ear system containing middle ear system,
cochlea in inner ear, ligaments, tendon and tensor tympanic membrane and to examine the
proper material properties and dimensions of sliced materials used in myringoplasty using
finite element analysis (FEA).

The three-dimensional model of human ear system was developed using CAD software
(Solidworks 2015) with the shapes and dimensions considering by the other researchers.
Then, the three-dimensional model was exported to the finite element analysis software
(Hypermesh) to perform dynamic analyses namely eigen-value, frequency response and time
history response analyses. Six-node triangular elements and ten-node tetrahedron element
were used for the eardrums and the ossicles in finite element analysis, respectively. The
material properties of human ear system were defined considering previous published by the
other researchers. Three types of boundary conditions, namely clamped, torsional springs and
new boundary modeled with finite elements were used on the boundary of the eardrums.

In the dynamic analysis, the eigen-value analyses of the human ear systems and the four
types of eardrums, namely a normal eardrum, an eardrum with a hole, an eardrum repaired by
the sliced cartilage and the sliced material except cartilage were carried out. Using the eigen-
value analysis, it was examined that the proper thicknesses of sliced cartilage were 0.45 [mm]
to 0.45 [mm] and sliced material having the same material properties as the human eardrum
was 0.1 [mm] by comparing the vibration modes and natural frequencies of the four types of
eardrums. Then, the frequency response and time history response analyses of the human ear
system had been carried out. In the time history response analysis, Formant frequencies and
human voices were used as the frequencies of the external forces and input sound pressures,
respectively. It was confirmed that the calculation method in this study can perform dynamics
analysis of human ear system containing middle ear, cochlea, ligaments, tendon and tensor
tympanic membrane. Predictions from the model in this study may be useful to medical
department in researching new surgical reconstruction and provide useful information for the
design of prosthesis in the human ear system.
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Chapter 1

Introduction

1.1 Background

Human ear is one of the most complex organ in the human body. The human ear
can be divided into three main parts, namely the external ear, the middle ear and the
inner ear. The middle ear consist of an eardrum and three ossicles, namely three tiny
bones (malleus, incus and stapes) which linked by each other, and connect with the
eardrum and the inner ear. Sound waves enter the ear canal and make the eardrum
vibrate. This action moves the ossciles (malleus, incus and stapes) in the middle ear.
The stapes hit the part of cochlea in inner ear, namely membrane window. Inside the
cochlea contains tubes filled with fluid, sensory receptor and nerve receptor for
hearing.

The problem in the ear that makes the human being unable to hear sounds in one
or both ears is also known as hearing loss. Hearing loss is one of the most severe
problem in usual life activity of the human being. WHO reports that over 5% of the
world’s population have hearing loss. Conductive hearing loss is the most common case
due to problem in the middle ear or outer ear at times. In the middle ear, conductive
hearing loss occurs due to chronic middle ear infection or glue ear where fluids fill up
the middle ear so that the eardrum can not move. The otosclerosis in which the ossicles
in middle ear become stiff or the dislocation of the three ossicles causes severe

conductive hearing loss. Conductive hearing loss can often be treated with a surgery



using artificial ossicles. If it is possible to perform the simulation of dynamic behavior
of the middle ear before the surgery using artificial ossicles, it must be very helpful.

In the human middle ear, an eardrum with a hole can result in the conductive
hearing loss. The eardrum with a hole is also known as eardrum perforation. Eardrum
perforation accompanies liquid discharge from middle ear through the ear canal. The
hole in eardrum can be caused by an ear infection, an injury to the eardrum such as
poking an object like a cotton bud into the ear, changes in air pressure such as the diving
and a sudden load noise such as explosion. Closing the hole in an eardrum can prevent
water entering in a middle ear and an ear infection. The closure of the eardrum with
hole by surgery is myringoplasty. A sliced cartilage is generally used for myringoplasty.
The cartilage can be easily obtained from inside of the external ear.

Based on this background, the main subject of this research are modeling the
three dimensional model and simulation dynamic behavior of human ear system using
finite element method. The shape, dimension and material properties of the human ear
system were defined using the previous published by the other researchers. Then, the
eigen-value, frequency response and time history response analyses were performed to

simulate the dynamic behavior of human ear system.

1.2 Literature Review

A review of published papers dealing with the studies on finite element dynamics
of human ear system containing middle ear, cochlea in inner ear, ligaments, tendon and
tensor tympanic membrane is presented in this section. The papers were reviewed based
on the purposes of this research. The summary of the literature review is shown in Fig.

1.1.
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Fig. 1.1 Summary of the literature review

There are 56 [1 — 56] papers discussed about human ear system reached by the

author. As far as the author reached, there are 21 paper [1-21] reported on only

eardrums. The 9 papers [1 — 9] reported on normal eardrum and the 12 papers [10 — 21]

discussed about eardrum with sickness, in this case, there is a hole on the surface of the

eardrum. As for the eardrum with a hole, there are 3 papers [10-12] reported the hearing

ability of human using eardrum with hole and there are 9 papers [13-21] discussed about

the closure of eardrum by using cartilage as graft material. There are only 2 papers [20 —

21] reported the use of cartilage in myringoplasty using finite element analysis. Lee et.




al determined the characteristics of cartilage for optimal cartilage myringoplasty [20]
and the optimal graft thickness for cartilage myringoplasty with different sizes of
tympanic membrane [21]. As far as the author reached, there is no paper performing
time history response and eigen-value analysis to simulate the dynamic behavior of
eardrum with myringoplasty.

Then, the 31 papers [22 — 52] reported on human ear system consisting of middle
ear system, ligaments, tendon and tensor tympanic membrane. There are 23 papers [22 —
44] performing simulation using finite element analysis. Then, the 7 papers [22- 28]
performed eigen-value and frequency response analysis. There are 14 papers [29 — 42]
performing only frequency response analysis.

As far as the authors reached, there is no report performing time history response
analysis using Formant frequencies as the external forces and human voices as the input

sound pressures as presented in this study.

1.3 Purposes of Research
The purposes of this research are listed as follows

1. To make the three-dimensional model of the human ear system using CAD
software.

2. To simulate the dynamic behavior of the human ear system comprising the middle
ear, cochlea in inner ear, ligaments, tendon and tensor tympanic membrane using
finite element method.

3. To examine the proper material properties and dimensions of sliced materials used

in myringoplasty of humans using finite element method.



1.4 Description of Dissertation

The dissertation is described in the following manner. Chapter 1 presents the
background, literature review, purposes of the research and description of the
dissertation. The literature review is addressed to the dynamics analyses of the human
ear system using finite element method.

Chapter 2 presents a study on 3D modeling of the human ear system. The human
ear system is composed of the middle ear system, cochlea in inner ear, ligaments,
tendons and tensor tympanic membrane. Then, the middle ear system consists of the
eardrum and the three ossicles namely malleus, incus and stapes. The eardrum with flat
shape and the human eardrum with concave shape as analysis models is presented. The
clamped boundary condition on the boundary of the flat eardrum is presented. Then, the
clamped boundary condition and torsional spring were applied to the concave eardrum.
In this chapter, the eardrum with sliced materials used in myringoplasty was presented.
Four types of the eardrum namely normal eardrum, eardrum with a hole, eardrum
repaired by sliced cartilage and materials is developed in this step. Then, the 3D model
of three ossicles, cochlea in inner ear, ligaments, tendons and tensor tympanic
membrane were created.

Chapter 3 presents a study of dynamics analyses of the human eardrum using finite
element method. The eigenvalue analysis, frequency response analysis and time history
response analysis for the human eardrum are presented. The eigenvalue analysis and
frequency response analysis to simulate the dynamic behavior of the human eardrum
with flat shape and concave shape using finite element method are presented. Then, the
eigenvalue analysis for the eardrum with sliced materials used in myringoplasty to

compare the natural frequency and vibration modes to the normal eardrum is presented.



Chapter 4 presents a study of finite element dynamics of human ear system. The
eigenvalue, frequency response and time history response analysis was performed for
human ear system using torsional spring as boundary conditions. Then, the time history
response analysis using formant frequency on the external forces and human voices as
the external forces is presented. The human ear system using boundary modeled with
finite elements considering the four types of the eardrums are presented.

Finally, chapter 5 presents conclusions of the research. In additions list of reference
of reviewed literature and publications as the core of dissertation are given at the end of

this dissertations.



Chapter 2

3D Modeling of Human Ear System

2.1 Introduction

The purpose of the study presented in this chapter is to develop a 3D modeling of
human ear system. The geometric models on human ear system were generated by the
CAD software (Solidworks 2015) using the physical properties of components of the
human ear system reported by the other researchers.

The analysis model of human ear system used in this chapter is composed of the
middle ear system, cochlea in inner ear, ligaments, tendon and tensor tympanic
membrane. Then, the middle ear system consists of an eardrum and three ossicles
(malleus, incus and stapes). As for the eardrum, the eardrum with flat shape and the
human eardrum with concave shape are presented. The clamped boundary conditions
was used on boundary of eardrum with flat shape. Two types of boundary conditions
namely clamped and torsional spring are presented on boundary of human eardrum with
concave shape. The next step in this study, the eardrum with sliced materials used in

myringoplasty is also presented. Then, four types of the 3D models of the eardrums



namely normal eardrum, eardrum with a hole, eardrum repaired by the sliced cartilage
and the sliced material having the same material properties as the human eardrum are
develoed. The new boundary modeled with finite elements are presented for the four
types of the eardrum. Finally, the 3D modelling of the human ear system comprising the
middle ear system, cochlea in inner ear, ligaments, tendon, and tensor tympanic

membrane were developed.

2.2 Middle Ear System
2.2.1 Flat Eardrum (Eardrum with Flat Shape)

2.2.1.1 Analysis Model of Flat Eardrum

Figure 2.1 shows the shape and dimensions of flat eardrum. As for the dimensions of
the flat eardrum, the values of 10.0 [mm], 9.0 [mm] and 0.1 [mm] were used as the
major axis, the minor one and the thickness, respectively by considering those reported by
other researchers [3]. The shape and dimension of flat eardrum was made by using CAD
software (Solidworks 2015). Then, the shape and dimension were exported to the

Hypermesh as IGS file.

9 mim
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Thickness () = 0.1 mm

Fig. 2.1 Shape and dimensions of flat eardrum



In the Hypermesh software, the shape and dimension were meshed by using two
types of elements, namely three-node triangular element and six-node triangular
element. Figure 2.3 show the three-node element (low order element). In this element,
there are three node at the each corner of triangle shape. The triangular element with

three-node is also known as low order element.

FElement

Node

Fig. 2.3 Three-node triangular element (low order element)

Figure 2.4 shows the six-node triangular element (high order element). The six-
node triangular element was used for flat eardrum to perform eigen-value analysis and
frequency response analysis. The six-node triangular element is also known as high

order element.

Element

Node

Fig. 2.4 Six-node triangular element (high order element)



Figure 2.4 shows the finite element model of flat eardrum meshed by triangular
element. The three-node and six-node triangular element were investigated in this
analysis model using eigen-value and frequency response analysis. The comparison of
the usage of three-node triangular element and six-node triangular will be carried out in

this study.

&

L

i
o ’
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Clamped boundary condition

Fig. 2.4 Finite element model of flat eardrum meshed by triangular element

Figure 2.5 shows the clamped boundary condition applied on the boundary of
eardrum. In this study, clamped boundary condition is one of the boundary of the
eardrum used to perform dynamics analysis of the human eardrum using finite element

method.

Fig. 2.5 Clamped boundary condition applied on the boundary of eardrum

10



2.2.1.2 Examination of Proper Type and Number of Finite Elements on Flat

Eardrum

Proper type and partition number of finite elements on flat eardrum were examined.
Three-node and six-node triangular elements were used as finite elements. As for the
material properties of an eardrum, the values of 33.4 [MPa], 1.2 x 10* [kg/m’] and 0.3
were used as the Young’s modulus, the mass density and the Poisson’s ratio
respectively by considering those reported by other researcher [22]. Then frequency
response analyses were carried out for flat eardrum with the clamped boundary
condition using the HyperMesh (Finite Element Analysis (FEA) code).

Figure 2.6 shows the partition number of finite elements affecting natural
frequencies of flat eardrum with the clamped boundary condition. As for flat eardrum,
there are six natural frequencies less than 1,500 [Hz]. Then the displacements of natural
frequencies over 1,500 [Hz] become very small because a large value is used as the
structural damping coefficient over 1,500 [Hz]. The FEA solutions, namely numerical
solutions of natural frequencies are approaching to the analytical ones, namely exact
one as the number of finite elements become larger. The FEA solutions on natural
frequencies hardly vary over 1,000 elements. It is also well known that the
computational precision is not good for two-dimensional three-node triangular element
and three-dimensional four-node tetrahedron one because a strain becomes constant
inside those elements. Therefore, it was decided to divide the flat eardrum into 1,274

elements using the six-node triangular one in this research.
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Fig. 2.6  Partition number of finite elements affecting natural frequencies on flat

eardrum with the clamped boundary condition.

2.2.2 Concave Eardrum (Human Eardrum with Concave Shape)

2.2.2.1 Analysis Model of Concave Eardrum

Figure 2.7 shows the shape and dimensions of concave eardrum created by CAD
software. The shape of concave eardrum was created by using CAD software
(Solidworks 2015). Then, as for the major and minor axes of concave eardrum, the same
values as flat eardrum were used. For the height of the concave shape of concave
eardrum, the value of 1.5 [mm] was used considering by the other researcher [22]. The

concave shape of eardrum was exported to the Hypermesh as a IGS file.
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Fig. 2.7 Shape and dimensions of concave eardrum created by CAD software

Figure 2.8 shows the analysis model of concave eardrum. The concave shape of
eardrum was exported to the Hypermesh as an IGS file. In the Hypermesh, the shape of
concave eardrum were meshed using six-node triangular elements. For all material
properties of the concave eardrum, namely the Young’s modulus, the mass density and

the Poisson’s ratio, the same values as flat eardrum were used.

Fig. 2.8 Analysis model of concave eardrum
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2.2.2.2 Concave Eardrum Using Clamped Boundary Conditions

Figure 2.4 show the finite element model of concave eardrum that is divided by
1,220 pieces of six node triangular elements using clamped boundary conditions. The

boundary of the eardrum were fixed for all degrees of freedom.

o
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Clamped boundary conditions

Fig. 2.4 Finite element model of concave eardrum that is divided by 1,220 pieces of six-

node triangular elements using clamped boundary conditions

2.2.2.3 Concave Eardrum Using Torsional Spring as Boundary Conditions

Figure 2.5 shows the finite element model of concave eardrum using torsional
springs as boundary conditions that is divided by 1,220 pieces of six-node triangular
elements. The dimensions and the material properties of the concave eardrum using
torsional springs as boundary conditions are the same ones as those of the eardrum
using clamped boundary conditions. Each node at boundary of the eardrum using
torsional spring as boundary conditions has its own local coordinate frame. In the local
coordinate frame, three translational motions in the x-, y, and z-direction and two rotational
ones around the x-, y-, and z-axis were fixed. Then the torsional springs were applied at

the nodes on boundary of the concave eardrum. The torsional springs were used to

14



control the stiffness of boundary conditions in order to make the concave eardrum using

torsional springs as boundary conditions similar to a real human eardrum.

/' Rotational spring around y-axis ™

Node on boundary of Maodel 111 \

' /

Gilobal coordinate frame

Fig. 2.5 Finite element model of the concave eardrum using torsional springs as

boundary conditions that is divided by 1,220 pieces of six-node triangular elements

2.2.3.2 Validation of Torsional Springs Used as Boundary Conditions

The eigenvalue analyses were carried out for the concave eardrum with torsional
springs as boundary conditions using the HyperMesh (Finite Element Analysis (FEA)
code). Figure 2.6 shows the torsional spring constants affecting natural frequencies of
the concave eardrum using torsional springs as boundary conditions. The various
torsional spring constants were used in the range from K = 0 to K = 100 [Nmm/rad] for
the first six natural frequencies of the concave eardrum. The least square method was
used to make approximate curves. It can be seen that the first six natural frequencies

become constant in K = 0.1 [Nmm/rad] and more.
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Fig. 2.6 Torsional spring constants affecting natural frequencies of the concave eardrum

using torsional springs as boundary conditions

2.2.3 Eardrum with Sliced Materials used in Myringoplasty

2.2.3.1 Modeling of Boundary of Eardrum Using Finite Elements

Figure 2.7 shows the rotational springs element as boundary condition were used
for the eardrum with flat shape and the concave shape. In the rotational springs element
as boundary conditions, a local coordinate frame was defined for each rotational spring
element at a node on boundary of the eardrum. In each local coordinate frame, three
translational motions in the x-, y- and z- directions and two rotational ones around the x-,
and z- axes were clamped. As for the rotational spring constant around the y-axis, the
same value, Ko, = 3.0 x 10> [Nmm/rad] as the authors’ previous reports was used so
that the boundary conditions of an analysis model of an eardrum can become similar to

those of a human eardrum.
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Fig. 2.7 Boundary modeled with rotational spring elements
In order to make the modeling of boundary of an eardrum more simple, the new
boundary modeled with finite elements having the same dynamics behavior as the
boundary modeled with the torsional springs was proposed. Three types of boundary of
an eardrum were investigated. The three types of boundary were adjusted in three angles
to the horizontal, namely 0 degree, 90 degrees and 45 degrees. The boundary modeled
with finite elements using angles 0 degree, 90 degrees and 45 degrees to the horizontal
were defined as Model I, Model II and Model III, respectively. Fig. 2.8 Boundary
modeled with finite elements defined as Model I. In this boundary model, the finite
elements have the same thickness, # = 0.1 [mm] as the human eardrum. The boundary

was adjusted 0 degree (parallel) to the horizontal.

Eardrum

‘.,-""

Fig. 2.8 Boundary modeled with finite elements defined as Model I
Figure 2.9 show the boundary modeled with finite element defined as Model II. In
this model, the angle of boundary modeled with finite elements was adjusted 90
degrees to the horizontal. Then, the thickness of boundary, the finite elements have

thickness the same as the human eardrum.
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Fig. 2.9 Boundary modeled with finite elements defined as Model 11

Figure 2.10 shows the boundary modeled with finite elements. The angle of
boundary modeled with finite elements were adjusted 45 degrees to the horizontal. The
finite elements have the same thickness, # = 0.1 [mm] as the eardrum. The bottom and
other sides of boundary modeled with finite elements were clamped and connected to
finite elements of an eardrum, respectively. All boundary modeled with finite elements
were divided by 204 pieces of six-node triangular elements. As for material properties
of the boundary modeled with finite elements, the same mass density and Poisson’s
ratio as those of an eardrum were used. Then, the Young’s modulus was decided by trial
and error considering mode shapes and natural frequencies of the boundary modeled

with rotational springs elements.

Eardrum

g

(45\

Fig. 2.10 Boundary modeled with finite elements defined as Model III
The eigenvalue analysis was used to examine the Young’s modulus for all model of

boundary modeled with finite elements considering the vibration modes and natural
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frequencies of the boundary modeled with rotational springs elements. The value of £ =
491.1 [x 10° N/m?], 817.7 [x 10° N/m?] and 319.3 [x 10° N/m?] was obtained as the
Young’s modulus of the Model I, Model II and Model III, respectively by using trial
and error method. Then, the Model III with value of Young’s modulus, £ = 319.3 [x 10°
N/m?] was defined as the boundary of eardrum modeled with finite elements due to the
lowest Young’s modulus of the material properties. Then, the boundary modeled with

finite element defined as Model III were used for all analysis model in the next steps.

2.2.3.2 Normal Eardrum

Figure 2.8 shows the finite element model of a normal eardrum. The finite element
model of a normal eardrum was meshed by 2,150 pieces of the six-node triangular
elements. The material properties of an eardrum are shown in Table 1. As for the
material properties of eardrum, the same values used in the author’s previous report
were used. As for the boundary condition of the normal eardrum, the boundary modeled

with finite elements was used.

Thickness, 1 = 0.1 [mm]

Fig. 2.8 Finite element model of the normal eardrum
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Table 1. Material properties of eardrum and cartilage

Young’s modulus Mass density Poisson’s ratio
Materials
[x 105 N/m?] [x 10° kg/m’] [-]*
Eardrum 33 1.2 0.3
Cartilage 2.8 1.3 0.3

*[-] means a dimensionless quantity

2.2.3.3 Eardrum with a Hole

The eardrum with a hole causes often the problem called a conductive hearing loss.
Figure 2.9 shows the finite element model of the eardrum with a hole. The hole with
diameter, D = 2.5 [mm] was located between the center and the boundary of the
eardrum. This finite element model was used to examine the effect of the eardrum with

a hole to the hearing ability of a human.

Thickness, 1=0.1 [mm]

Fig. 2.9 Finite element model of the eardrum with the hole
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2.2.3.4 Eardrum Repaired by Sliced Cartilage

Figure 2.10 shows the finite element model of the eardrum repaired by sliced
cartilage. As for the diameter of sliced cartilage, the value of D = 2,5 (or 2.7) [mm] was
used. Then, as for the thicknesses (or thickness), ¢ of the sliced cartilage, the values
from 0.02 [mm] to 0.5 [mm] were used. Then, the sliced cartilage was meshed by the
six-node triangular elements. The material properties of sliced cartilage are shown in

Tablel.

Fig. 2.10 Finite element model of the eardrum repaired by the sliced cartilage or the

sliced material

2.2.3.5 Eardrum Repaired by Sliced Materials except Cartilage

Figure 2.10 shows the finite element model of the eardrum repaired by sliced
material except cartilage. In this section, the sliced material having the same material
properties as the human eardrum was used. As for the dimension of the sliced material,
the same diameter as the sliced cartilage was used. Then, the thicknesses of the sliced

material from = 0.02 [mm] to 0.5 [mm] were used.
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2.2.4 Three Ossicles (Malleus, Incus and Stapes)

The ossicles are consists of three bones located in the human middle ear that are
among the smallest bones in the human body. When the eardrum vibrates as sound hits
its surface, it sets the ossicles into motion. The ossicles are arranged in a special order to
perform their job. A tendon, tensor tympanic membrane and some ligaments namely
superior malleal ligament, posterior incudal ligament, lateral malleal ligament, anterior
malleal ligament were attached to the ossicles. The movements of the ossicles is
controlled by the ligaments, tendon and tensor tympanic membrane.

Figure 2.11 shows the finite element model of the malleus. The malleus is directly
behind and connected to the eardrum. The malleus also known as the hammer. A large
sound was collected by the hammer. The hammer is arranged so that one end attached to

the eardrum and the other side of the hammer connected to the incus.

Fig. 2.11 Finite element model of the malleus

Figure 2.12 shows the finite element model of the incus. The incus lays at the center
of the three ossicles connected to the malleus and the stapes. The incus shapes like an

anvil so that the incus is also know as the anvil. The incus forms a lever with the
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malleus thereby amplifying incoming sound and aiding in the impedance function of the

middle ear.

Fig. 2.12 Finite element model of the incus

Figure 2.13 the finite element model of the stapes. The stapes is the smallest and
lightest bone in the human body located between the incus and the inner ear. The stapes
is a bone in the middle ear of humans involved in the conduction of the sound vibration

to the inner ear.

Fig. 2.13 Finite element model of the stapes
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2.3 Cochlea in Inner Ear

A cochlea is a part of an inner ear. The cochlea has a snail-like shape and is filled
with fluid. There are tiny hair cells as a sensory receptor inside the cochlea. Two are
canals for transmission of pressure and in the third is the sensitive organ of Corti, which
detects pressure impulses and responds with the electrical impulses which travel along
the auditory nerve to the brain. The stapes, namely a part of three ossicles is in contact
with the surface of cochlea. In this research, the cochlea was modeled with the
translational springs as shown in Figure 2.14. The cochlea was modeled with a

translational in normal direction to the stapes footplate.

2.4 Ligaments

An anterior malleal ligament and a lateral malleal one in four ligaments are muscles
supporting the malleus in the middle ear as shown in Figure 2.14. Then, a superior
malleal ligament and a posterior incudal one in the other two ligaments are muscles
supporting the incus in the middle ear as shown in Figure 2.14. The four ligaments were
modeled with the translational springs in this research. Each ligaments was modeled by
using six translational springs in normal direction to the ossicles. Three springs were
applied for translational motion in x, y and z direction. Then, three springs were applied
for rotational motion around X, y, and z axis. The springs constants of each spring were
defined by using trial and error method. The ends of four ligaments are connected to the

wall of middle ear cavity. Then the ends of four translational springs were clamped.

2.5 Tendons
A posterior stapedial tendon is a muscle located at the head of the stapes as shown in

Figure 2.14. The stapes is the smallest bone in a human body. The purposes of posterior
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stapedial tendon are to decrease the vibration of the stapes by pulling on the head of the
stapes, to prevent excess motion of the stapes, and to control the amplitude of waves in
order to protect the inner ear from the loud sounds. In this research, the tendon was
modeled with the translational springs. There are six translational springs modeled as a
tendon in six degrees of freedom. The translational spring constants were defined by

using trial and error method.

2.6. Tensor Tympanic Membrane

A tensor tympanic membrane is a muscle attaching to the malleus as shown in
Figure 2.14. The tensor tympanic membrane can regulate the motion of the malleus. If
loud sounds are heard, the tensor tympanic membrane reduce the vibration by pulling
the malleus away from the eardrum. The tensor tympanic membrane was modelized
with the translational spring in this research. The end of the tensor tympanic membrane
connects to the wall of middle ear cavity. Then the end of translational spring was

clamped.

2.7 Human Ear System

Figure 2.14 shows the shape of middle ear system created using by CAD
software. The middle ear consists of an eardrum and three ossicles, namely malleus,
incus and stapes. The CAD software, namely Solidworks 2015 was used to create the
three dimensional model of the middle ear. The shapes and dimensions of the eardrum
were decided by considering the other researchers [3], [22]. Then, the shapes and
dimensions of the three ossicles were decided by considering the references [30], [43].
As for the dimensions of malleus, the value of 4.71 [mm] and 8.11 [mm] were used as

the length end manubrium to end lateral process and total length of malleus,
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respectively. The incus shape has long and short process. The length of long and short
process were 6.02 [mm] and 4.58 [mm)], respectively. Then as for the stapes dimension,
the value of 2.66 [mm], 2.64 [mm] and 1.32 [mm] were used as the height, length of

footplate and width of footplate, respectively.

Fig. 2.14 Shape of middle ear system created by using CAD software

A human ear system is composed of the middle ear, the cochlea in inner ear, the four
ligaments, the tendon and the tensor tympanic membrane as shown in Figure 2.15. In
the finite element model of human ear system, the eardrum and the three ossicles were
meshed by using six-node triangular elements and ten-node tetrahedron elements,
respectively. Then, the material properties of the human middle ear were defined

considering the other researchers. [29]
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Superior malleal ligament *

#o— Posterior incudal ligament *
Lateral malleal ligament *

Anterior malleal ligament *

Tensor tympanic membrane *

—— Cochlea *

Posterior stapedial
tendon #

* Considered as ranslational spring *® Considered as torsionel spring

Fig. 2.15 Finite element model of human ear system containing a middle ear, a cochlea

in an inner ear, four ligaments, a tendon and a tensor tympanic membrane

2.8 Conclusions
The summary of the results is shown below.

(1) The three-dimensional model of human ear system comprising middle ear system,
ligaments, tendon and cochlea had been developed using CAD software
(Solidworks 2015) considering the shape and dimension by the other researchers.

(2) In the three dimensional modeling of human eardrum, it was examined that the
computational precision in use of the six-node triangular element that is high-

order element is better than that of the three-node triangular element that is a low-
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order element because the three-node triangular element is the constant strain
triangle element.
(3) The new boundary of eardrum modeled with finite elements instead of boundary

modeled with torsional springs element had been developed.
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Chapter 3

Finite Element Dynamics of Eardrum

3.1 Introduction

The purpose of the study presented in this chapter is to simulate the dynamic
behavior of the human eardrum using finite element method. The analysis models of the
human eardrum were developed in the chapter 2. Then, the eigenvalue analysis,
frequency response analysis was carried out for all analysis model of the human
eardrums. Firstly, the eigenvalue and frequency response analyses of the human
eardrum with flat shape using clamped boundary condition were carried out. There are
two types of elements namely three-node triangular element and six-node triangular
element were used for dynamics analysis using finite element method. The comparison
between the two types of element are presented in frequency response analysis. Then,
dynamics analyses of the eardrum with concave shape were carried out using clamped
and torsional springs as boundary conditions. The frequency response of the human
eardrum with flat shape and concave shape are presented. Then, the eigenvalue analysis
were performed for the eardrum with sliced materials used in myringoplasty. The

comparison of vibration modes and natural frequency of the four types of the eardrum
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namely normal eardrum, eardrum with a hole, eardrum repaired by sliced cartilage and
material are presented. Finally, the dynamics analysis namely eigenvalue and frequency

response analysis of the human eardrum were performed.

3.2 Flat Eardrum Using Clamped Boundary Conditions
3.2.1 Material Properties of Eardrum

The material properties of the eardrum the flat eardrum using clamped boundary
condition is shown in Table 3.1. The material properties considering the previous
published by the other researchers [22].

Table 3.1 Material properties of eardrum

Young’s modulus Mass density Poisson’s ratio
Component
[x 10 N/m?] [x 10° kg/m’] [-]*
Eardrum 33 1.2 0.3

*[-] means a dimensionless quantity

3.2.2 Eigenvalue Analysis

In the dynamics analysis of the eardrum, the eigenvalue analysis was carried out to
obtain the natural frequencies and the vibration modes of the eardrum without the
damping. The natural frequencies and vibration modes can be obtained from the
equation of motion by using a homogeneous equation. If there is no damping force, the

homogeneous equation becomes

M+ Kx=0 G.1)
In Eq. (3.1), x is assumed by using the fundamental solution, e’/ as follows.
x=x," (3.2)
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where x, and o are the amplitude and the angular frequency of the finite element model,
respectively. The velocity and acceleration vectors in Eq. (3.1) can be given by the first

and second derivatives of the Eq. (3.2) shown as follows.
x=jwx,e’” (3.3)
¥=-w’x,e’” (3.4)

Then, by substituting Eqgs. (3.2) and (3.4) into the Eq. (3.1), the following equation can

be obtained.
~0’M x,0’® + K x,e/” =0 (3.5)
After simplifying Eq. (3.5), it becomes
oM+ k] x,e® =0 (3.6)
In Eq. (3.6), the angular frequency are not equal to zero (@ = 0), then Eq. (3.6) should

become
oM+ k] x, =0 (3.9)
or
o’Mx,=K x, (3.10)
The Eq. (3.10) can be solved as generalized eigenvalue problem given by
QMg =K ¢, 3.11)
where (27, € and ¢, denote the i-th eigenvalue, natural angular frequency and

eigenvector or vibration mode, respectively.

The i-th natural frequency can be written as follows.

‘Qi
fi=—, (=1,2,3...,n) (3.12)
2w
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3.2.2.1 Calculation Method

The natural frequencies and vibration modes were solved by the eigenvalue analysis.
The Optistruct of Hypermesh was used to perform eigenvalue analysis of the flat
eardrum. The eigenvalue analysis of the flat eardrum was performed in the frequency

range from 100 [Hz] to 10,000 [Hz].

3.2.2.2 Results

There were six natural frequencies less than 1,500 [Hz]. Figure 3.1 shows the first
six vibration modes of the flat eardrum. The first vibration mode has one loop in the
natural frequency 371 [Hz]. The second vibration mode and the third one have two
loops and one node in 733 [Hz] and 810 [Hz] respectively but in different directions.
There are two loops and two nodes for the fourth vibration mode and the fifth one in
1,211 [Hz] and 1,284 [Hz], respectively. The sixth vibration mode has one loop and two

nodes in 1,482 [Hz].

(a) Vibration mode of 1st natural frequency, fi = 371 [Hz]
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(d) Vibration mode of 4th natural frequency, fa = 1,211 [Hz]
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(e) Vibration mode of 5th natural frequency, fs= 1,284 [Hz]
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(f) Vibration mode of 6th natural frequency, fs = 1,482 [Hz]

Fig. 3.1 Vibration modes of the flat elliptic eardrum using clamped boundary conditions

3.2.3 Frequency Response Analysis

It is well known that there are two methods to perform frequency response analysis
namely direct method and modal method. In this research, frequency response analysis
of the finite element model was carried out by using modal method. In modal method,
the eigenvector or vibration mode of the finite element model was used to uncouple the

equation of motions and then the frequency response was obtained by summation of
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each modal responses. As for the external force, the harmonic excitation was assumed

as follows.

f=rf,e! (3.13)
Where f, and @ are the amplitude and the angular frequency of the harmonic excitation.

Then, the equation of motion of the finite element model can be written as follows.
M;+(1+ jG)Kz = f &' (3.14)

where z is the displacement. In Eq. (14), the displacement will be transform into the

modal displacement. The transformation equation is given by

z=gz(w)e’ ! (3.15)
where z(w) is the modal displacement. Then, the velocity and the acceleration can be

obtained as follows.
i = jopz(w)e’ ! (3.16)
i = dz(w)e’ ! (3.17)

by substituting the Egs. (3.15) and (3.17) into the Eq. (3.14), the equation of motion

becomes
—0’ Mg z(w) e’ +(1+ jG)Kdz(w)e’™ = f,e/”! (3.18)
After simplifying the Eq. (3.18), it becomes
[—w2M¢z(a))+(]+jG)K¢z(w)— f,,] AL (3.19)

Multiply the Eq. (19) by ¢' to uncouple the equation. Then, the following equation can

be obtained.

~o’¢" Mpz(w)+(1+ /)" Kpz(w)=4" £, (3.20)
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where ¢" Mg, ¢" K¢ and ¢’ f, are the generalized mass matrix, the generalized stiffness

matrix and the modal external force, respectively. The generalized mass matrix and the
generalized stiffness matrix are diagonal matrices. As for these diagonal matrices, the
equation of motion is uncoupled. In the uncoupled form, the Eq. (3.20) can be written

as a set of uncoupled single degree of freedom as follows.

: T :
—’my z{(0)+(1+ G k; zi (@)= f, (=1,2,3,...,n) (3.21)
where m; and k; are i-th modal mass and i-th modal stiffness, respectively. Each of the

modal responses can be obtained using

) — ¢in0 3.22
& (w) (1+]Gl )kl —C()Zml' ( . )

¢{7/
(3.23)

07+ G, Q7

or

Zi(a’)_

The displacement can be obtained by summation of the modal responses shown as

follows

z—z¢ zi(@)e®! (3.24)

3.2.3.1 Calculation Method

The Optistruct (Solver) of HyperMesh was used to carry out the frequency response
analysis. The three-node and six-node triangular elements were used in this analysis.
The frequency response analysis of flat eardrum was performed under the sound

pressure level, P = 2.0 x 107 [Pa] in the frequency range 100 [Hz] to 10,000 [Hz]. As

36



for the pressure load of frequency response analysis, the direction of pressure load was

normal to the element as shown in the Fig. 3.2.

Fig. 3.2 Sound pressure level normal to the flat eardrum.

3.2.3.2 Result

The frequency responses on umbo displacement of the flat eardrum under sound
pressure level, P = 2 x 107 [Pa] are shown in Fig. 3.3. The three-node and six-node
triangular elements were used. It can be seen that the result using the six-node triangular
elements was different from the one using the three-node ones. The three-node
triangular element is constant strain triangular element. In which the strain is constant
inside the element. Then it is well known that the computational precision is not good
for the three-node triangular element. For this reason, the six-node triangular elements

were used in this research.
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Fig. 3.3 Frequency responses on umbo displacement of the flat eardrum under sound

pressure level, P =2 x 107 [Pa]

3.3 Concave Eardrum Using Clamped Boundary Condition
3.3.1 Eigenvalue Analysis

3.3.1.1 Calculation Method

The eigenvalue analysis of the concave eardrum using clamped boundary condition
was carried out in the same frequency range with the flat eardrum. The eigenvalue
analysis was used to obtain the natural frequencies and the vibration modes of the

concave eardrum using clamped boundary condition.

3.3.1.2 Results

Figure 3.4 shows the vibration mode of the concave eardrum using clamped

boundary conditions less than 1,500 [Hz]. In that frequency range, six natural
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frequencies were solved. The first vibration mode of the concave eardrum has two loops
and two nodes in 2,919 [Hz]. Then, the second vibration mode has one loop in the major
axis direction and two nodes in 3,030 [Hz]. For the third vibration mode and the fourth
one have similar modes. There are three loops and three nodes for the third vibration
mode and the fourth one in 3,061 [Hz] and 3,064 [Hz], respectively. The fifth vibration
mode and the sixth one have more complex modes. The fifth vibration mode has three
loops and three nodes in 3,378 [Hz]. Finally, the sixth vibration mode has four loops

and four nodes in 3,422 [Hz].
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(b) Vibration mode of 2nd natural frequency, /> = 3,030 [Hz]

39



ERGENYEGTOR
=240
=240
=210
<181
< 180
o T 20
= 1B
« G0
<.}
= 0,00

(c) Vibration mode of 3rd natural frequency, f3 = 3,061 [Hz]
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(e) Vibration mode of 5th natural frequency, fs = 3,378 [Hz]
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(f) Vibration mode of 6th natural frequency, fs = 3,422 [Hz]

Fig. 3.4 Vibration modes of the concave eardrum using clamped boundary conditions

3.3.2 Frequency Response Analysis

3.3.2.1 Calculation Method

Under the same sound pressure and the same frequency range as the flat eardrum,
the frequency response analysis of the concave eardrum using clamped boundary
condition was performed using the Optistruct of HyperMesh. Then, the value of G = 0.4

was used as structural damping of concave eardrum using clamped boundary condition.

3.3.2.2 Result

Figure 3.5 shows the frequency responses of umbo displacement for the flat eardrum
and the concave eardrum with clamped boundary conditions under sound pressure level,
P =2 x 107 [Pa]. This results shows that the first natural frequency of the flat eardrum
is lower than the one of the concave eardrum. It is desired that the responses become

constant in frequency response characteristics of an eardrum. Human being can hear
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sounds well if they have an eardrum having the above characteristics. Then we can

understand that a concave eardrum is better than a flat one like the flat eardrum.
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Fig. 3.5 Frequency responses of umbo displacement for the flat eardrum and the
concave eardrum with clamped boundary conditions under sound pressure level, P =2 x

107 [Pa]

3.4 Concave Eardrum Using Torsional Springs as Boundary Conditions
3.4.1 Eigenvalue Analysis

3.4.1.1 Calculation Method

The eigenvalue analysis of the concave eardrum using torsional springs as boundary
conditions was carried out to obtain the natural frequencies and the vibration modes in
the frequency range from 100 [Hz] to 10,000 [Hz]. The torsional spring constant,
Kyp=3.0 x 10° [Nmm/rad] was used for the rotational motion around the y-axis on the
boundary of the eardrum considering by the other researcher. The torsional springs were
used as boundary condition in order to the boundary of the eardrum same as the real

human eardrum.
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3.4.1.2 Results

Figure 3.6 shows the vibration modes of concave eardrum using the torsional spring
constant, K9 = 3.0 x 10° [Nmm/rad] on the boundary. The first, second and third
vibration modes have similar modes. Their vibration modes have two large loops and
two small ones in fi = 2,599 [Hz], = 2,616 [Hz] and f3 = 2,621 [Hz], respectively. The
fourth vibration mode has one large loop and two small ones in f3 = 2,661 [Hz]. The
fifth vibration mode has four loops in f5 = 3,012 [Hz]. Then, the sixth vibration mode

has eight loops in fs= 3,116 [Hz].
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EIGEMVECTOR

(d) Vibration mode 4th natural frequency, f4 = 2,661 [Hz]

EIGENVECTOR

= 2,02
- EEEL
=1.FT
= 1.5
< 126
<1
= {L,7h
= .51
= {.25
<100

¥,

.
i

| Bl ¥

(e) Vibration mode 5th natural frequency, /s = 3,012 [Hz]
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(f) Vibration mode 6th natural frequency, fs = 3,116 [Hz]

Fig. 3.6 Vibration modes of concave eardrum using the torsional spring constant, K =

3.0 x 10”° [Nmm/rad] on the boundary of the eardrum

3.4.2 Frequency Response Analysis

3.4.2.1 Calculation Method

The Optistruct of HyperMesh was used as the solver to perform the frequency
response analyses of flat eardrum using clamped boundary conditions and concave
eardrum using the torsional springs on the boundary under the sound pressure level, P =2.0
x 107 [Pa] in the frequency range from 100 [Hz] to 10,000 [Hz]. As for the structural
damping coefficient, G, the value of G = 0.4 proposed by the other researchers [1] was
used. Two kinds of values on the torsional spring constants were used on the boundary
of the concave eardrum. The torsional spring constant, K¢= 0.1 [Nmm/rad] was used so
that the result can be similar to that with the clamped boundary conditions. Then the
torsional spring constants, Ko = 3.0 x 10 [Nmm/rad] proposed by the other researchers

[22] was used so that the results can be similar to those of a human ear.
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3.4.2.2 Result

Figure 3.7 shows the frequency responses on displacement of umbo of flat eardrum
using clamped boundary conditions and concave eardrum using torsional spring on the
boundary under the sound pressure level, P = 2.0 x 10 [Pa]. The results show that the fist
natural frequency of flat eardrum is quite lower than them of concave eardrum. A frequency
response of a human ear is desired to be constant in a broad frequency range. A human
being can easily hear sounds well if the frequency response of an eardrum has the above
characteristics. Then, it means that a concave shape is better than a flat one like flat eardrum
as a shape of an eardrum. It is assumed that a shape of a human eardrum may be a

concave one in the process of evolution.
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Fig. 3.7 Frequency responses on displacement of umbo of flat eardrum using clamped
boundary conditions and concave eardrum using torsional spring on the boundary under

the sound pressure level, P =2.0 x 107 [Pa]
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3.5 Eardrum with Sliced Materials used in Myringoplasty
3.4.1 Eigenvalue Analysis

3.4.1.1 Calculation Method

The Optistruct of Hypermesh was used to carry out eigenvalue analysis of the
four types of the eardrums. The eigenvalue analysis was carried out to obtain
natural frequencies and vibration mode of the four types of the eardrums in the
frequency range from 100 [Hz] to 10,000 [Hz]. The proper thickness of both sliced
cartilage and sliced material having the same material properties as the human
eardrum were examined in order to obtain the similar vibration modes as the
normal eardrum.

In order to obtained the proper thickness of both sliced cartilage and sliced
material having the same material properties as the human eardrum using eigen-
value analysis, the comparison of vibration modes and natural frequencies between
sliced cartilage and sliced material were carried out. Figure 3.8 shows the sliced
cartilage and sliced material used in myringoplasty of humans. In this analysis
model, two layers of element, namely eardrum and sliced cartilage or material
were developed. The shape of eardrum like ring have outside and inside diameter,
D = 2.7 [mm] and D = 2.5 [mm], respectively. Then, the sliced cartilage and

material have diameter, D = 2.7 [mm)].
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Eardrum Sliced cartilage or material

Fig 3.8 Sliced cartilage and sliced material used in myringoplasty of humans

The angular natural frequencies of sliced cartilage and sliced material can be

expressed using the equation as shown below.

tcm Ecmg
:a 2 2
“CRN\(1-v") 7.,

(3.1)

where aqc, tem, R and g are the dimensionless coefficient, thickness, radius of sliced
cartilage or material and gravitational acceleration, respectively. Then, E, v and y
denote the Young’s modulus, Poisson’s ratio and mass density, respectively.

In this case, the radius, gravitational acceleration and Poisson’s ratio of the sliced
cartilage are the same as sliced material. Then, in order to obtain the same natural
frequencies between sliced cartilage and sliced material having the same material

properties as the human eardrum, the Eq. (3.1) become

(o Ee =g, [En (3.2)
Ve Vm

After simplifying Eq. (3.2), it becomes

(=1, [2nte (3.3)
Ec¥m
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The thickness of sliced material having the same material properties as the human
eardrum can be assumed as ¢ = 0.1 [mm]. Then, the value of # = 0.358 [mm] was
obtained as the thickness of sliced cartilage using Eq. (3.3). Furthermore, the thickness
of sliced cartilage ¢ = 0.4 [mm] was used to carry out eigen-value analysis of the

eardrum repaired by sliced cartilage.

3.4.1.2 Results

Figure 3.9 shows the vibration modes of the four types of eardrums. As for the
vibration modes of the eardrum with a hole, the main mode shapes appeared around the
hole. Usage of the sliced material with thickness, # = 0.1 [mm] having the same material
properties as the normal eardrum was recommended so that its vibration modes can
become the similar ones as the normal eardrum.

As for the eardrum repaired by sliced cartilage used in myringoplasty, when the
value of # = 0.4 [mm] was used as the thickness of sliced material, the vibration modes
of the 1st and 2nd natural frequencies became of the similar ones as those of the normal
eardrum.

Then, the vibration modes of the 3rd, 4th, 5th and 6th natural frequencies became
the similar ones as the normal eardrum when the value of # = 0.45[mm] was used as the

thickness of sliced cartilage.
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Fig. 3.9 Vibration modes of the four types of eardrums
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Figure 3.10 shows the effect of sliced material having the same material properties as
the eardrum and the sliced cartilage on natural frequencies. The natural frequencies of the
eardrum repaired by sliced material having the same material properties as the normal
eardrum approached those of the normal eardrum when the value of # = 0.1 [mm] was used
as the thickness of the sliced material. The natural frequencies of the eardrum repaired by
the sliced cartilage became lower than those of the normal eardrum or the eardrum repaired
by the sliced material having the same material properties as the normal eardrum. The
reason why the natural frequencies of the former were lower than those of the latter is
thought as follows.

The thickness of the sliced cartilage should be made to # = 0.4 [mm] in order to match
vibrational characteristics of the sliced cartilage with those of the sliced material having the
same material properties as an eardrum. In this case, the mass of the sliced cartilage
becomes four times as that of the other. It is thought that the effect of this large mass of a
sliced cartilage may decrease the natural frequencies of the eardrum repaired by the sliced
cartilage than those of the other. Then, the natural frequencies of the eardrum repaired by
sliced cartilage approached the 1st natural frequency of the normal eardrum when the
thickness of # = 0.35 [mm] was used. While, when considering the vibration modes shown
in Fig. 3.9, using the thickness of # = 0.4 [mm] as that of the sliced cartilage could give the
most similar vibration modes as those of the normal eardrum. Furthermore, the 2nd, 3rd,
4th, 5th, and 6th natural frequencies of the eardrum repaired by sliced cartilage with
thicknesses from ¢ = 0.15 [mm] to 0.5 [mm] approached those of the normal eardrum in
Fig. 3.10. Consequently, it is thought that the proper thicknesses of sliced cartilage used in
myringoplasty are from 0.4 [mm] to 0.45 [mm] by considering the calculated results in a

comprehensive way.
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3.6 Conclusions
The summary of results is shown below

1. The eigen-value and frequency response analysis of flat eardrum using clamped
boundary condition, concave eardrum using two types boundary condition, namely
clamped and torsional springs had been carried out.

2. The new boundary of eardrum modeled finite elements having the same dynamic
behavior as the boundary modeled with torsional springs that is similar to those of
human eardrum had been carried out.

3. It was determined that the proper thicknesses of the sliced cartilage were 0.45 [mm]
to 0.45 [mm] and sliced material having the same material properties as the human
eardrum was 0.1 [mm] using the eigen-value analysis by comparing the vibration

modes and natural frequencies of the four types of the eardrums.
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Chapter 4

Finite Element Dynamics of Human Ear System

4.1 Introduction

The purpose of the study presented in this chapter is to simulate dynamic behavior
of human ear system using finite element method. The human ear system in this chapter
1s composed of middle ear, cochlea in inner ear, ligaments, tendon and tensor tympanic
membrane. Eigenvalue, frequency response and time history response analysis were
performed for human ear system using torsional spring as boundary condition and
boundary modeled with finite elements. Then five structural damping coefficients were
used for the frequency response analyses to examine the effect of structural damping
coefficients on the displacements of stapes in 1,500 [Hz] and more. In the time history
response analysis of human ear system using torsional springs as boundary conditions,
format frequencies and human voices were used as external forces. The human voices
downloading from a website opening sample as wav files were used. As for the human
ear systems using boundary modeled with finite elements, four types of eardrum were
used for each human ear system. Then, frequency response analyses were performed to

compare the response of the four types of human ear system. Finally, the time history
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response analyses of the four types of human ear system were carried out using human
voices as input sound pressures in order to confirm the effects of the sliced materials in

myringoplasty.

4.2 Material Properties of Middle Ear
Table 1 shows the material properties of middle ear used in the present calculations.
The values in Table 1 were decided by considering the references [22], [43].

Table 1. Material properties of middle ear.

Young’s modulus Mass density Poisson’s
Structure
[x 10° N/m?] [x 107 kg/m?] ratio [-]*
Eardrum 0.033 1.20 0.3
Malleus 14.0 2.55 0.3
Incus 14.0 2.36 0.3
Stapes 14.0 2.20 0.3

* [-] means a dimensionless quantity

4.3 Spring Constants and Boundary Conditions

Table 2 shows the translational spring constants of ligaments, a tendon, a tensor
tympanic membrane and a cochlea. As for the ligaments, the tendon and the tensor
tympanic membrane, each of them was considered as three translational springs in x, y
and z directions. The indexes, x, y and z of each spring constant denote the local
coordinates of itself. The x-direction of each local coordinate frame was defined in the
normal direction to the surface of an ossicle. The values of translational spring constants,
Ki (i = x, y, z) for the ligaments, the tendon, the tensor tympanic membrane and the

cochlea were decided by trial and error so that the stapes can perform a piston motion in
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the x-direction of local coordinate frame. The stapes contacting with the cochlea moves

like a piston in the x-direction.

Table 2. Translational spring constants of ligaments, a tendon, a tensor tympanic

membrane and a cochlea.

Component Spring constant, Spring constant,
K, [N/mm] K, = K; [N/mm]
Anterior malleal ligament 1.2 0.3
Lateral malleal ligament 1.2 0.3
Superior malleal ligament 1.2 0.3
Posterior incudal ligament 1.2 0.3
Tensor tympanic membrane 1.2 0.3
Posterior stapedial tendon 1.2 0.3
Cochlea 0.2 -

As for the boundary conditions of the eardrum, a local coordinate frame was
defined at each node of boundary of the eardrum. In each the local coordinate frame,
three translational motions in the x-, y- and z- directions and two rotational ones around
the x-, and z- axes were clamped. Then, the torsional springs of Ky, were applied to the
rotational motions around the y-axes, on the nodes of boundary of the eardrum. The
torsional springs of Ky, were used to adjust the stiffness of boundary of the eardrum in
order to make the boundary conditions of the eardrum similar to those of a human
eardrum. As for the torsional springs on boundary of the eardrum, the same values,

Koy = 3.0x10”° [Nmm/rad] as the authors’ previous report were used [22].
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4.4 Human Ear System Using Torsional Springs as Boundary Conditions
4.4.1 Eigenvalue Analysis

4.4.1.1 Calculation Method

The Optistruct of Hypermesh was used to carry out eigen-value analysis of human
ear system using torsional springs as boundary conditions. The eigen-value analysis of
the human ear system was carried out to obtain the natural frequencies and the vibration

modes in the frequency range from 100 [Hz] to 10,000 [Hz].

4.4.1.2 Results

Figure 4.1 shows the vibration modes of the human ear system. The first, second
and third vibration modes have similar modes, but the directions of motions of the three
ossicles are different. Then the first vibration mode has one small loop. The three
ossicles move in the normal direction to the surface of the eardrum in f; = 1,033 [Hz].
The second vibration mode in f, = 1,728 [Hz] has two small loops. The directions of
motions of the three ossciles in /> = 1,728 [Hz] are different from the first one in fi =
1,033 [Hz]. Furthermore, the third vibration mode in f3 = 1,846 [Hz] has two small
loops, and the directions of motions of the three ossicles are different. The fourth, fifth
and sixth vibration modes have similar modes in which the displacements at loops of
the three ossicles are very small. The fourth vibration mode in fi = 2,659 [Hz] has two
loops in which the both loops have the same direction on displacements. The fifth
vibration mode in fs = 2,697 [Hz] also has two loops, but one loop moves in the
opposite direction to the other one. Then, the sixth vibration mode has four large loops

and one small loop in fs = 3,013 [Hz].
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Fig. 4.1 Vibration modes of the human ear system
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4.4.2 Frequency Response Analysis

4.4.2.1 Calculation Method

Figure 4.2 shows the structural damping used for the human ear system using the
structural damping coefficient of G = 0.4 in 1,500 [Hz] and less, and five kinds of
values on G in 1,500 [Hz] and more. The Optistruct of Hypermesh was used to carry
out the frequency response analyses of the human ear system using the torsional spring
constant, Kg, = 3.0 x 10~ [Nmm/rad] on the boundary under the sound pressure level,
P = 2.0 x 107 [Pa] in the frequency range from 100 [Hz] to 10,000 [Hz]. Then five
structural damping coefficients were used for the frequency response analyses to
examine the effect of structural damping coefficients on the displacements of stapes in

1,500 [Hz] and more.
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Fig. 4.2 Structural dampings used for the human ear system using structural damping
coefficient of G = 0.4 in 1,500 [Hz] and less and five kinds of values on G in 1,500

[Hz] and more
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4.4.2.2 Results

Figure 4.3 shows the frequency responses of displacements of the stapes of the
human ear system. The use of structural damping coefficient of G = 0.4 can make the
displacement constant at the frequency less than 1,000 [Hz]. However, The value of
G = 0.4 makes the displacement very large in 1,500 [Hz] and more. Therefore, the
frequency response analyses using five kinds of structural damping coefficients were
carried out to decrease the large displacements in 1,500 [Hz] and more. Then, the value
of G = 2.5 was selected as the structural damping coefficient in 1,500 [Hz] and more.
Furthermore, it can be seen that the first natural frequency of the human ear system
became around 1,000 [Hz]. It is well known that the first natural frequency of a human
middle ear becomes around 1,000 [Hz] [22], [30]. Then, the frequency responses

calculated in this study show the similar results reported by the other researchers [22],

[44].
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Fig. 4.3 Frequency response of the stapes displacement of the human ear system
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4.4.3 Time History Response Analysis

4.4.3.1 Formant Frequencies on External Forces
4.4.3.1.1 Formant Frequencies

Formants are specific frequencies components of the acoustic signal produced by
speech or singing. The information that humans require to distinguish between speech
sounds can be represented purely by tube and chamber resonance. The formant with the
lowest frequency is called F, the second F> and the third F3. Most often the two first
formants F and F; are enough to distinguish the voice of vowel. Figure 4.4 shows the
time history of the human vowel. The voices of vowels were recorded to obtain the time
history of human vowel. Three types of voices of Japanese man, namely vowels “a”, “i”

and “o” were used. Then, the FFT (Fast Fourier Transform) was used to obtain the

frequency response of human vowel.
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Fig. 4.4 Time history response of the human vowel
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Figure 4.5 shows the frequency response of human vowel. In the frequency
response of human vowel, three frequencies resonant or natural frequencies of human

vowel were plotted. The Fi, F> and F3 were first, second and the third Formants

frequencies.
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Fig. 4.5 Frequency response of human vowel
Figure 4.6 shows the Formant frequencies of Japanese man. The vertical and
horizontal axis were the first Formant, F; and second Formant, F>, respectively. The
frequencies, F; = 750 [Hz], F; = 1,250 [Hz] and F; = 2,500 [Hz] are the first Formant
frequencies of “0”, “a” and “i” ,respectively used in the time history response analysis of
human ear system.
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Fig. 4.6 Formant frequencies of Japanese man
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4.4.3.1.2 Calculation Method

The Optistruct of HyperMesh was used to carry out time history responses analyses
of human ear system. The value of P =2.0 x 107 [Pa] was used as the external pressure
subjected to the eardrum. As for the frequencies of the external pressure, the Formant
frequencies were used. The frequencies, F; = 750 [Hz], F; = 1,250 [Hz] and F; = 2,500

[{PN2) [{P=2)

[Hz] are the first Formant frequencies of “0”, “a” and

[15e4]
1

in human simple vowels,
respectively. Then as for the structural damping coefficients, G, the values of G = 0.4 and
G = 2.5 were used in 1,500 [Hz] and less, and in 1,500[Hz] and more, respectively. As
for the incremental time, Af and the number of time, N, At = 1.0 x 10 [s] and N = 800

were used, respectively.

4.4.3.1.3 Results

Figure 4.7 shows the time history responses of displacements in the stapes of human
ear system when the eardrum was subjected to the external pressure, P = 2.0 x 10 [Pa]
consisting of the Formant frequencies of human voice. It can be seen that the time
history responses using the Formant frequencies, F; = 750 [Hz] and F; = 1,250 [Hz]
have almost the same displacements. Otherwise, the time history response using the
Formant frequency, F;= 2,500 [Hz] has smaller displacements than the others. It must
be due to that the large structural damping coefficient, G = 2.5 was used in 1,500 [Hz]

and more.
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Fig. 4.7 Time history responses of displacements in the stapes of human ear system
when the eardrum was subjected to the external pressure, P = 2.0 x 10~ [Pa] consisting
of the Formant frequencies of human voice
4.4.3.2 Human Voices as External Forces

4.4.3.2.1 Original Human Voices Downloading From Website

Figure 4.8 shows the time histories of original sound pressures downloaded from

the website opening samples of human voices as wav files (http://www.geocities.jp/

onsei2007/wav_data51/wav_data 51.html). Firstly, the downloaded human voices such

€69 ¢¢, 9

as “i”, “u” and “e” were converted to csv files using Scilab. Each human voice has a

single channel, namely a mono sound in 0.25 [s].
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Fig. 4.8 Time histories of original sound pressures downloaded from a website opening

samples of human voices as wav files (http:/www.geocities.jp/onsei2007/

wav_data51/wav_data51.html)

4.4.3.2.2 Creating Input Sound Pressures

Two types of sounds were created by using the downloaded original sound
pressures. The first type of sounds are the sound pressures in 0.022[s] to use as input
data, namely external forces in Hypermesh. The second type of them are the sound
pressures in 2[s] to evaluate the sounds by listening them. Figure 4.8 shows the time
histories of sound pressures in 0.02[s] created by connecting three basic waveforms so
that they may not exceed the limitation of input data in Hypermesh. As for the second
type of sounds, they were created as data in 2[s] so that the authors can evaluate them,
by the same method as the first type of them. The waveforms of created sound pressures

(132
1

on vowel “e” are a little more complex than vowels “i”” and “u”.
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Figure 4.9 shows the evaluation of differences among the original sounds, the
sounds in 2[s] created as input data of Hypermesh and the sounds in 2[s] created by
using the results calculated by Hypermesh. The created sound pressures of csv files
were converted to wav files by using Scilab. Then, the original sounds and the sounds
in 2[s] created in the same way as input data of Hypermesh of wav files were played in
order to evaluate them before using them as input data of Hypermesh. Then, the
original sounds and the created sounds were compared for each vowel. The results of
evalutions showed that the created sounds on vowels “i”, “u” and “e” were identical to
its original sounds. Therefore, the created sounds as input data for the three vowels

were feasible to input them into the Hypermesh in order to carry out the time history

response analysis of the human ear system.

Basic waveform of vowel "i"

I

=]

4 LI a

A

-3

Sound Pressure, £ [* 10 N/mm?|

]
[

0 2 4 6 ¥ 10 12 14 16 18 20 22
Time, ¢ [* 10~ 5]

7D
1

(a) Created sound pressure on vowel

71



Basic waveform of vowel "u"
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Fig. 4.8 Time histories of sound pressures in 0.022[s] created by connecting three basic

waveforms so that they may not exceed the limitation of input data in Hypermesh
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Fig. 4.9 Evaluation of differences among the original sounds, the sounds in 2[s] created
as input data of Hypermesh and the sounds in 2[s] created by using the results

calculated by Hypermesh.

The Optistruct in HyperWorks was used to carry out time history responses analysis
of human ear system. The sound pressure in 0.022[s] on vowel “i”’, “u” or “e” created
for input data was load to the eardrum of human ear system as the external force. Then,
as for the structural damping coefficients, G, the values of G = 0.4 and G = 2.5 were
used in 1,500 [Hz] and less, and in 1,500 [Hz] and more, respectively. As for the

incremental time, Af and the number of time, N, Az = 1.0 x 10 [s] and N = 220 were

used, respectively.

4.4.3.2.3 Results

Figure 4.10 shows the calculated time history responses of displacements at the
stapes when the eardrum was subjected to the created sound pressures. In comparison
between the created input data shown in Figure 4.8 and the calculated output ones
shown Figure 4.10, it is understood that high frequency components of the calculated
output data reduce due to an effect of the structural damping.

The sounds in 2[s] created by using the calculated output data of csv files were
converted to wav files by using Scilab. Then both the sounds in 2[s] created in the same

way as the created input data and the sounds in 2[s] created by using the calculated
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output ones of wav files were played in order to evaluate them. The evaluation of
differences between both the sounds in 2[s] was carried out as shown in Figure 7. In the
results of evaluation, it was obtained that the sounds of calculated output data could be
heard more clearly than those of the created input ones because the high frequency
components of calculated output data reduced due to the effect of the structural

damping.
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(c) Displacement for vowel “e”

Fig. 4.10 Calculated time history responses of displacements at the stapes when the

eardrum was subjected to the created sound pressures

4.5 Human Ear System Using Boundary Modeled with Finite Elements Considering
Four Types of Eardrums

Figure 4.11 shows the example finite element models of human ear systems
containing a middle ear, a cochlea in inner ear, four ligaments, a tendon and a tensor
tympanic membrane. As for the human ear systems, each human ear system includes
each eardrum in the four types of eardrums. The ligaments, tendon and tensor tympanic
membrane were considered as translational springs. The shapes and dimensions of the
three ossicles were decided by considering the references [29],[43]. Then, the CAD
software (solidworks 2015) was used to create the three dimensional model of the
human ear systems. The eardrums and the three ossicles were meshed by using six-node

triangular elements and ten-node tetrahedron elements, respectively.
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+—— Superior malleal ligament *

<— Posterior incudal ligament *
Lateral malkeal lgament ®

Anterior malleal ligament *
Tensor tympanic membrane ®

*+— Cochlea *
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tendon *

Shiced materials

Boundary modehized with finite elements

* Considered as translational spring

Fig. 4.11 Example of finite element models of human ear systems containing a middle

ear, a cochlea in an inner ear, four ligaments, a tendon and a tensor tympanic membrane

Table 2 shows the material properties of ossicles. The values in table 2 were decided
considering the author’s previous published [22].

Table 2. Material properties of ossicles

Young’s modulus Mass density [* Poisson’s ratio [-]*
Structure
[x 10° [N/m?] 10° kg/m’]
Malleus 14 2.55 0.3
Incus 14 2.36 0.3
Stapes 14 2.20 0.3

*[-] means a dimensionless quantity

Table 3 shows the translational springs constants of ligaments, a tendon, a tensor
tympanic membrane and a cochlea. As for the ligaments, the tendon and the tensor
tympanic membrane, each of them was considered as three translational springs in x, y
and z directions. The indexes, x, y and z of each spring constant denote the local

coordinates of itself. The x-direction of each local coordinate frame was defined in the
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normal direction to the surface of an ossicle. The values of translational spring
constants, K; (i = x, y, z) for the ligaments, the tendon, the tensor tympanic membrane
and the cochlea were decided by trial and error so that the stapes can perform a piston
motion in the x-direction of local coordinate frame. The stapes contacting with the
cochlea moves like a piston in the x-direction. As for the boundary of the eardrums, the
boundary modeled with finite elements was used as boundary condition of the

eardrums.

Table 3. Translational springs constants of ligaments, a tendon, a tensor tympanic

membrane and a cochlea

Component Spring constant, Kx Spring constant,

[N/mm] Ky =K, [N/mm]
Anterior malleal ligament 1.2 0.3
Lateral malleal ligament 1.2 0.3
Superior malleal ligament 1.2 0.3
Posterior incudal ligament 1.2 0.3
Tensor tympanic membrane 1.2 0.3
Posterior stapedial tendon 1.2 0.3

Cochlea 0.2 -

4.5.1 Frequency Response Analysis

4.5.1.1 Calculation Method

The frequency response analysis was performed to compare the responses of the four
types of human ear systems under the sound pressure level, P = 2.0 x 10~ [Pa]. The

Optistruct of Hypermesh was used to carry out the frequency response analysis in the
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frequency range 100 to 10,000 [Hz]. The structural damping coefficients of G = 0.4 for

less than 1500 [Hz] and G = 2.5 for more than 1500 [Hz].

4.5.1.2 Results

Figure 4.12 shows the frequency responses of the four types of human ear systems.
The human ear system using eardrum with a hole has the lowest displacement in low
and high frequency. Then, the displacement of the human ear system using the eardrum
repaired by the sliced material with thickness, # = 0.1 [mm] having the same material
properties as the eardrum was approaching the displacement of human ear system using
the normal eardrum rather than the human ear system using the eardrum repaired by the
slice cartilage in low and medium frequencies. Otherwise, in the high frequency, the use

of sliced cartilage with thickness, = 0.4 [mm] was better than sliced material.

100

10

Displacemennt, d [* 10-'* mm)

0.2 .25 (130

0.1 1.0 [ 0.0
Frequency, /[= 10° Hz]

— Mormal eardrum with thickness, ¥ = 0.1 [mim)|

----- Fardrum with thickness, £ = 0.1 [min] having the hole
with diameter, &3 = 0.25 [mm]

= Eardrum with thickness. r= 0. 1 [mm) repaired by
the sliced material with thickness, ¢ = 0.1 [mm] having
the same material properties as the eardrum

— == FEardrum with thickness, r = 0.1 [mm] repaired by
the sliced cartilage with thickness, f = 0.4 [mm]
having the similar vibration mode as the normal eardrum

Fig. 4.12 Frequency responses of the four types of human ear systems
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4.5.2 Time History Response Analysis

4.5.2.1 Calculation Method

Figure 4.13 shows the time history of sound pressure created by connecting three

€C
1

basic waveforms of vowel downloaded from a website opening samples of human
voices as wav files. The solver of Hypermesh namely Optistruct was used to carry out
time history response analysis of the four types of human ear systems. In this analysis,
the human voices created as input sound pressure were used as the external forces. The

€
l

sound pressure in 0.022 [s] on vowel created for input data was loaded to the
eardrums of human ear systems. Then, the structural damping coefficient, G = 0.4 and
G = 2.5 were used in 1500 [Hz] and less, and in 1500 [Hz] and more, respectively. As
for the incremental time, Af and the number of time, N, At = 1.0 x 10 [s] and N = 220

were used, respectively.

12

Basic waveform of vowel "

= =]

Sound Pressure, P [* 10 N/mm?]

0 2 4 6 8 10 12 14 16 18 20 22
Time, ¢ [* 107 s]

Fig. 4.13 Time history of sound pressure created by connecting three basic waveforms

L
1

of vowel “i” downloaded from a website opening samples of human voices as wav files
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4.5.2.2 Results

Figure 4.14 shows the time history responses of the four types of human ear systems when
the eardrums were subjected to the human voice by using the created sound pressure of
vowel “”. The human ear system using the eardrum with a hole has the lowest
displacement among the four types of the human ear systems. As for the human ear
system using eardrum repaired by the sliced cartilage with thickness, ¢ = 0.4 [mm] and
the sliced material with thickness, # = 0.1 [mm] having the same material properties as the
eardrum, the displacement of the human ear system using eardrum repaired by the sliced
material was approaching the human ear system using normal eardrum with thickness, ¢ =
0.1 [mm)]. Then, the use of sliced material having the same material properties as the

eardrum may be required.
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with diameter, 7= 0.25 [mm)|

=== Eardrum with thickness, f = 0. 1 [mm] repaired by
the sliced material with thickness, / = 0.1 [mm] having
the same material properties as the cardrum

—--= Eardrum with thickness, f = 0.1 [mm] repaired by

the sliced cartilage with thickness. / = 0.4 [mm]

having the similar vibration mode as the normal eardrum

Fig. 4. 14 Time history responses of the four types of human ear systems when the eardrums

€¢I
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were subjected to the human voice by using the created sound pressure of vowel
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4.6 Conclusions

The summary of results is shown below.

1.

The eigen-value, frequency response and time history response analyses of human
ear system using torsional springs as boundary condition as boundary condition had
been carried out.

It was obtained that the sounds of calculated data could be heard more clearly than
those of created input ones in time history response analysis using human voices as
the external forces because the high frequency components of the calculated output
data reduced due to the effect of the structural damping.

It was shown that the frequency responses and time history responses of the human
ear system using the sliced cartilage were lower than those of the sliced material
having the same material properties as a human eardrum due to the increase of mass
of the sliced cartilage. The material having the same material properties as the
eardrum extracted from human body instead of the sliced cartilage used currently in

myringoplasty may be required.
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Chapter 5

Conclusions

The summary of the results of a study on finite element dynamics of human ear

system containing middle ear, cochlea in inner ear, ligaments, tendon and tensor

tympanic membrane is shown below.

1.

The three-dimensional modeling of human ear system to perform dynamic
analyses, namely eigen-value, frequency response and time history response
analyses using finite element method had been developed in this study.

The eigen-value analyses of the human ear systems and the four types of eardrums,
namely normal eardrum, eardrum with hole, eardrum repaired by sliced cartilage
and eardrum repaired by sliced material having the same material properties as
human eardrum were performed using finite element method. It was determined
that the proper thicknesses of the sliced cartilage were from 0.4 [mm] to 0.45 [mm)]
and the sliced material was 0.1 [mm] by comparing the vibration modes and
natural frequencies of the four types of eardrums.

Frequency response and time history response analyses with formant frequencies
as frequencies of external forces and human voices as the input sound pressures

were performed in this study. In the time history response analysis with human
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voices as input sound pressures, it was obtained that the sounds calculated output
data could be heard more clearly than those of the created input once because the
high frequency components of the calculated output data reduced due to the effect

of the structural damping.
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