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Abstract

A vibro-acoustic finite element model of the ear is presented.

(a) an eardrum structure based on a model published by Wada et al

the ossicles, which are known to have a small intersubject variability

This includes;

[1], (b)

and are

modelled from geometries published by Kirikae [2] and the ear canal geometry

which was implemented from N.M.R. Spectroscopy images taken from a healthy

subject. The values of various structural parameters was assessed by tuning

the model to experimentally determined natural frequencies of the subject’s ear

obtained using a "two-microphone" technique and a modal curve fitting program.

The procedure is valid upto 2kHz, however, response curves were calculated upto

7kHz. Natural frequencies were found at approximately 820 and 1670Hz. A

high level of middle ear damping is evident and it is proposed that this increases

the sensitivity of the ear by broadening natural frequency peaks. The dynamics

exhibited by the model were consistent with reports from previous research work.

Anisotropy and certain annular boundary conditions of the eardrum are shown

to be essential parameters to tune the finite element model to the experimental

data. The potential of this model as an aid to understanding middle ear function

is promising.



Chapter 1

Introduction

1.1 Introduction

This chapter serves as a general introduction to the topic of the ear. The biology

and fundamentals of the mechanics of the ear are described which are essential for

the understanding of later chapters. However, a full description of the anatomy

of the ear is beyond the scope of this work and is reserved for more medically ori-

entated texts [3, 4] . Instead, the anatomy deals primarily with the components

of the ear relevant to sound transmission rather than balance for example.

The original requirement for this work and the strategy adopted for studying

the middle ear in order to fulfill this requirement is explained in the research

aims subchapter. Finally, the literature survey subchapter details the extent of

previous work done. There is an enormous quantity of references pertaining to

the ear mainly because of the complexity of the structure itself and because of a

prolonged history of study in the field. Hence, published literature surveys exist

which document works on single aspects of the ear. In the interests of conciseness,

references to the aforementioned literature surveys and only the more important

texts are included in this work.



Anatomy of the Ear

The ear can be subdivided into three different structural regions namely the

outer, inner and middle ear. The middle ear is seperated from the outer ear by

the tympanic membrane or eardrum and from the inner ear by the the round and

oval windows. For a more detailed anatomical description, the reader can consult

standard medical texts such as Moore or Cunningham. [3, 4]

Oval Window

\

Malleus, Incus and Stapes

External Acoustic Meatus

Eardrum

, Window

Inner Ear Middle Ea Outer Ear

Figure 1.1" Anatomy of the Ear

1.2.1 The Outer Ear

The outer ear consists of the visible fleshy auricle, which is what most people

refer to as the "ear", the outer ear canal or external acoustic meatus and the

tympanic membrane. The auricle is constructed from cartilage which is irregu-

larily ridged and folded around the opening of the ear canal, the concha. The

2



ear canal extends for a distance of about 25mm in adults from the concha of the

auricle to the eardrum. The ear canal itself varies considerably in cross section

between individuals and is S-shaped, initially bending in a posteriosuperial di-

rection. The ear canal narrows medially and is narrowest at the bony isthmus in

front of the eardrum. The lateral third of the ear canal is cartilaginous whereas

its medial two thirds is bony and lined with only a very thin layer of skin which

is continuous with the surface of the eardrum. The inferior wall of the ear canal

is longer than the superior wall because the eardrum terminates the canal at an

oblique angle.

The eardrum forms a partition between the outer and middle ear. In the adult,

the eardrum is a pearly gray/semi-transparent oval membrane which slopes in-

feriomedially at the medial end of the ear canal. The eardrum itself is roughly

conical (not a right hand cone) pointing medially with sides that are also curved

medially. The eardrum is attached to the first bone or ossicle of the middle ear

at the manubrium.

There are two seperate regions of the eardrum, the pars flaccida and the pars

tensa. The pars tensa comprises of a sandwich of three seperate layers of mate-

rial; skin on the lateral side, a fibrous layer in the middle and an inner layer of

mucosa. The fibrous layer comprises of radial and circumferential fibres. Radial

fibres originate at the annular ligament (which holds the eardrum in place) and

terminate at the manubrium of the malleus. The manubrium of the malleus is

located vertically in the superior half of the pars tensa. Circumferential fibres

originate and terminate at the manubrium and are mostly located towards the

periphery of the pars tensa. Indeed, the circular fibre layer may be absent near

3



Malleus

Off axis

Concave

/

Figure 1.2: Cross section of Eardrum

the centre of the drum. The pars flaccida which is located in the superior half of

the eardrum does not contain the fibrous layer of the pars tensa. Except at the

partition between the pars flaccida and pars tensa, the annular ligament of the

eardrum is located in a bony groove of the temporal bone.

1.2.2 The Middle Ear

The middle ear is a cavity located in the temporal bone of the skull. The cavity

contains three bones known as the ossicles, ossicular suspensory ligaments, air

and two minute muscles known as the tensor tympani muscle and the stapedius

muscle. The middle ear is seperated from the inner ear by the round and oval

cochlear windows and from the outer ear by the eardrum. The cavity itself is

shaped like a narrow six sided box and is lined with a continuos layer of mucous

4



Pars Tensa

Manubrium

Umbo

Pars Flaccida

Annular Ligamenl

Fibres

Fibres

Figure 1.3: Anatomy of the Eardrum

membrane. The middle ear cavity connects postereosuperially with a series of

sponge like mastoid cells via a tube known as the mastoid antrum.

The ossicles; namely the malleus, incus and stapes are the smallest and hard-

est bones in the human body. The bones extend in a chain across the middle

ear cavity with the malleus attached at one end to the eardrum, the stapes lo-

cated in the oval window of the cochlea and the incus strung between them.

The manubrium is more tightly coupled to the eardrum at its two extremities,

the connection at the central eardrum position being known as the umbo. The

bulbous head of the malleus is attached to the body of the incus and is located

superiorly of the eardrum. The nature of the connection between the incus and

malleus is disputed, one argument is that they are rigidly connected, the other

that there is a degree of "joint" like behaviour. The long crus of the incus travels

5



inferiorly to articulate with the head of the stapes. The stapes, as the name

suggests, is shaped like a stirrup with a short and long crus. The oval footplate

of the stapes is attached to the oval window of the cochlea by an elastic annular

ligament.

The tympanic muscles are unique in the human body being located within

bony pyramids with attaching tendons emerging from the summit. The stapedius

muscle is connected to the head of the stapes and the tensor tympani to the body

of the malleus. The muscles are associated with the acoustic reflex which shall

be discused briefly in the mechanics of the ear subchapter. The middle ear cavity

is connected to the back of the mouth by the eustachian tube and is only opened

when swallowing.

1.2.3 The Inner Ear

Although the inner ear does not have much bearing on the present study a brief

description is included here for the sake of understanding the entire ear function.

The inner ear consists of two main regions. These are the semi-circular canals

which are concerned with balance and the cochlea which is concerned with sound

processing. The cochlea is a spirally coiled cavity within the skull containing

perilymph fluid and membranous partitions. The cochlea is attached to the

middle ear by the oval window and stapes footplate at one end and to the round

window at the other end. The cochlea is lined with hundreds of tiny hairs which

convert perilymph movement to nerve impulses.

6
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Anterior Crus--

~
Incudal Joint

Posterior Crus

Footplate

Figure 1.5: Anatomy of the Stapes

Mechanics of the Ear

The human ear is essentially a sound pressure transducer converting acoustic

pressure waves into structural vibrations into electrical nerve impulses. The au-

ricle and ear canal collect and amplify external sound waves which are focussed

onto the eardrum. The eardrum converts these pressure waves to structural vi-

brations which are transmited to the inner ear by the ossicular chain. Opinions

vary as to whether or not the ossicular chain amplifies the structural stimulus

across the middle ear. Finally, motion of’the stapes in the oval window of the

cochlea causes motion of cochlear fluid which in turn causes movement of the

delicate cochlear hairs. Movement of the hairs is converted into nerve impulses

which register as sound in our brain. Cochlear fluid motion is dissipated by dis-

placement of the round window.
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Why do we need a midc:le ear?

nated by an external membrane.

cochlea would reflect over 99.9 percent of an air borne acoustic stimulus.

the middle ear can be seen to act as an impedance matching transducer.

Marine animals simply have a cochlea termi-

The answer lies in the fact that a fluid filled

Thus

The human auditory range is roughly from 20Hz to 20kHz and at sound pres-

sure levels of 20 to 100dB. The ear is most sensitive upto about 2kHz. The ossicles

are sensitive to high frequencies because they are small and light in construction,

however, they must also resist structural damage at these frequencies. For this

reason it is thought that the stapes, the smallest ossicle, is an arched shape which

is one of the strongest structural primary component shapes.

Exposure to extreme levels of sound pressure may damage the ear. The mem-

branous inner ear is especially sensitive. If the ear is subjected to an extreme

level of sound pressure the middle ear muscles will suddenly contract. This re-

action is known as the acoustic reflex and it effectively prevents transmission of

sound from the ear drum to the inner ear by restricting ossicular movement. The

effect of the muscles and ossicular suspensory ligament attachments on middle

ear sound transmission function is regarded as negligible within normal auditory

levels.

The ear canal narrows at the bony isthmus and exhibits a self-cleaning ability

for this confined space. The continuous layer of skin which covers the eardrum

and walls of the ear canal only reproduces at the eardrum itself. As a result, the

skin grows away from the eardrum carrying any matter with it.

9



The ear functions most effectively when there is no pressure gradient between

the middle and outer ear, that is to say, when the middle ear cavity is at at-

mospheric pressure. If we suddenly change our environment, for example, if we

gain altitude when flying, the pressure gradient across the eardrum is removed

by swallowing which opens the auditory canal and exposes the middle ear to the

atmosphere. The exact function of the pars flaccida is not known. It has been

suggested however that the membrane serves as a temporary pressure regulator

between the outer and middle ear.

1.4.1

Literature survey

Eardrum and Ossicular Motion

Helmholtz [5]presented one of the first theories of middle ear function. This

stated that the eardrum behaved on the basis of the catenary principle - that

is to say that large displacements of little force in the posterior and anterior

regions of the eardrum give rise to smaller displacements of larger force at the

manubrium tip- the umbo. This theory was challenged in 1941 when B4k4sy [6]

presented a theory based on measurements taken from cadavers with a capacitive

probe. His hypothesis was that the eardrum vibrated in a "hinge" like fashion

with a maximum displacement in the inferior half and a minimum displacement

in the superior half of the eardrum. Fischler et al presented results also taken

with a capacitive probe which agreed with Bdk4sy’s hypothesis [7]. However, in

1972, Tonndorf and Khanna [8, 9]using laser interferometry recorded displace-

ment patterns of the vibrating eardrum. Their observations led them to believe

that the eardrum vibrated in a fashion consistent with the findings of Helmholtz.

At present Helmholtz’s theory is accepted as being correct.
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15
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Figure 1.6: Left side: The stiff plate model of eardrum displacement according

to B6k6sy (1941) for a right eardrum. Displacements are given in terms of ratios

with an arbitrary reference. Right side: The curved membrane displacement as

observed by Tonndorf and Khanna (1969) for a left eardrum which concurs with

Helmholtz’s hypothesis. Displacements are given in absolute terms (10-6m).
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The malleus and incus are widely regarded as being rigidly connected at mod-

erate sound frequency and intensity levels and vibrate as a unit about some axis.

However, the exact location of this axis is disputed as discussed below. The axis

was determined as a straight line between the anterior mallear ligament and the

posterior incudal ligament by Dahmann [10] using small mirrors placed on the

ossicles. Kirikae [2] found using a capacitive probe and double exposure pho-

tography with strobe illumination that this axis was slightly above the centre of

gravity of the ossicles . Both researchers felt that the axis was fixed with fre-

quency. Gunderson [11, 12] obtained vibrational displacements of the middle ear

using an electro-magnetic pickup and holographic studies. He concluded that the

axis of vibration and the lever ratio of the middle ear changed with frequency.

Gyo et al [13] and Aritomo [14] also concluded that both lever ratio and axis of

rotation change with frequency.

Opinions on stapedial motion also vary. Bolz and Lim [15]have determined

that the posterior portion of the stapedial annular ligament is thicker than the

anterior part. This corresponds to B~k~sy’s [16] hypothesis that the main vibra-

tional mode of the stapes was rotary about an axis at the posterior portion of

the annular ligament at moderate sound intensity levels. Kobrack and B~k~sy

[17, 16] noted that at high sound levels the stapes moved about an axis between

the anterior and posterior crus. Kirikae [21 revorted that the vibrational mode of

the stapes is a combination of three modes: a piston-like movement, the hinge-

like movement around the posterior axis that B~k~sy had found and a rotary

movement around the long axis. However, Kirikae and B~k~sy studied ossicular

vibration with the cochleas drained. Modes of the ossicles should be studied with

an intact cochlea since the undrained cochlea will provide a significant influence.
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Gunderson [11] studied vibrational modes of the stapes with the cochlea intact

and concluded that the stapes moved like a piston upto 2kHz. After 2kHz the

stapes moved in a "more uneven manner". Vlaming and Feenstra [18]used laser-

Doppler interferometry to study ossicular motion and concluded that the stapes

moved in a piston like fashion from 200Hz to 10kHz at sound pressure levels of

upto 120dB with an intact cochlea.

Direct reference to natural frequency values of the middle ear in the literature

are scarce. Gunderson [11] reports a value of between 800 and 900 Hz whilst

Wada et al. [1] determined a slightly higher value at about lkKz.

1.4.2 Geometry of Ear Canal and Eardrum

Presently, there is a lack of adequate quantitive data defining such aspects as the

mechanical properties and geometry of the ear. Such data is required to provide

the basis for a comprehenesive modelling criteria. The geometry of the adult ear

canal varies considerably between individuals from severly twisted and tapered

S-shaped canals to relatively homogenous cylindrical shapes. A range of tech-

niques exist for establishing the geometry of the ear canal. The ideal technique

would accurately establish the geometry of the healthy ear canal without exces-

sive trauma or risk to the individuals hearing.

One of the simplest methods for determining basic ear canal dimensions is to

create an impression of the ear canal itself [19, 20]. Obviously the procedure can

only be applied to cadaveric ears. Stinson [21] reports the geometry of over 15

cadaveric ear canals which is based on establishing over 1000 co-ordinate points

in three dimensional space taken from moulds of original size.
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Other techniques include that of Hudde [22] who used a three microphone

acoustic method to determine a representation of the ear canal as two serially

connected cylinders. Egolf et al [23] employed a Computer Aided Tomographic

(C.A.T.) scanner to determine cross sections along the axis of the ear canal at

uniformly spaced intervals. It is debatable whether this technique could be used

safely on a healthy subject.

The eardrum itself is an unusual shape. Geometry of the eardrum has been

determined by Kirikae [2] and Kojo [24] from parafin castings. Uebo et al [25]

and Wada et al [26] have also determined eardrum geometries including varying

thickness values for the eardrum itself.

Finally, Kirikae [2] presents the authorative text on ossicular geometry from

an extensive study of over one thousand bones.

1.4.3 Mechanical Properties of the Ear

The mechanical properties of the ear components are important as they govern

the ears vibratory behaviour. Funnell and Lazlo [27] have published a paper

presenting a review of experimental data currently available in order to identify

areas where further information is required. Possibly, the mechanical properties

of the eardrum itself are of most importance and yet there are only two or three

source texts available (which contain very little regarding the highly anisotropic

nature of the eardrum). Two elementary structural elements possesing restoring

forces are collagen and elastic fibre, the former has been compared to steel and

the latter to rubber [28]. According to Kobrack, collagen is predominant in the
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eardrum [28].

B~k~sy [29] determined the Young’s modulus of the eardrum by applying a

pre-calibrated force to a fresh rectangular strip of eardrum and monitoring the

displacement. He obtained a value from a standard mechanics formula of 2.0 x

10r N/m2. Kirikae [2] obtained a value of 4.0 x 10r N/m2 from a rectangular

strip weighted at one end and vibrated longtitudinally at a frequency of 890Hz.

However, if Kirikae had used the same uniform thickness value as B~kdsy (50 as

opposed to 75 micrometres) to determine the Young’s modulus he would have

obtained a value of 6.0 x 10r N/m2. Kirikae reported that he obtained the same

values when the weight was varied indicating linearity, however, it must be noted

that his values are two or possibly three times stiffer than B~k&y’s. Wadaet al.

[1] obtained a value of 3.34 x 10r N/m2 from the validation of a finite element

model. Funnell and Laszlo [27] point out that in using these results one must

keep in mind the fact that,

(1) the measurements were carried out on large strips of eardrum with little

regard to the non-uniform fibre distribution,

(2) the results include contributions from the non- fibrous layers of the eardrum,

(3) the eardrum was considered as being of uniform thickness,

(4) one methodology involves transverse displacements whilst the other in-

volves longtitudinal displacements,

(5) the dependance of stiffness on frequency is unknown and

(6) the effects of post-mortem are unknown.

Poissons ratio of the eardrum material has never been measured though for

a material consisting of parallel fibres with no fibre interaction the ratio can be
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considered as zero for a stress applied in the direction of the fibres. Funnell et al.

[27] hypothesise that since there is no data concerning Poisson’s ratio one might

assume a value of 0.3. Funnell [27, 30] also theorises that the value does not have

a major bearing on the behaviour of the eardrum anyhow.

Helmholtz [5] believed that the curvature of the eardrum was maintained be-

cause of an inherent tension present in the fibrous layers. Both Kirikae [2] and

B~k~sy [29] have conducted experiments to determine whether tension does exist

by cutting slits in the eardrum itself. The experimental evidence is not conclusive.

The annular ligament of the eardrum can be considered as either a fully

clamped or hinged boundary condition. Funnell and Laszlo [27] propose that "the

actual situation is probably somewhere between these two idealized extremes".

Wada et al. [1] have determined mechanical values for boundary conditions of

the ear, such as the annular ligament, from their finite element implementation.

The stiffness of the middle ear is thought to be mainly caused by the cochlea.

Funnell and Laszlo [31] have determined a value of 64 percent contributed stiffness

for the cat. Other important mechanical values include Young’s modulus of bone

which was determined as 1.41 x 101° N/m2 by Herrmann and Liebowitz [32].

Kirikae [2]includes the density values of’each ossicle in his book which are recorded

in detail for different areas of individual bones.

1.4.4 Theoretical Modelling of the Ear and Ear Canal

Theoretical models have been determined to analyse ear function. Two factors

are of importance when modelling the ear canal; firstly, the ear canal is tapered
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and results in a higher pressure field near the eardrum than that of an homoge-

nous tube and secondly, the eardrum terminates the ear canal at an oblique angle

which causes the sound pressure to vary over it at high frequencies.

The degree of complexity of the model is directly related to the upper fre-

quency limit of interest, thus, it is possible to represent the ear canal as an

homogenous rigid tube with the eardrum terminating the ear canal perpendicu-

larily upto a certain frequency. The value of this frequency limit varies according

to different researchers: 2kHz [22], 2.5kHz Ida], or 4kHz [a4, 21].

Early models often tried to represent the impedance of the middle and inner

ears as an equivalent lumped electrical analog network [35, 36, 37, 38, 39]. Zwis-

locki has published extensively in this field [40, 41]. Shaw has presented a revised

model of Zwislocki’s model which takes into account different physical F~rts of

the ear using a combination of resistors, capacitors and inductors [42]. This class

of model is consistent with B~k~sys view of eardrum function and approximated

the eardrum as having two distinct regions, one of which is rigidly coupled to the

ossicular chain.

Websters [43] horn eouation describes the behaviour of one dimensional plane

wave sound pressure in a tube with varying cross section and rigid walls. Websters

theory provides the basis for a high frequency asymptotic solution based on the

combination of pressure and phase measurements within the ear canal. Rabbit

[44] and Rabbit et al [45] have presented a complex model which calculates three

dimensional acoustic waves in the ear canal which interact with a fibrous contin-

uum model of the eardrum itself. Their results have showed that the plane wave
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solution is supplemented by multi-dimensional modes at low frequencies which

are "trapped" at the end of the ear canal. At higher frequencies(25kHz) these

modes become more significant and will eventually propagate down the earcanal.

The complexity of the ear lends itself to finite element applications. The first

models, presented by Funnell and Laszlo, were of the cat eardrum and were used

to investigate the influence of such factors as stiffness and pars tensa thickness on

vibratory behaviour [46, 47, all. These earlier models represented the loading of

the middle ear on the eardrum as a single torsional stiffness at the "hinge" of the

manubrium. In a later paper, Funnell et al included damping values and com-

pared experimental and finite element frequency responses for the cat eardrum

[48]. The static displacements of the eardrum and ossicles under a uniform load

were investigated by Lesser and Williams using a two dimensional model [49].

Recently finite element implementations have become more complex and Wada

et al [1] have presented a three dimensional model of the middle ear and eardrum

coupled to the cochlea. Various structural parameters of the model were tuned to

match features of experimental data collected using a middle ear sweep analyser

technique [50].

1.4.5 Analysis of Acoustic Pressure in the Ear Canal

One approach for determining middle ear function is to analyse the behaviour

of acoustic standing waves in the ear canal. Indeed, some of the research tech-

niques developed have found broader clinical use for assessing healthy middle ear

function as part of the audiologists "tympanometry test battery". The book by

Per-Eric Sanborn [51] contains a more conclusive study of techniques which have
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been developed. Only the more important ones are detailed here.

The first methods for measurement of the acoustic impedance of the human

ear were based on comparisons with a known impedance. The "reaction-on-load"

method compared the acoustic loading of a sound source in the ear with the

known impedance of a tube [52]. However, this method had a very low sensitiv-

ity. Zwislocki [53] has recently refined an acoustic bridge method which entails

coupling the ear canal to a cavity of similar dimensions. The cavity is terminated

by an adjustable impedance and is connected to the ear canal through a pressure

indicator. When the adjustable impedance equals that of the eardrum the pres-

sure reading is zero. Drawbacks of the system include difficulties in adjusting the

impedance and inability to distinguish between resistance and reactance of the

termination.

The "two-tube" method, initially used by Zwislocki [54, 53], has been mod-

ified by a number of researchers [55, 33]. Basically, the system comprises of an

ear phone and microphone each with thin tube attachments in the ear canal. Re-

sults are obtained as a difference between microphone measurement in a cavity

and measurement in the ear. This technique presented the first ever complex

impedance values for the ear [56] and was later developed with a multiple cali-

bration impedance criteria [57, 58] Drawbacks include the increased complexity

of analysis at high frequencies [52].

Ear canal frequency response functions were calculated using a technique

closely related to the "two microphone" method by Mehrgardt and Mellert [59].

Frequency responses were taken using a single probe tip microphone and an im-
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pulse excitation from two positions within the ear canal. Hudde [22, 60] has used

a technique which is similar to the "two microphone" method but involves a more

complex algorithm based on a three probe microphone measurement. The entire

method depends on the relation between the sound pressures at three locations

which in turn depends on the area function between the measurement points.

Hudde draws some interesting conclusions: firstly, that a tube with constant

cross section and rigid walls is not sufficient as a model of the ear canal at fre-

quencies higher than about 2kHz, secondly, at roughly 2-3mm from the eardrum

higher modes can be considered negligible. Further experimental acoustic tech-

niques include the "one-microphone" method [61] and the electro-acoustic bridge

[62].

The acoustic properties of scaled replicas of the human ear have also been

studied, notably by Stinson [63, 34]. Stinson also reports the measurement shapes

of over 15 ear canals summarized as individual ear canal area functions [21]. This

was achieved by establishing over 1000 co-ordinate points in three dimensions on

moulds of original size. Improved predictions of acoustic pressure are especially

evident when using the derived area functions at frequencies above 8kHz.

1.5 Research Aims

In cases of disease leading to middle ear disfunction a surgeon may opt to either

partially or totally replace the ossicular chain. The nature of the ossicular im-

plant varies considerably, but in general the ear is relatively forgiving and most

replacements have a degree of success. The aim of this work was to try and

determine data for more effective middle ear prosthesis design and/or selection.
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A substantial amount of data has been collected with regard to understand-

ing middle ear function. However, there are many aspects of the ear which we

do not fully comprehend. One of the main reasons for our lack of knowledge

of middle ear dynamics is the confined nature of the middle ear itself and as a

result a range of techniques exist for analysing the ear (most of which are de-

tailed in the literature survey subchapter). However, most of these techniques

were performed on cadaveric specimen and thus the possibility of an error due

to a discrepancy between healthy and cadaveric specimen is very real. This is an

obvious drawback. Historically, one :~proach in determining middle ear function

in live specimens is to analyse the behaviour of sound waves in the ear canal.

Another approach is to analyse ear function by the use of a numerical model.

However, the mechanical nature of most of the components of the middle ear re-

quired for the construction of such a model are very poorly documented. For ex-

ample, one can only obtain data from three or four sources regarding the Young’s

modulus of the ear and hardly anything is known about the degree of anisotropy

of the eardrum (which will be shown to be a rather important quantity for the

analysis).

Inter subject variability is an added problem, especially when comparing ex-

perimental results or constructing standardised numerical problems. For exam-

ple, the geometry of the outer ear canal varies considerably amongst adults.

It was decided to create a vibro-acoustic finite element model of the entire

ear, the advantage being that the model would handle the complex geometry and

alternating material properties of the ear structures. The outer ear canal geom-
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etry was obtained using Nuclear Magnetic Spectroscopy’ and meant the model

was specific to an individual. The geometry of the ossicles do not vary consid-

erably between individuals and was taken from standard texts. The middle ear

model was coupled to the ear canal and the inner ear. By applying the theory of

open-closed pipes to experimental acoustic data from the individuals ear canal,

natural frequencies of the middle ear were obtained and used to validate the

computational model. The experimental theory was implemented using Matlab,

a numerical computation package. It should be emphasized that data was ob-

tained from non-cadaveric specimen and then used to validate a model of that

subject’s ear.

Thus, the aim was to create and validate a realistic vibro-acoustic model of

the ear from geometric and acoustic data. The model may then be used as a

guide to further establishing mechanical properties and functions of the middle

ear.
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Chapter 2

Acoustics of open-closed ended

pipes

2.1 Introduction

This chapter presents some fundamental physics of sound and introduces con-

cepts of acoustics which are essential to understanding the function of sound

transmission in the ear - subchapter 2.2. The reader is referred to Hall’s "Basics

Acoustics" [64] or Turner and Pretlove’s [65] "acoustics for Engineers" for, a more

conclusive introduction or as a source text for further reading. The ear canal can

be compared to an open-closed homogenous cylinder upto a certain frequency -

2kHz for the present work [22, 60]. For this reason, initial experimentation was

caried out on two cylindrical dummy ears of similar dimensions to the ear canal.

Below 25kHz the main mode of acoustic propagation down the ear canal is planar

[44]. This facilitates the application of a standard "two-microphone" impedance

testing procedure. The theory of plane waves in open-closed ended cylindrical

pipes is presented - subchapters 2.3 and 2.4.

A rigidly terminated dummy ear was used to assess the validity of the ex-

perimental method when applied to pipes of comparable dimensions to the ear
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canal - subchapter 2.5. A dummy ear was constructed with a membrane end

to investigate the influence, if any, of membrane natural frequencies on acoustic

plots. This experimental data is compared to a Matlab implementation of an

open-spring/mass damper ended pipe model - subchapter 2.6. The dummy ears

were used to streamline the experimental procedure before application to the

healthy ear.

The Physics of Sound

The term "sound" is used to describe both the psychological sensation inside

our head and the actual physical phenomenom. Sound is a physical vibratory

disturbance of an elastic medium which propagates as a longtitudinal wave. The

acoustic wave can be represented as a sinusoidal oscillation to which all the fun-

damental equations of dynamics apply. The sinusoid can be written as,

P(t) =Pm sinaat (2.1)

and

271"
~= 2~f =

T’
271"

A

where Pm = maximum pressure value (pascals)

t = time (seconds)

~o = circular frequency(radians/second)

f

T

A

C

c=fA

= frequency of oscillation (Hz = cycles/second)

= periodic time (seconds)

= wavelength (metres)

= speed of wave (metres/second)
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k = wave number (radians/metre)

The quantity k is called the wave number or spatial frequency and is analagous

to the circular frequency co. The sound wave carries energy with it in the form of

vibrating particles which give rise to a localised pressure disturbance.

waves, the acoustic pressure and

other by the relationship.

For plane

particle velocity are directly related to each

P = pcu = Zcu (2.2)

where P = acoustic pressure disturbance (Pascal)

p = density of acoustic medium(kilogramme/metre)

u = volume flow velocity of wave medium particles (metres3/second)

Zc= characteristic acoustic impedance of medium (kg/m2s)

The pressure disturbance, velocity of wave medium particles and impedance

can all be represented as complex quantities. Thus one can write(further reading

- Thomson [66])

PmeJ~t= ZcUmej(~t-*) (2.3)

where Z~ is a complex variable

� = phase difference between pressure and velocity vector

The specific acoustic impedance, Zs, is a general quantity which may be derived

for any surface of a medium and is obtained by dividing the acoustic impedance

of the surface by the characteristic impedance of the medium.

Z
Zs=
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For air the characteristic impedance at room temperature is,

Zc- (1.21)(343)- 415kg/m2s (2.4)

It is useful to represent pressure amplitude values on a logarithmic scale be-

cause the range encountered is vast. The scale is defined so that every additional

power of 10 of pressure amplitude of the wave is represented by one Bel (named

after Sir Alexander Graham Bell). However, the Bel is an inconveniently large

step so the deciBel(dB) is used to represent one tenth of a Bel. Thus, the sound

pressure level is introduced as,

Prm$
SPL = 201ogl0 ~ (dB)

= a reference pressure = 2 x 10-S Pascals

= Root Mean Square pressure value (Pascals)

(2.5)

Although nonlinearity does occur for sound waves of very large amplitudes, the

approximation that sound waves behave linearily is generally sufficient. Whenever

linearity holds the concept of superposition can be used which means that the

study of acoustic phenomena can be reduced to the study of simple waveforms.

These waveforms can be put together as "components" of a more complicated

disturbance.

Acoustic theory of plane waves in open-closed

ended pipes

Previous research has shown that the main mode of propagation of pressure waves

along the ear canal is planar up to 25kHz [44] and more specifically that the ear

canal can be modelled as an open-closed homogenous cylinder with rigid walls
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up to a certain frequency - 2kHz for the present work [22, 60]. Thus, the theory

of plane waves in open-closed ended cylindrical pipes can be applied.

An incident acoustic wave travelling down the ear canal is reflected from the

eardrum. The reflected wave has the same frequency characteristics as the inci-

dent wave and the two waves interfere with each other constructively or destruc-

tively to form a standing wave. The shape of the standing wave is determined by

the structural characteristics; mass, stiffness and damping of the tube termina-

tion. The behaviour of a plane wave can be described using the wave equation,

1 d2p d2p
- (2.6)

c2 dt 2    dz2

The solution of this equation is found using separation of variables method,

p(x,t) = G(x)Y(t) (2.7)

G(z) = A cos kz + B sin kz

Y(t) = C cos wt + D sin wt

(2.s)

(2.9)

where A, B, C, D = constants

x = location (metres)

The timed response is not of importance here, which means,

p(x) = G(x) = A cos kz + B sin kz (2.10)

The next step in the solution process is to solve for A and B. Eulers equation in

one dimension is,
du(z) dp(z)

(2.11)P dt =    dx
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At x = 0 (the closed end of the pipe) from equations 2.10 and

write,

dp(O)

dx
pjcou(O) = Bk

or

2.11 one can now

and from equation 2.2

p(O) = Zu(O)= A (2.13)

where Z = impedance of the termination

j = ¢=-f

From equations 2.13 and 2.12, one can now write

B pjc

A= Z
(2.14)

Using equation 2.14, the frequency response function between two points in the

pipe can be written as,

1°2    Acoskx2 + Bsinkx2 _ coskx2 + Pz-~ sin kx2
(2.15)H - P1 - A cos kxl + B sin kxl - cos kXl 4- ~ sin kxl

where P2 and P1 = complex pressure readings at points x2 and Xl respectively.

H = complex frequency response function between two points

Manipulation of this equation gives the specific acoustic impedance of the

termination which is written below in complex and phase/amplitude terms,

Z
Zsw

pc

j(sin kx2 - H sin kxl )

H cos kxl - cos kx2

H~ sin kXl sin � + j(sin kx2 - H~ sin kX1 COS �)
mm

- HH~ cos kxl cos � cos kx2 + ~3 cos kxl sin �

(2.16)
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where H~¢ is an amplitude/phase representation of complex H

K

C

M
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r

X2

Figure 2.1" Mechanical Representation of an Open/Closed pipe

Definition of Eardrum Impedance

Before presenting further theory regarding tube termination impedances it is nec-

essary to describe what exactly is meant by "eardrum impedance" as the eardrum

is not a homogenous structure and does not terminate the earcanal orthogonally.

Thus at higher frequencies pressure will vary over the surface of the eardrum and

non-planar modes wi_l exist in the proximity of the eardrum itself.

There are two different ways to define the eardrum impedance. The first

method is to calculate the eardrum impedance at a specific location on the

eardrum itself. The point usually coincides with the manubrium location and

thus calculated impedance values are a direct approximation of the eardrum and

ossicular chain mechanical impedance [7].
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The second method involves keeping the microphone tips a sufficient distance

from the eardrum to ensure plane wave propagation. It appears that at a distance

of 2-atom from the eardrum the influence of higher modes is negligible (according

to a computer simulation and measurements in enlarged ear models) [67] and that

the most accurate readings can be taken [68]. The approach in this work was

based on method 2. The eardrum impedance is represented as a single lumped

value, which is valid for the low frequency range. It should be noted that these de-

termined experimental values provide a representative eardrum impedance value

and are not directly connected to the mechanical impedance of the middle ear

structures. Thus, as Hudde [60] has pointed out "such an approach is mainly

suited to provide data for the construction of an ear simulator which only needs

to reproduce the effective acoustic termination of the ear canal".

Experimental Equipment

The experimental setup is basically that of the standard acoustic "two-microphone"

approach. As equation 2.!5 shows this involves recording the pressure frequency

response simultaneously at two internal points xl and x2 of the pipe or ear canal.

It is also possible to determine two seperate frequency responses at the two loca-

tions without moving the external sound excitation or pipe. The response func-

tion, H, used for calculating the impedance of the termination, is then obtained

as the ratio of the two individual frequency response functions. This approach

has been used by Mehrgardt et al [59] for the ear canal and is presented by Fahy

[69] for standard ducts. Both methods were investigated and are detailed in the

following subchapters.
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Bruel and Kjaer probe tip microphones (type 4710) with flexible probe tip

extensions were used to record sound pressure levels. The flexible probe tips

ensured safe insertion into the ear canal without danger of damaging ear struc-

tures. The probe tips had an outside diameter of lmm and an internal diameter

of 0.Smm. A movable band on the flexible probe allowed the insertion of the

probe to a predetermined depth by aligning the band with the entrance of the

cavity. For a simultaneous two microphone reading the probe tips were glued to-

gether. The microphone signal was amplified by two Bruel and Kjaer amplifiers

(type 2807). Two seperate amplifiers were used to ensure no electrical cross-talk

between the signals. The microphone signals were calibrated and gave similar

frequency response characteristics.

A Hewlett and Packard spectrum analyser (type HP35665A) was used to

record the frequency response function from the two microphones and also pro-

vided the source excitation signal for a standard speaker. The spectrum analyser

had facilities for windowing signals (Hanning, exponential, uniform), providing

various source excitations (burst chirp, periodic chirp, random noise), source

triggering, disk storage and various averaging methods (exponential, uniform).

Standard signal functions such as frequency response,coherence, real, imaginary

and phase plots were also available.

The frequency response function was recorded onto disk by the spectrum

analyser and loaded into a Matlab programming environment where equation

2.16 was implemented to give impedance values for the tube termination.
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Figure 2.5: Spectrum Analyser and Microphone Amplifiers

Acoustics of Open-Rigid Ended Pipes

A dummy ear with rigid walls and ending was constructed to establish whether

the "two-microphone" technique could be implemented using the instrumentation

available for a small cavity of similar dimensions to the ear canal (25mm long and

8mm diameter). The "ear" was constructed by insertion of a brass plug into a

polymer tube and was housed in a block of wood to prevent the influence of any

external sound. When the pipe termination has an infinite impedance, equation

2.15 reduces to a simple quotient , as shown below,

H - P2 _ cos kz2 (2.17)
Pt cos kz 1

Figure 2.4 shows the theoretical and experimental plots for the open-rigid ended

pipe on the same axes.
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Acoustics of Open-Membrane Ended Pipes

This subchapter presents a study of the more complicated problem of a dummy’

ear terminated by a membrane end. Three different structural characteristics;

mass,stiffness and damping govern the vibratory characteristics of the membrane.

The Matlab implementation of the open-spring/mass ended pipe is included to

explain and present the relevant importance of the three structural factors. Both

experimental and Matlab data sets show the influence of natural frequencies on

response functions and impedance curves.

2.7.1 Matlab implementation of open-spring/mass/damped
ended pipe

Figure 2.1 shows the configuration of the open- spring/mass/damped ended pipe.

Spring, mass and damping forces can be written as follows.

Fs = ksx = spring force

Fd = cav = damping force

Fro= rna = mass force

where ks = spring constant (Newtons/metre)

ca = damping constant (Newtons second/metre)

rn = mass (kilogrammes)

a = acceleration (metres/second2)

v = velocity (metres/second)

A = cross sectional area of piston (metres2)
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The following equation results from balancing the forces which are acting on the

mass to equilibrium.

ma = -ksx - CdV + PA

or

P = [jco(+m - --
]~s V

w2) + Cd]~- (2.18)

Impedance is given by the quantity in the square brackets.

ks v
(2.19)P=Zv=[rio(+m co2)+c~]a

The impedance has real and imaginary components which are known respec-

tively as resistance and reactance. The reactance contains stiffness and mass

terms of opposite sign. The two reactive terms cancel each other out at the

natural frequencies of the system. Hence, at a natural frequency,

f. = (2.20)

The impedance term in the square brackets of equation 2.19 can be substituted

into the frequency response function equation (equation 2.15). Using a Matlab

programming environment the frequency reponse function was implemented for

the spring/mass/damper configuration with a natural frequency of 1000 Hz. The

phase and amplitude of the frequency response function and impedance curves

of the problem are shown in figures 2.7 and 2.8. The Matlab program is included

in Appendix A.

2.7.2 Experimental Results for the Membrane Ended Pipe

A dummy ear with rigid walls and a membrane end was constructed with similar

dimensions to the ear canal(25mm long and 9ram diameter) to establish whether
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the "two microphone" technique was sensitive to natural frequencies of a tube

termination. The membrane end was constructed from a piece of latex stretched

and glued in place over the polymer pipe ending. The dummy ear was housed in

a wooden block to prevent any influence of external sounds on the "ear". The

closed pipe end was surrounded by a cavity lined with sound absorbing material

inside a wooden block. The lining prevented reflection of sound waves inside the

cavity itself.

/

/~ Sound Absorbent Chamber

"V/////////II/IlI//IlI/I
25ram

’~’x~ Membrane

/ //////////////////t//
Pipe

Figure 2.9: Membrane Ended Pipe

Amplitude and phase plots of the dummy ear are shown in figures 2.10.

Impedance curves were calculated with correct and erronous probe tip locations

(2mm offset) to assess the sensitivity of the result to incorrectly determined probe

tip position as shown in figure 2.11. It is evident that the overall trend and nat-
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ural frequency values of reactive impedance curves are only slightly influenced

by offset probe tip locations. The simultaneous measurement of two microphone

inputs resulting in an instantaneous frequency response function was found to be

less sensitive to noise than calculating a response function from the quotient of

two separate response functions.

Concluding Remarks

A two-microphone technique that determines the impedance of the the closed

end of an open/closed pipe of comparable dimensions to the ear is presented.

The technique is suitable for application to the ear because the calculation of

natural frequency values (axis crossings) appears to be relatively insensitive to

wrongly assumed probe tip location. Finally, it is evident that the technique gives

better results when two probe tips are used simultaneously yielding instantaneous

frequency response functions.
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Chapter 3

Acoustics of the Ear

3.1 Introduction

This chapter details the "two-microphone" technique as applied to the human

ear. Subchapter 3.2 describes the experimental procedure used to determine

frequency response functions of the ear canal. The ear canal geometry is known

from Nuclear Magnetic Spectroscopy - subchapter 4.5, however, the ear drum

terminates the ear canal obliquely and as a result it is diffiult to determine an

exact probe tip distance. Subchapter 3.3 presents the experimental frequency

response functions of the ear canal and a calculation method for determining the

distance of the probe tip away from the eardrum. Subchapter 3.3 also presents

the impedance and derived frequency response curves of the middle ear.

Experimental Equipment and Procedure

The experimental equipment is identical to that used for the dummy ears. The si-

multaneous measurement of two microphone inputs resulting in an instantaneous

frequency response function was utilised. The alternate method of determining

a quotient of two seperate frequency response functions between the microphone

and the source excitation was also attempted but gave results of insufficient ac-
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curacy to be useful.

The subjects ear canal was examined for ear wax prior to the experiment

and was deemed clean and healthy. During the test the subject lay with his

head braced against a specially designed wooden fixture in order to minimise

movement of the ear canal. A pen torch was found to be a useful aid for insertion

of the probe tips upto a predetermined depth by aligning a band on the probe tip

with the edge of the concha/ear canal entrance. The N.M.R. images of the ear

canal presented in subchapter 4.5 show that this edge feature is quite distinct.

The probe tip was inserted until the band was sitting on the edge of the ear canal

entrance. Insertion of the probe tips was carried out with no great difficulty

especially if the probes were tapped during insertion. Ear wax did not cause any

problems. However, sometimes bad traces were recorded and were assumed to

be a result of probe tips being blocked by the ear canal wall. The quality of the

measurement could be judged by the nature of the coherence plot.

3.3 Acoustics of the ear

This subchapter is divided into two sections. The first section presents the exper-

imental frequency response functions of the ear together with the estimated probe

tip positions. An estimate of the probe position can be established using features

of the frequency response curve. Calculated and experimental probe tip location

values are compared. The second section is concerned with extracting the natural

frequency values from impedance curves and derived frequency response curves

of the middle ear.
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Figure 3.1: Experimental Set-up showing layout for the recording of acoustic
pressures in ear canal
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3.3.1 Frequency Response Functions of the Ear Canal

Three data sets are included. The frequency response curve of data set 2 is shown

in figure 3.2. The response functions of the other two data sets are included in

Appendix B. The length of the ear canal was determined as 26mm (see subchapter

4.5) allowing the calculation of probe tip distance from the eardrum. However, an

exact value of the probe tip location is difficult to establish because the ear drum

terminates the ear canal at an oblique angle and also because of its conical shape.

All frequency response function plots have two common features; firstly the

value of the response function is unity at 0 Hz and secondly, there will always

be a dip at a certain frequency. The frequency value of the dip is determined by

the probe measurement location according to the frequency response function of

a rigid ended pipe, which is

COS ~X2
H=

COS ~X1

It is possible to calculate the probe locations using this equation if the distance

between the probe tips is known as for the current analysis (they are glued 5mm

apart). Table 3.1 contains experimental and calculated probe tip values. How-

ever, it is important to note that all of the dips occur at frequency values outside

the range that the ear canal behaves like an homogenous cylinder (see chapter

1.4). Calculated tip locations were used to determine impedance curves of the

ear because of the uncertainty of tip location associated with the eardrum termi-

nating the ear canal at an oblique angle, the conical shape of the eardrum itself

and lack of knowledge of the exact location of a probe tip Within any particular

cross section.
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Natural frequency activity is evident on the response function plot. The peaks

are not as distinct as those observed for the dummy ear because of a higher

damping ratio. The influence of a high damping ratio of a comparable value ((

= 0.2, see subchapter 3.3.2) to that observed in the ear was investigated using

the Matlab implementation and figure 3.3 shows the resulting frequency response

curves.

Data Set Xl(/m) X2(/m)
l(b) .006 .011
l(c) .0065 .0115

2(b) .006 .011
.0075 .0125

3(b) .008 .013
.00945 .0145

4(control) probe outside

Table 3.1: Experimental Data Sets. The spectrum analyser was set up with broad

band noise, a uniform window and uniform averaging, b - distance calculated
using band. c - distance calculated from dip

3.3.2 Determined Experimental Natural Frequencies of

the Middle Ear

The specific acoustic impedance curves for data set 2 are shown in figure 3.4

and are calculated using values of X2 = 12.5mm and X1 = 7.5mm. Natural

frequency values (axis crossings) however, are not very distinct. A frequency

response function of the middle ear can be calculated from the impedance curve

as shown below,

P = Zu = Zjwx (3.1)

this implies,
x 1

He = -- - (3.2)
P Zjw
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where He = frequency response of the middle ear

A modal curve fitting programme was used to determine exact values of nat-

ural frequencies. Figures 3.5,3.6 and 3.7 show the frequency response with the

fitted curve. The curve shows natural frequency peaks at 818 and 1668 Hz. The

programme also calculated a residual value (a measure of peak importance) and

damping values. Appendix B contains the graphs of the other data sets and table

3.2 presents the derived experimental natural frequencies of the ear.

Frequency( Hz) Damping(~) Residual
data set no.1 831 1.575428e-02 + 4.212972e-10 + i +4.290806e-10

1680 1.473915e-01 - 8.486231e-10 + i -7.280268e-10
2416 8.638943e-02 - 3.786807e-12 + i-4.893501e-ll
3125 5.255735e-02 - 3.105922e-12 + i-1.193131e-ll
3826 6.472894e-02 - 1.777201e-ll + i-7.992273e-ll
4405 5.695964e-02 - 4.056639e-ll + i-8.676658e-ll

data set no.2 818 9.026150e-02 - 4.450916e-09 + i-8.349095e-09
1668 1.311072e-01 - 5.915331e-10 + i-6.619486e-10
2360 7.682564e-02 + 1.782492e-ll + i -3.253350e-ll
3053 5.174337e-02 + 5.824674e-12 + i -6.489377e-12
3793 6.553388e-02 + 5.911639e-12 + i -6.929372e-ll
4390 5.248550e-02 - 1.472332e-ll + i -5.461030e-ll

data set no.3 823 1.126825e-01 - 8.083289e-09 + i -1.460588e-08

1589 6.584001e-01 + 1.478870e-09 + i +3.292141e-09
2387 8.702988e-02 + 2.522508e-ll + i-4.627503e-ll

3079 5.313286e-02 + 6.937023e-12 + i-8.541904e-12

3849 6.489835e-02 - 4.606577e-13 + i-6.335613e-ll
4424 5.138372e-02 - 8.124863e-12 + i-5.776306e-ll

Table 3.2: Modal Curve Fitting Data
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Concluding Remarks

The method yields relatively consistent natural frequency values of the middle

ear with the first two modes occuring at about 831 and 1600 Hz. These values

can be used to tune the finite element model. The damping values show some

inconsistencies, however, one could assume a realistic value of about 0.15. The in-

cluded residual values are not accurate enough to be indicative of the importance

of a particular mode.

57



Chapter 4

The Finite Element Model

4.1 Introduction

This chapter introduces the finite element technique and describes how a model

of the ear was formulated. The ossicular portion of the model is constructed from

geometries published by Kirikae [2] and Wada et al [1]. The eardrum model is

constructed using data presented by Wadaet al [1] but has also been scaled to

basic dimensions obtained from Nuclear Magnetic Resonance spectroscopy of the

eardrum of the subject on which the experiment were based. The N.M.R. imaging

process and model construction for the outer ear canal is explained in subchapter

4.4. The overall model has a high degree of subjectivity if one regards the lack

of intersubject ossicular variability and the included scaled representation of the

eardrum.

4.2 Finite Element Procedure

The finite element model was implemented with the commercial package ANSYS

on a Hewlett Packard HP9000 series workstation. A working knowledge of finite

element procedure, such as the formation of undistorted element shapes for ex-

ample, is important for obtaining accurate results. Correct application principles
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,some of which are outlined below, apply to all finite element software including

ANSYS.

The precision of computed results can often be greatly improved by increasing

the number of nodes and elements which define the model. However, eventually a

stage is reached whereby an increase in the degree of discretisation is impractical

as the accuracy of results improves only a small amount when compared to the

relatively large increase in computation time. The benefits of added elements is

best assessed by the nature of the required results. The current analysis required

an indication rather than exact evidence of ossicular motion and eardrum mod-

ului and the model was constructed with this view point in mind.

Elements with added midside nodes can be used to increase the accuracy

of computation rather than adding extra elements. These elements are known

as quadratic as opposed to linear elements because the added nodes allow the

quadratic distribution of elemental results. The midside nodes also allow the

element to describe complex geometries, for e’,ample, 8 noded shell elements are

required to describe the complex shape of the eardrum. However, elements can

still remain distorted which immediately discounts the credibility of the finite

element results. The ANSYS package has an automatic element shape checking

subroutine which will allow a few dangerously warped but no excessively distorted

elements before the solution phase is entered.

4.3 The Middle Ear Model

The middle ear model is divided into two sub-structures; the ossicles and the

eardrum. The eardrum model is taken from the paper by Wada et al [1] and ac-
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counts for the membrane’s varying membrane thickness, conical shape and pars

flaccida region. The eardrum was implemented with quadratic eight noded AN-

SYS shell-93 elements as opposed to the triangular elements which Wadaet al

had used. Shear deformation of the eardrum is not taken in to account as the as-

pect ratio of the membrane is realtively high with a value of at least 40 (eardrum

radius = 4 mm, average thickness = 0.1 mm). This results in vibrational mode

shapes which are dominated by bending mode deformation as observed by Ton-

ndorf and Khanna [8]. Eight rather than four noded elements are required in

order to correctly define the eardrum curvature without excessive element warp-

ing. Co-ordinate systems have been defined for each individual element and are

aligned according to the first two edges of the element. The aligned co-ordinate

systems and the arrangment of elements in annular rings facilitate the inclusion

of anisotropy of the eardrum model. Mode shapes and natural frequencies of the

eardrum were similar to those published by Wadaet al [1].

The ossicular model was implemented using ANSYS eight and twenty noded

block elements. The twenty noded elements were required at the manubrium at-

tachment for mid-side node compatibility with the eardrum shell elements. The

ossicular geometry was established using a combination of Wada et al’s model [1]

and the original geometries as documented by Kirikae [2]. Table 4.1 contains the

varying density values of the ossicles which are applied to the model. Further data

used for constructing the model is included in Appendix C. 1.14x1012 N/m2 was

used for the Young’s modulus [32] and 3700 kg/ma for the density of the bones [1].

The malleus and incus are connected together with infinitely stiff ANSYS Link

8 elements which are three dimensional struts that support uniaxial-compression
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Figure 4.1" Anatomy of the Eardrum taken from Wada et al [1]. (a) Contour
map of Eardrum Depth. Contour lines are drawn at depth intervals of 0.1mm

(b) Contour map of thickness. Solid lines represent isothickness and are labelled
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and have three degrees of transl_ational freedom at each of the two nodes. The

malleus and incus are rigidly coupled together because of the implementation of

multiple truss elements as shown in figure 4.3 (b) and because of the fact that as in

a pin jointed structure, no bending of the truss element is allowed. This method

of construction proved easier than attempting to create a single incudo-mallear

body. The incudo-stapedial joint was defined as a single element.

Density (kg/m3

Malleus handle 3.70 x 10a
neck 4.53 x 10a
head 2.55 x 10a

Incus body 2.36 x 10a
short process 2.26 x 103
long process 5.08 x 10a

Stapes 2.20 x 103

Table 4.1" Ossicular Densities
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(a) Side View

(b) Front View

Figure 4.2" Finite Element Model of the Eardrum
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(a) Top View (Showing Boundary Conditions)

(b) Truss coupling between Malleus and Incus

Figure 4.:3: Finite Element Model of the Middle Ear
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Figure 4.4: Finite Element Model of the Middle Ear. Red elements- ossicles.
Blue Elements- eardrum



4.4 The Outer Ear Canal

The geometry of two right ear canal’s of seperate subjects was determined using

Nuclear Magnetic Resonance spectroscopy. The procedure involved filling the ear

canal with a water-dye solution which was visible on the spectroscopy images and

resulted in the ear canal/air interface being distinct. Measurement required the

subject to be motionless and took about thirty minutes to be completed. The

subject lay on his side with his head inserted into a head coil during the imaging

process which involved taking multiple slices at 3mm intervals along the axis of

the ear canal without adjusting the imaging frame. This allowed the positioning

of the slices in three dimensiouaI space. Longtitudinal images were also take_,:

showing features along the length of the ear canal. Figures 4.5, 4.6 and 4.7 show

some of the obtained images for the ear canal model used in this research (other

images are contained in Appendix C). The S-shape of the ear canal is shown on

the longtitudinal sections - that is initially curving upwards and to the b~ck of

the head before straightening out. The frames run left to right down the page at

3mm section intervals with the first frame located superior of the ear canal. The

ear canal’s S-shape is evident as it is first encountered towards the middle ear.

The alignment of the eardrum with respect to the ear canal is also evident. It

is evident from figures 4.6 and 4.7 that the ear canal cross sections vary consid-

erably along the length of the ear canal from being roundish to tear shaped and

back to roundish again. Again frames run left to right down the page starting

with a section through the middle ear.

The finte element ear canal model was difficult to implement because of its

complex geometry. Initially, the eardrum was scaled to a width dimension of
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Figure 4.9: Finite Element model of the ear including ear canal geometry
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Figure 4.10: Finite Element model of the ear. Orange elements- pure acoustic
elements. Green elements- acoustic coupling elements



7.5mm established from the N.M.R. images. This scaling gave an eardrum height

of 9.Tmm. A co-ordinate system was defined which had its origin on the eardrum

and pointed along an axis of the ear canal that was perpendicular to the cross

sectional images. Two angles are required to orientate the eardrum plane with

respect to the axis of the ear canal. Viewing the ear canal from a superior position

(longtitudinal cross sections) as shown in figure 4.5 an angle of 15 degrees was

obtained from the N.M.R. images. The second angle was calculated as 55 degrees

by using the scaled eardrum height and data from N.M.R. images as shown in

figure 4.8. Cross sectional images were enlarged and discretised by projecting the

spectroscopy slides onto graph paper. The eardrum nodal pattern was copied

to a two-dimensional plane set which was in turn copied and scaled at three

millimetre intervals along the ear canal axis. Each nodal set co-incided with an

N.M.R. imaging frame and was scaled, altered or translated until it matched the

corresponding image. If element distortion was a problem, ANSYS acoustic-30

block elements could be constructed from pyramids or tetrahedra. Another alter-

native was to alter any particular nodal co-ordinate. Acoustic coupling elements

with pressure and motion degrees of freedom are used for elements with nodal

connections to the eardrum whereas pure acoustic elements with only a pressure

degree of freedom are used to construct the rest of the ear canal.

Concluding Remarks

A finite element model of the ear is presented which includes: a) An outer

ear canal geometry obtained from Nuclear Magnetic Resonance images, b) An

eardrum model scaled to basic dimensions of the ear canal and includes the com-

plex conical shaped geometry and varying thickness values of the eardrum, c) A

middle ear model based on geometries published by Kirikae [2].
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Chapter 5

Tuning the Finite Element Model

5.1 Introduction

This chapter describes how the experimental natural frequencies of the ear were

used to tune parameters of the finite element model which in turn provided in-

dications of middle ear motion.

parameters had to be established.

Assuming that the geometry is correct; four

They were the nature of boundary conditions

at the annular ligament of the eardrum and stapes, the modulus or moduli of the

eardrum itself and the modulus of the incudo-stapedial joint.

Subchapter 5.2 details how the finite element modal analysis procedure was

set up with regards to which experimental data was used and the tuning criteria

adopted. Subchapter 5.3 presents various boundary conditions of the model which

influenced the ear’s benaviour. Some of these boundary conditions were tuned by

the finite element technique. Subchapter’s 5.4 and 5.5 detail the adaptation of

the model in order to coincide with the experimental results which is an essential

element of any vibration analysis.

73



Modal analysis

The experimental technique presented two natural frequency values for tuning

the model at roughly 831 and 1670Hz. These values were used to determine

four parameters of the model which are the boundary conditions at the annular

ligament of the stapes and the eardrum as detailed in subchapter 5.3 and the

modulus characteristics of the eardrum and incudo-stapedial joint. Initially, the

effect of varying a single parameter on natural frequency values was investigated.

It is important to note that only the eardrum and ossicular model is used during

the validation procedure as the experime::;~al calculations decouple the ear canal

from the middle ear. Once the parameter influences had been established an

attempt was made at tuning the model with an isotropic eardrum representation

in order to keep the analysis simple. This was followed by the tuning of an

anisotropic model - both procedures are detailed in the following subchapters.

Boundary Conditions and Young’s Moduli

As with all finite element applications, realistic boundary conditions have to be

applied to the model. This subchapter details the assumptions regarding all

boundary conditions as applied to the current ear model. For the present sudy,

the boundary condition at the concha of the outer ear canal was assumed to be

an open pipe and was implemented by constraining the pressure at the concha

surface to zero. The concha and auricle are known to have a small influence on

the acoustics of the outer ear, however, the inclusion of these structures is not

merited because of the associated increases in complexity of the model.

Two boundary conditions, namely the nature of the annular ligament attach-
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ment at the stapes and eardrum, are determined by tuning the finite element

model. The annular ligament of the eardrum is located within a bony groove as

shown in figure 5.3 which would imply that the boundary condition should be

that of a hinged joint. Other researchers are of the opinion that a fully clamped

implementation is appropriate. Funnel and Lazlo propose that the "the actual

situation is somewhere between these two idealized extremes". Wada et al. [1]

found that a sprung implementation, as shown in the diagram, was more succes-

ful for tuning their finite element model. Wada et al’s, spring constant values

are included in table 5.1. The analysis showed that the simple hinged boundary

condition was not sufficient and that an added spring is required as shown in

figure 5.1.

/ Annular ligament

Bone

Kt

Figure 5.1" Eardrum Annular Boundary Conditions. Left: Biology of the annular
ligament. Middle: Suggested boundary condition implementation. Right: Wada

et al’s model[l]
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The stapes is held in the oval window by a seperate annular ligament and is

loaded by the fluid filled cochlea which is terminated by another tympanic mem-

brane - the round window. The sugested representation of boundary conditions

at the stapes footplate would was as shown in figure 5.2. Wada et al. [1] con-

strained the stapes footplate in such a way to effectively allow lateral movement

of the bone as shown in figure 5.2. Initially, it was practical to assume a simple

boundary condition. Thus, the model was given a hinged eardrum annular liga-

ment boundary condition and the stapes was constrained as shown in figure 5.2.

All spring constants were assumed to be linear.

II ]Spring Constants II
" ~_’a’_’_ear Boundary ’X: ’4.0 x "_03 N/m2

Ligament            Kt 1.0 x 10-3 N/m2
Stapedial Footplate K 7.0 x 102 N/m2

Table 5.1: Boundary Condition Spring Constant Values as used by Wada [1]

It is generally accepted that the mallear-incudal body vibrates as a unit about

an axis. Previously, researchers have assumed an axis of vibration which passes

between the long process of the malleus and the short process of the incus. No

such axis is defined in the present model and all suspensory ligaments are treated

as having only a suspensory role.

The modulus of the incudo-stapedial joint and that of the eardrum were tuned

by the finite element implementation. The modulus of the eardrum has been

measured experimentally at values of between 2 x l0T and 4x10z N/m2. The

present model has used these two values as acceptable limits, however, it should

be emphasized that the eardrum is in fact a highly anisotropic membrane. The

modulus of the pars flaccida is taken to be one third of the average modulus of
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Stapes

)

K K2

K3

Stapes

(sideview)

Figure 5.2: Stapedial Boundary Conditions. Left: Wada et al’s model [1]. Middle
and right: Suggested implementation

the pars tensa [49].

Fina’_’_y, the modu’_us of the incudo-stapedia’_ joint is investigated by the finite

element model. Again, there is a lack of information pertaining to the nature

of the joint and often the assumption used is that of rigidity. The influence of

varying the joint modulus is investigated and is detailed in the following two

subchapters.

Isotropic tuning

Initially the model was tuned using an isotropic eardrum representation in order

to keep the analysis simple and to investigate the influence of the four chosen

parameters on the natural frequencies. Vibration patterns similar to that ob-

served by Tonndorf and Khanna [8] were observed with maximal displacements
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in posterior and anterior sections. The vibration patterns show a higher degree

of eardrum sectional movement at higher frequencies which also concurs with

observations of Tonndorf and Khanna [8]. Natural frequencies of the structure

could be divided into three broad categories, eardrum modes, ossicular modes and

eardrum-ossicular modes. There are also "theoretical" ossicular modes present

as a consequence of the finite element formulation. These modes have been ne-

glected as in practice they can not be excited by the outer ear canal. The modes

of importance are those involving the eardrum as they directly affect the acoustic

behaviour of the outer ear canal. The first important finite element mode in-

volved both eardrum and ossicles whilst the second mode appeared to be mainly

an eardrum mode.

The influence of both the modulus value of the incudo-stapedial joint and

stapedial spring constants was less pronounced on modes involving only eardrum

displacements. An initial value of 4.5 x l0T N/m2 was used to represent the

incudo-stapedial joint modulus. As the modulus value decreased the first natural

frequency of the system also decreased considerably, however, the second natu-

ral frequency did not. At the lowest modulus values finite element modes were

observed with excessive twisting and lateral movements of the stapes. Modu-

lus values responsible for such movements were considered to be too low. The

stapedial spring constants were of the same order as those used by Wada et al.

[1]. Again, the influence of stapedial footplate boundary conditions on the sec-

ond natural frequency was negligible and similar problems of excessive stapedial

twisting and lateral swinging were obseved at very low stiffness values.

As one would expect, natural frequencies of the middle ear increase as the
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eardrum becomes stiffer. A fully hinged isotropic eardrum with the lowest ex-

perimental modulus yielded a second natural frequency that was alway too high.

As the modulus value was decreased beyond the lower limit to tune the model it

was evident that the membrane became too flaccid and could no longer "push"

the ossicles. The fully hinged implementation was therefore discarded.

A sprung-hinged boundary condition was utilised as shown in figure 5.1. This

altered natural frequencies significantly, however the changes were not sufficient

to realistically tune the model and the same problems encountered with the fully

hinged representation were evident. It was possible to lower the second natural

frequency value by decreasing the stapedial boundary conditions to such an ex-

tent that it could be argued whether they had any effect at all. However, then

the first natural frequency proved to be far too low.

The crux of the tuning problem was that the first important eardrum mode

involved complimentary ossicular motion and the second did not. Effectively,

this meant that the first mode was influenced by stapedial parameters whereas

the second was on’_y part’a’_’_y effected. This imp’_ied that the second natura!

frequency was controlled by annular ligament boundary conditions and isotropic

eardrum stiffness values. It was possible to adapt the model to give a matching

first natural frequency value but the second natural frequency was not attainable

using the isotropic eardrum membrane.

Anisotropic Tuning

Anisotropy of the eardrum which is present because of circumferential and ra-

dial fibre patterns within the pars tensa itself was investigated after the failure
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of the isotropic approach. Often researchers have only been concerned with an

isotropic implementation. This was either to keep the analysis simple or because

the approach was only to tune a model to one natural frequency.

The present model has the facility to incorporate anisotropy because the

eardrum is constructed from four sided shell elements arranged in circumferen-

tial rings. Each element can be assigned a co-ordinate system whose orientation

is determined by the directions of the first two sides of the element. Finally,

orthotropic modulus values are allocated to each ring of elements and are thus

aligned according to the individual elemental co-ordinate systems. Radial mod-

ulus values increase towards the centre of the eardrum because the radial fibre

density content increases. However, the circumferential modulus values decrease

towards the centre of the eardrum because of the decrease in circumferential fibre

density. It is obviously very difficult to estimate specific fibre density patterns

and thus allocate associated modulus values to different element sets. For exam-

ple, is it realistic to assume only two circumferential modulus values applicable

at the centre of the eardrum and at the cicumference ? - or should a linear varia-

tion of modulus values be used. Another problem associated with the anisotropic

implementation is the actual modulus values for the circumferential and radial

directions. Experimental modulus values have been published seperately, from

2.0 x l0T to 4.0 x l0T N/m2 [2], however, the calculation of such values has been

on the basis of an isotropic membrane assumption. The difficulty of implementing

an anisotropic membrane highlights the by now all too familiar lack of experi-

mental mechanical data of the human ear.

It was the author’s opinion that a standardised approach was required for
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implementing any anisotropy. Both circumferential and radial modulus values

were assumed to vary linearly towards the centre of the drum (circumferential

values decreased, radial values increased). The experimental isotropic modulus

values of 2 x 10r and 4 x 10r N/m2 published respectively by B~k4sy and Nirikae

[2] were assumed to be the acceptable limits for modulus values.

The anisotropic membrane behaved in a similar fashion to the isotropic mem-

brane. The first mode showed eardrum and ossicular vibration whilst the second

mode showed only eardrum displacements. Again, it was found that the fully

hinged annular boundary condition produced natural frequencies which were too

high. It was possible to tune the model using the sprung-hinged boundary con-

dition to the experimental natural frequencies and table 5.2 presents the Young’s

modului and annular spring constant values as applied to the model.

The influence of stapedial parameters, (incudo-stapedial joint modulus and

stapes spring boundary conditions) was negligible on the second natural fre-

quency. Thus, eardrum modului and annular boundary conditions were tuned

from the second natural frequency and staped’a’_ parameters tuned from the first

natural frequency. However, both the incudo-stapedial joint modulus and stape-

dial spring constants have the same influence on the first natural frequency. A

range of applicable values is thus presented in table 5.3. The limits of this range

are based on the fact that below a certain stiffness value modes involving stape-

dial movement are observed with excessive lateral or twisting movements.
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Young’s Modulus N/m2¸

Outermost Element EC 4 x 107
Ring Er 0.6 x 107
Ring No. 2 EC 3 x 107

Er 2 x 107
Ring No. 3 EC 2x107

Er 3 x 10r
Innermost Ring EC 0.5 x l0T

Er 4x 107
Annular Ring K 24 x 100 N/m

Table 5.2: Young’s Moduli Value of Ear Drum. Ec: Circumferential modulus
value. E~: Radial modulus

Spring Constants

Stapes Footplate K1 12 by 1 N/m
K2 4 by 80 N/m
K3 8 by 150 N/m

Incudo-Stapedial E 2 X 106 N/m2

Stapes Footplate K1 12 by 1 N/m
K2 4 by 65 N/m

K3 8 by 120 N/m

Incudo-Stapedial E 4 x 106 N/m2

Stapes Footplate 12 by 1 N/m
4 by 50 N/m

8 by 90 N/m

11 Incud°-Stapedial I E I5.0 x 106 N/m2 II

Table 5.3: Experimentally Tuned Boundary Condition Spring Constant Values
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Middle Ear Dynamics

Dynamics of the middle ear were investigated after tuning the finite element

model from the experimentally observed natural frequencies, it was now possible

to investigate . Displacements are calculated with outer ear canal coupling as

this is similar to actual ear function.

Eardrum displacement patterns were consistent with laser interferometry ob-

servations of Tonndorf and Khanna [8] showing maximal displacements in pos-

terior and anterior sections. The stiffness of the middle ear dominates at lower

natural frequencies and is reflected in the reactive impedance curves of chapter 3

which are positive in this frequency region implying a dominant stiffness term ac-

cording to equation 2.19. As the frequency increases the ossicles articulate more

and more about each other and vibrate about a fixed axis as shown in figure 5.5.

The axis was shown to be frequency sensitive.

At high frequencies, above 2 kHz, the eardrum displacement pattern is in-

creasingly sectional which concurs with observations of Tonndorf and Khanna

[8]. The ear becomes less efficient at transmitting sound energy because of the

increased sectional vibration of the eardrum and a dominant mass influence of

the ossicles which is evident in the reactive impedance curves of chapter 3. The

decrease in sound transmission is also apparent as smaller ossicular movements.

A variation of stapedial boundary conditions was implemented according to

the fact that the oval window at the stapes footplate is thicker towards the pos-

terior section. The finite element model was tuned accordingly with stiffer spring
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(a) 480 Hz

1

(b) 1685 Hz

Figure 5.3: Eardrum vibration patterns
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Figure 5.5: Ossicular vibration pattern at 1685 Hz



constants on the posterior edge of the stapedial footplate. The stapes now ap-

peared to have an increased "pumping" motion which would indicate a higher

sound transmission efficiency.

Plane acoustic waves are the dominant mode of propagation for the model in

accordance with calculations of Rabbitt [45].

Concluding Remarks

The anisotropic eardrum representation is required for tuning the model to ex-

perimentally observed natural frequencies. The model yields Young’s modululi

for the pars tensa and incudo-stapedial joint together with a range of suggested

stiffness parameters for the boundary conditions at the annular ligaments of both

the eardrum and stapedial footplate. The presence of the outer ear canal is shown

to have an important influence on the vibratory behaviour of the middle ear by

introducing low frequency modes. The model shows that at low frequencies the

stapes moves in a piston like fashion but becomes more complex as the frequency

increases.
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Chapter 6

Discussion

6.1 Introduction

This chapter presents a discussion of the overall approach of the experimental

determination of a finite element model of the ear. The experimental technique,

results and possible sources of error are appraised in subchapter 6.2. The success

of the finite element methodology as applied to the ear is evaluated in subchapter

6.3. Various structural aspects and displacement patterns of the middle ear as

calculated from the model are discussed. Finally, improvements of the model and

ideas for future work are presented in subchapter 6.4.

6.2 The Finite Element Model

The finite element method can account for modelling of complex geometric shapes,

varying material properties and structural-acoustic couplings and as a result, the

method is ideally suited for the construction of an ear model. A working knowl-

edge of finite element procedure is required in order to obtain accurate results.

It is important to note that for this study the finite element method provided

qualitive rather than quantitive results. The current analysis required such an

indication of middle ear dynamics.

88



Construction of tile ear model was slow and tedious because of the highly ir-

regular geometric structures encountered (No primitive shapes existed which can

be defined and meshed quickly using a solid modeller). A direct generation tech-

nique was used which involved initially defining nodal patterns and then creating

elements by specifying bounding nodes. An advantage of this technique was that

the user had a high degree of control over elemental and nodal numbering which

enabled easy manipulation of the database substructures.

The measurement of a healthy human ear canal using Nuclear Magnetic Res-

onance spectroscopy as detailed in this work appears to be unique. The C.A.T.

scan technique as published by Egolf et al [23] has close similarities but was not

established for a healthy ear canal. The N.M.R. method provides an effective

method for discerning the ear canal-air interface although the construction of the

finite element model could have been greatly facilitated by the use of a solid mod-

eller incorporated into the scanning equipment. Such an approach would have to

be considered for the construction of a large number of scanned ear canal models.

The ear canal model itself is unique with regard to coupling of eardrum structural

vibrations and ear canal pressures. A drawback with the imaging process is the

prolonged time (about 30 Jnins) that the subject has to remain motionless within

the scanner.

The approach detailed in this work established mechanical values for the ear.

Ideally, the model could have been constructed using more reliable experimental

material properties which could then have served as an added indication of the

model’s accuracy. Currently the approach provides mechanical properties, struc-
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tural boundary conditions and ossicular motions of the ear.

The isotropic eardrum model could not be adapted to give natural frequency

values similar to those observed experimentally. This is sensible - the eardrum

is obviously anisotropic because of the radial and circumferential fibrous layer.

Previously, research models have utilised an isotropic eardrum representation,

however, this was to keep the approach simple or to tune a model to one natural

frequency only. It is clear from this work that any realistic model of the ear has

to include the highly anisotropic nature of the eardrum. The present approach

does not attempt to provide exact mechanical values for the anisotropic eardrum

but rather an indication of what values are to be expected and to show that

anisotropy is an important factor.

The nature of the eardrum annular boundary attachment implementation is

influential when tuning the model. The anatomy of the annular ligament sug-

gests a fully hinged representation, however the model indicates that it is not

possible to have such a boundary condition. Instead, a sprung/hinged annular

representation is necessary for the model to converge to experimental data. It is

not suggested that this is how the annular ligament actually behaves but rather

that there is a certain degree of flexibi’_ity associated with the eardrum boundary.

Stapedial boundary conditions and the modulus of the incudo-stapedial joint are

shown to have considerable influence on the ears dynamic performance. This fact

is reinforced by the loss of hearing suffered by patients with degraded ossicular

joints.

The outer ear canal has been shown to be an important factor in establishing
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a realistic model from a dynamic performance point of view by introducing lower

frequency modes of vibration. Thus, the model suggests that it is the presence

of the ear canal that enhances low frequency hearing sensitivity. Finite element

displacement patterns of the eardrum concur with Helmholtz’s catenary principle

(see literature survey subchapter) and with laser interferometry patterns of Ton-

ndorf and Khanna [8]. The model shows that in the medium frequency range an

incudo-mallear axis of vibration may exist that concurs with observations made

by previous researchers (see literature survey subchapter). The axis is located

slightly above the ligamental attachments of the incudo- mallear body and its

location shows some frequency sensitivity. This frequency sensitivity location

phenomenom has been observed by various researchers [12, 11] [14] [13].

Humans are most sensitive to frequencies below 2kHz. Mode shapes from the

model correctly predict m,~xi,num ossicular displacement within in this range. At

higher frequencies the model shows an increasingly sectional eardrum vibration

pattern which was also observed by Tonndorf and Khanna [8]. Possibly, the in-

crease in sectional vibration of the eardrum and the larger influence of ossicular

mass provide an inherent damage limitation mechanism which may reduce harm-

ful transmission of high frequency excitation to the sensitivecochlear membranes.

Observations from the finite element model of stapedial motion appear to con-

cur with Gunderson’s findings [11] that the stapes footplate moves in a pumping

fashion at low frequencies and a rotary motion at higher frequencies. This rotary

motion would be likely to cause less loading on the cochlear membranes. It is

possible that such a stapedial footplate rotary motion would result in a difference

in loading for the crus or legs of the stapes which would in turn explain the dif-
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ference in thickness between the crus. This hypothesis could be investigated by

a finite element stress analysis of the stapes. More experimental data describing

the anatomy of the oval membrane must be acquired if stapedial motions are to

be properly understood.

Experimental Method

The experimental implementation of the "two-microphone" technique together

with the Matlab programming environment facilitated rapid recording of the fre-

quency response functions and easy calculation of impedance curves of dummy

ears. The flexible probes provided no real difficulties and together with the mov-

able band allowed for easy insertion of the tips upto a predetermined depth. The

simultaneous two microphone methodology proved to be more sensitive than a

technique involving calculating the quotient of two individual frequency responses

between microphone and source excitation because of an associated higher signal

to noise ratio.

The influence of natural frequencies on the experimental frequency response

functions of the membrane ear is striking. Response functions are of the same na-

ture as the Matlab implementation of the one-degree of freedom spring/mass/damper

termination. Two natural frequencies are evident as peaks on the amplitude plot

of the response function, double phase jumps on the phase plot of the response

function and axis crossings of the reactance curve. Phase jumps of the frequency

response function were investigated using the Matlab implementation. The phase

jump frequency was shown to be influenced by the location of the probe tip mea-

surement in the pipe with both phase jumps tending towards the natural fre-
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quency value as the probe approachs the membrane end.

By calculating the impedance of the membrane end with wrong probe tip

locations it was possible to assess the sensitivity of the impedance curves to

incorrectly assumed probe alignement. Figure 2.11 indicates that although the

overall shape of the impedance curve changes, the axis crossing values which show

natural frequencies are only slightly sensitive. Hence, natural frequency values

were used to validate the model.

No major difficulties were encountered with recording frequency response

functions of the ear. The probe tips were easily inserted and the subject was

aware of a mild tickling sensation during insertion. The physical significance of

the auricle and ear canal is to focus and amplify free field sound onto the eardrum

itself and was clearly evident on the oscilloscope trace when moving the probe

from free field sound into the ear canal. The noise level was maintained below the

acoustic reflex threshold by ensuring that conversation was easily possible. The

single microphone technique can not be applied to the ear because a higher level

sound excitation is required in order to improve the signal to noise ratio. This

higher sound excitation level is undesirable as the ear is closer to the acoustic

reflex threshold.

The quality of experimental data could be judged from the coherence graph.

A coherence value of one is indicative of good measurement results and it was

plain to establish from the trace whether or not the experiment was functioning.

Bad traces were sometimes obtained when a probe tip was pushed inadvertently

into the wall of the ear canal. High damping levels of the ear are evident from the
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frequency response functions. These frequency response functions are of the same

nature as those from a Matlab simulation with high damping levels as figure a.a

shows. The author proposes that high damping values increase the sensitivity of

the ear by broadening natural frequency peaks which flatens the ears response.

The length of the ear canal was known from Nuclear Magnetic Resonance

spectroscopy, however, it is difficult to determine an exact distance of probe tip

location from the eardrum because the eardrum terminates the ear canal at an

oblique angle. Other factors which introduce uncertainty are the conical shape of

the eardrum itself and the location of a probe tip within a particular cross section.

For the above reasons the calculated values were used to determine impedance

curves. The experimental acquistion of complex middle ear impedances requires

the insertion of probe tip microphones into the ear canal and knowledge of the

probe tip/eardrum distance. The main advantage of the current technique is that

it is possible to calculate the probe tip/eardrum distance from the experimental

data whereas previously the distance had to be determined manually. This fea-

ture reduces the possibility of considerable error.

The influence of frequency shifting due to damping is incorporated in the

modal curve fitting programme used to determine natural frequency and damp-

ing values. The first middle ear natural frequency is observed at a frequency value

similar to that presented by Gunderson (between 800-900Hz [12]) and slightly be-

low that presented by Wada et al [1]. The natural frequency values determined

from the measurement results taken at the locations closer to the eardrum are

consistently higher. It is proposed that these results are a better indicator of mid-

dle ear behaviour because the optimum measurement location has been shown to

94



be closer to the eardrum [68] [67].

Impedance curves from other authors are presented in figure 1.7 for compari-

son with the current work. Intersubject variability and varied analysis techniques

are contributory factors to the lack of consistency between impedance plots. It

is important to note that the impedance curves from this research work are only

valid upto 2kHz, however the range is extended upto 7kHz for the sake of com-

parison and to indicate how the ear behaves in this higher frequency range. The

reactive impedance curve is most similar to that of Laws with a positive trend

at low frequencies and a negative trend above 4 kHz. The curve would imply

an increasingly dominant ossicular mass term at higher frequencies preventing

the transmission of damaging high frequency vibration to the sensitive cochlea.

The resistive curve shows a peak at around 5 kHz which is again similar to Laws

findings.

Further Development

The developed finite element model is a promising advance for understanding the

function of the middle ear and fullfilled the research aim to experimentally vali-

date a computational model and provide middle ear vibration shapes. However,

it is clear that a fully comprehensive dynamic model of the ear is far from realised.

A variety of future projects exist which are based on the current research

work. It is clear that our knowledge of middle ear function is far from complete

and that a good deal of study is required before any comprehensive represen-

tation is established. Apart from anything a thorough study of the mechanical

properties of the middle ear would be of enormous value.
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The existing finite element model is adequate for the purposes of this study.

A future improvement could be the increase of continuum discretisation which

would be especially relevant for high frequency study and accuracy in modelling

eardrum anisotropy. However, the benefits of such an approach should be care-

fully considered because of the time consuming process of constructing such a

model. Currently, the model is applicable to the medium and low frequency

range where the ear is most sensitive. Hence, high frequency analysis could be

viewed as being of lesser importance.

The modal curve fitting programme provided damping values associated with

each natural frequency. A future implementation of the model could include these

damping values making it possible to calculate realistic response functions of the

stapedial footplate from an incident sound wave at the auricle. It would also be

possible to calculate standing wave pressures and frequency response functions

of the ear canal. The comparison of such theoretical and experimental ear canal

response functions could be used to validate the model. Presently, the calculation

of model ear canal response functions takes from two to three hours. This is be-

cause the acoustic coupling elements introduce unsymmetric terms into the finite

element matrices. Matrices could be made symetric by programming a modal

reduction technique in a Matlab environment and thus computational time could

decrease, however, at present the ANSYS matrices appear to be inacessible. An

alternative would be to establish a symmetric acoustic coupling element using

the ANSYS user programmable routines.

Further improvements of the model would be the inclusion of of other struc-
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tures such as the suspensory ligaments or middle ear nmscles and cavities. With

the inclusion of damping constants and middle ear cavities, it could be argued

that the current mode! would contain all the significant structural middle ear

components.

The experimental procedure provides a rapid method for establishing the

impedance characteristics of the middle ear. The simultaneous probe tip mea-

surement technique can give not only distances of the probe tips from the eardrum

but also the length o� the ear canal. By establishing a purpose built rig for easy,

insertion of probe tips it would be possible to investigate the ear canal lengths

and impedance characteristics for a range of subjects. The degree of intersub-

ject variability could thus be studied. Post operative effects could possibly be

assessed by determining whether ears with ossicular implants have associated

normal mass and stiffness behaviour. Time related efficencies of the ossicular

replacement could also be investigated.

Finally, it would be possible to predict the performance of reconstructed or

diseased ears with the determination of a finite element model which realistically

models the dynamics of the human middle ear.
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Chapter 7

Conclusions

The "two-microphone" technique can be used to determine natural frequencies

and impedance curves of the middle ear below 2kHz. At frequencies above 2kHz

the results are indicative of middle ear behaviour.

Impedance curves show that middle ear dynamics are stiffness dominated at

low frequencies and mass dominated at higher frequencies. The experimental

results indicate a high damping value for the middle ear and it is proposed that

this increases the sensitivity of the ear by broadening natural frequency peaks.

Nuclear Magnetic Resonance spectroscopy can be used to establish the three

dimensional geometry of a healthy subjects ear canal.

Anisotropy and certain eardrum annular boundary conditions are required

to tune a finite element model of the ear. More data describing the material

properties of ear structures is required which would serve as extra validation for

any future model. Dynamics of the middle ear model are consistent with those

observed by previous researchers.
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With future development, both the finite element model and the experinaental

technique appear to be promising tools for better understanding of middle ear

function.
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Appendix A

Matlab Programs

Matlab Program for Spring/Mass/Damper

Ended Pipe

f=[300:20:2000];

w=(f)*2*pi;

k=w/340;

x2 = input(’ Distance from tube end for calculation of H, input, x2 =

x1 = input(’ xl = ’)

m = input(’For impedance of tube termination, input, m = ’)

zeta = input(’zeta =’)

fn = input(’ fn = ’)

wn = fn*2*pi

s = m*wn*wn

c = 2*zeta*sqrt(s*m)

z = ((w.*w*m*j)+(c*w)-(j*s));

ba = z/(1.2*340*j);

h = ((w.*sin(k*x2))+(ba.*cos(k*x2)))./((w.*sin(k*xa))+(ba.*

ha = angle(h);

,)

cos(k*xl)));
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Matlab Program for Calculating Membrane

Impedances

x2 = input(’Distance from tube

xl = input(’xl = ’)

f=o2i 1 x;

w=(o2ilx)*2*pi;

h=o2il;

k=w/340;

z=j* (-h.*sin(k*xl)

zr=real(z);

zi=imag(z);

h a= angle (h)* 180 /pi;

end for calculation of Z, input, x2 = ’)

+ sin (k * x2))./(h.* cos (k* x 1 )-cos (k * x2));
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Appendix B

Experimental Acoustic Data

from the Ear Canal

Experimental Data Sets

Experimental data sets were taken as indicated in table B.1. The corresponding

frequency response function and coherence plots are included.

Data Set X2(/m) X1 m

l(i) .006 .011
1(c) .0065 .0115
2(i) .006 .011

2(¢) .0075 .0125

3(i) .008 .013

3(¢) .00945 .0145

4(control) probe outside

Table B.I: Experimental Data Sets. The spectrum analyser was set up with

white band noise, a uniform window and uniform averaging
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Impedance Curves for the Middle Ear
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B.3 Modal Curve Fits for the Middle Ear
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Frequency{ Hz Damping Residual
data set no.1 831 1.575428e-02 + 4.212972e-10 + i +4.290806e-10

1680 1.473915o-01 - 8.486231e-10 + i-7.280268e-10
2416 8.638943e-02 - 3.786807e-12 + i-4.893501e-ll
3125 5.255735e-02 - 3.105922e-12 + i-1.193131e-ll
3826 6.472894e-02 - 1.777201e-ll + i-7.992273e-ll
4405 5.695964e-02 - 4.056639e-ll + i-8.676658e-ll

data set no.2 818 9.026150e-02 - 4.450916e-09 + i-8.349095e-09
1668 1.311072e-01 - 5.915331e-10 + i-6.619486e-10
2360 7.682564e-02 + 1.782492e-ll + i-3.253350e-ll
3053 5.174337e-02 + 5.824674e-12 + i-6.489377e-12
3793 6.553388e-02 + 5.911639e-12 + i-6,929372e-ll
4390 5.248550e-02 - 1.472332e-ll + i-5.461030e-ll

data set no.3 823 1.126825e-01 - 8.083289e-09 + i-1.460588e-08
1589 6.584001e-01 + 1.478870e-09 + i +3.292141e-09

2387 8.702988e-02 + 2.522508e-ll + i-4.627503e-ll
3079 5.313286e-02 + 6.937023e-12 + i-8.541904e-12
3849 6.489835e-02 - 4.606577e-13 + i-6.335613e-ll
4424 5.138372e-02 - 8.124863e-12 + i-5.776306e-ll

Table B.2: Modal Curve Fitting Data
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Appendix C

Geometry of Ear Components

C.1 Ossicular Geometries

The ossicular geometries have been taken from Kirikae [2].

�    ¯¯

c,a,d2,dl

Figure C.I: Mallear Geometry
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f

h

d

Figure C.2: Incudal Geometry

Figure C.3: Stapedial Geometry
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Malleus a 8.01 + O.09mm
b 5.00 + 0.10
C 4.21 + 0.10
dl 7.43 + 0.01
d2 4.65 + 0.09
e 4.51 + .08

Incus a 6.79 + 0.07
b 4.81 + 0.07
cl 3.33 + 0.06
d 3.26 :t= 0.05
e 5.99 + 0.08
f 3.83 + 0.09

Stapes a 3.29 + 0.15
b 2.96 =1= 0.15
C 1.33 + 0.11
d 2.02 =1= 0.14
e 0.50 + 0.07
f 0.36 + 0.07

Table C.I" Ossicular Geometry. No significant difference of angles was observed

i Age(/yrs) No. of cases Mass /mg)
Malleus 20-29 98 24.65 + 0.39

30-39 58 24.35 + 0.70
40-49 51 24.88 + 0.64

Incus 20-29 120 27.43 + 1.42

30-39 62 26.19 + 0.93
40-49 67 27.80 + 0.90

Table C.2: Ossicular mass. Excerpt from a ’_arger table. [2]
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Ear Canal Geometries
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Figure C.4: N.M.R scans of ear canal - subject 2. Cross sections through head
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Figure C.5: N.M.R scans of ear canal- subject 2. Cross sections along ear canal
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(cont...) N.M.R scans of ear canal- subject 2. Cross sections along
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