
FINITE-ELEMENT MODELLING OF THE 

GERBILMIDDLE EAR 

Nidal Elkhouri 

Department of Biomedical Engineering 

McGill University, 

Montréal, Québec 

February 2006 

A thesis submitted to the Faculty of Graduate Studies and Research in partial fulfillment 

of the requirements of the degree of 

Master of Engineering 

© Nidal Elkhouri, 2006 



1+1 Library and 
Archives Canada 

Bibliothèque et 
Archives Canada 

Published Heritage 
Branch 

Direction du 
Patrimoine de l'édition 

395 Wellington Street 
Ottawa ON K1A ON4 
Canada 

395, rue Wellington 
Ottawa ON K1A ON4 
Canada 

NOTICE: 
The author has granted a non­
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell th es es 
worldwide, for commercial or non­
commercial purposes, in microform, 
paper, electronic and/or any other 
formats. 

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission. 

ln compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis. 

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis. 

• •• 
Canada 

AVIS: 

Your file Votre référence 
ISBN: 978-0-494-24954-3 
Our file Notre référence 
ISBN: 978-0-494-24954-3 

L'auteur a accordé une licence non exclusive 
permettant à la Bibliothèque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par télécommunication ou par l'Internet, prêter, 
distribuer et vendre des thèses partout dans 
le monde, à des fins commerciales ou autres, 
sur support microforme, papier, électronique 
et/ou autres formats. 

L'auteur conserve la propriété du droit d'auteur 
et des droits moraux qui protège cette thèse. 
Ni la thèse ni des extraits substantiels de 
celle-ci ne doivent être imprimés ou autrement 
reproduits sans son autorisation. 

Conformément à la loi canadienne 
sur la protection de la vie privée, 
quelques formulaires secondaires 
ont été enlevés de cette thèse. 

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant. 



ABSTRACT 

Hearing loss is the third leading chronic disability after arthritis and hypertension, and 

the most frequent birth defect. Non-invasive diagnoses and middle-ear prostheses are 

often unsatisfactory, partly because of a lack of understanding of middle-ear mechanics. 

The focus of this thesis is to develop a 3-D finite-element model to quantify the 

mechanics of the gerbil middle ear. An MRM dataset with a voxel size of 45 J.Ill1, and an 

x-ray micro-CT dataset with a voxel size of 5 um, supplemented by histological images, 

are the basis for 3-D reconstruction and finite-element mesh generation. The eardrum 

model is based on moiré shape measurements. The material properties of aIl the 

structures in the model are based on a priori estimates from the literature. 

The behaviour of the finite-element model in response to a static pressure of 1 Pa is 

analyzed. Overall, the model demonstrates good agreement with low-frequency 

experimental data. For example, (1) the ossicular ratio is found to be about 3.5; (2) 

maximum footplate displacements are about 34.2 nm ± 0.04 nm; (3) the motion of the 

stapes is predominantly piston-like; (4) the displacement pattern of the eardrum shows 

two points of maximum displacements, one in the posterior region and one in the anterior 

region. The results also include a series of sensitivity tests to evaluate the significance of 

the different parameters in the fmite-element model. Finally, in an attempt to understand 

how the overall middle-ear mechanics is influenced by the anterior mallear ligament and 

the posterior incudalligament, results are shown for cutting or stiffening the ligaments. 
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, , 
RESUME 

La perte d'audition représente la troisième principale incapacité chronique après l'arthrite 

et l'hypertension, et le défaut de naissance le plus fréquent. Les diagnostics non-invasifs 

et les prothèses de l'oreille moyenne sont souvent insatisfaisants, en partie à cause d'un 

manque de compréhension de la mécanique de l'oreille moyenne. Le centre de cette thèse 

consiste à développer un modèle d'éléments finis à trois dimensions pour mesurer les 

mécanismes de l'oreille moyenne de la gerbille. Un ensemble de données de MRM avec 

une taille de voxel de 45 /lm, et un ensemble de données de radiographie micro-CT avec 

une taille de voxel de 5 /lm, supplémentés par des images histologiques, servent de base à 

la reconstruction et la génération en trois dimensions de mailles d'éléments finis. Le 

modèle du tympan est basé sur des mesures de forme, de type moiré. Les propriétés 

matérielles de toutes les structures dans le modèle sont basées sur des estimations a 

priori de la littérature. 

Le modèle d'éléments finis est soumis à une pression statique de 1 Pa appliquée sur le 

tympan. Dans l'ensemble, les résultats du modèle sont en bon accord avec les données 

expérimentales de basse fréquence. Par exemple, (1) le rapport ossiculaire est d'environ 

3,5; (2) les déplacements du « footplate» est d'environ 34 nm ± 0.04 nm; (3) le 

mouvement du stapes ressemble essentiellement à celui d'un piston; (3) les résultats du 

tympan montre deux points de déplacements maximums, l'un dans la région postérieure 

et l'autre dans la région antérieure. Les résultats incluent également une série de tests de 

sensibilité pour évaluer l'importance des différents paramètres dans le modèle d'éléments 

finis. Finalement, afin d'essayer de comprendre comment la mécanique globale de 

l'oreille moyenne est influencée par le ligament malleaire antérieur et le ligament incudal 

postérieur, des résultats montrent des cas où les ligaments sont coupés et raidis. 
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CHAPTERI 

INTRODUCTION 

According to The Hearing Foundation of Canada, hearing impainnent - meaning 

complete or partial loss of the ability to hear in one or both ears - affects 1 in 10 

Canadians (THFC, 2005). The National Library of Medicine states that 1 in 3 North 

Americans over 60 years old, and 40 to 50 % of those over 75, develop hearing loss. 

Hearing loss can result from a variety of problems: congenital defects, tumours, 

infections, brain injuries, ageing, etc. In fact, it is the most common birth defect: six in 

every thousand babies are bom with hearing loss, including profound deafness (THFC, 

2005). Often this is not discovered until the children are 3 years old and their language is 

noticeably delayed. 

Located between the outer and inner parts of the ear, the middle ear is the site of many 

infections and birth defects, among other problems. Middle-ear prostheses and non­

invasive diagnostic tools are often unsatisfactory. Hence, over the past decade, many 

groups have conducted experimental work on mammalian middle ears. In particular, 

gerbils are becoming popular for middle-ear research, in part because they are 

inexpensive and their middle-ear structures are easily approachable. For a better 

understanding of middle-ear mechanics, models are often used and validated by 

comparison with experimental data. 

Lumped-parameter models were the first models used to study the acoustics of the 

middle-ear. Although the se models are able to replicate experimental data, their 

parameters are not closely tied to anatomical or physiological data. Nowadays, finite­

element models are popular in middle-ear research. They are based on anatomical shapes, 

biological material properties, and realistic boundary conditions and loading conditions. 

The application of such models to middle-ear research Was frrst introduced by Funnell 

(1975), and has since evolved. However, over the past 30 years, there have been very few 

finite-element models of non-human species. Furthennore, model geometries have been 

greatly over-simplified and material properties have often been based on curve fitting. 
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The focus of this research was to develop a 3-dimensional finite-element model of the 

gerbil middle ear, and to quantify its mechanics. The model was based on a priori 

material-property estimates from the literature. Its geometry was defined accurately with 

the use of magnetic resonance imaging, x-ray micro-computed tomography data and 

moiré topography. Previous experimental measurements on gerbil middle ears were used 

for comparlson with the finite-element model. This work will contribute to a better 

understanding of the normal (and ultimately the pathological) middle ear, to the design of 

prostheses, and to diagnostic and teaching methods. 

A general overview of the human and gerbil auditory systems will be presented in 

Chapter 2. A review of the fundamentals of middle-ear mechanics will be the focus of 

Chapter 3. Chapter 4 briefly introduces the basic concepts of the finite-element method. 

The methods employed in this work (MRM, X-ray micro-CT, moiré topography, 

histology, image segmentation and mesh generation) will be explained in detail in 

Chapter 5. A thorough description of the final model is presented in Chapter 6 and the 

results are summarized in Chapter 7. Finally, conclusions and future work are discussed 

in Chapter 8. 
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CHAPTER2 

ANATOMY OF THE MIDDLE EAR 

2.1 Introduction 

The following sections will provide a general description of the middle ear. This chapter 

will begin by presenting in section 2.2 an extensive introduction to the anatomy of the 

human ear. This section is based on several sources, including Weyer & Lawrence (1954), 

Wolff et al. (1957), Vander et al. (2004) and Drake et al. (2005) among others. The gerbil 

ear, and its similarities to and differences from the human one, will be the subject of 

Section 2.3. 

2.2 Human middle ear 

The auditory system is designed to detect sound signais important for survival. The 

peripheral auditory system is divided into three components: the outer ear, the middle ear 

and the inner ear (Figure 2.1). Sound vibrations are funnelled through the auricle and 

along the external auditory canal. They strike the eardrum, which links the external 

auditory canal to the manubrium of the malleus - the first of three bones connected in 

series, also known as 'ossicles' (malleus, incus and stapes). The ossicles, located in the 

air-filled middle ear, are attached to the middle-ear cavity walls by ligaments and 

muscles. They vibrate and the footplate of the stapes - the third and last bone of the 

ossicular chain - moves in the oval window. Movement of the stapes causes the liquid 

inside the inner ear to move. This causes movement of the cochlear duct, which causes 

hair cells to set off nerve impulses. These impulses are carried to the brain via the 

cochlear nerve. The brain then interprets these electrical impulses as sound. 

The remainder of this anatomical description will be restricted to the middle ear, as it is 

most relevant to this research. 
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Figure 2.1: Human auditory system (Drake et 01.,2005) 

2.2.1 MiddIe-ear boundaries 

Figure 2.2 is a schematic representation of the boundaries of the middle ear. They consist 

of a roof, a floor, and anterior, posterior, medial and lateral walls: 

- Roof The roof separates the middle ear from the middle cranial fossa. It is a thin 

layer of bone called the tegmen tympani. 

- Floor: The floor consists of a thin layer of bone separating the middle ear from the 

internaI jugular veine 

- Lateral wall: The lateral wall of the middle ear consists of the tympanic membrane 

and the encircling ring of bone. It is not shown in Figure 2.2 because it is the near 

wall. 

- Posterior wall: The posterior (or mastoid) wall can be divided into two parts. The 

lower part consists of a bony partition between the tympanic cavity and the mastoid 

air cells, and the upper part consists of the epitympanic recess. The tendon of the 
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stapedius muscle extends from the pyramidal eminence (a bony wall surrounding 

the hole through which the stapedius muscle projects) to enter through this posterior 

wall 

- Anterior wall: The lower part consists of a thin layer of bone separating the 

tympanic cavity from the internal carotid artery. The upper part contains an opening 

for the Eustachian (pharyngotympanic) tube, and a smaller opening for the tensor 

tympani muscle. 

- Medial wall: The medial (or labyrinthine) wall is characterized by a rounded bulge 

(the promontory) created by the cochlea in the inner ear. Other structures associated 

with the medial wall are the oval window (an opening, covered by a very thin 

membrane, which leads from the middle ear to the vestibule of the inner ear) and 

the round window of the inner ear. 

Figure 2.2: Middle-ear boundaries (Gray's anatomy, 2005), as viewedfrom outside the lateral wall. The 

left-hand and right-hand walls are the posterior and anterior walls, respectively. 
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2.2.2 Middle-ear cavities 

The middle-ear cavity is an air-filled space in the petrous bone. It is approximately 2 cm3 

in volume (Békésy, 1949). It can be represented as consisting of three compartments: 

- Mesotympanum: Located just medial to the tympanic membrane, it contains the two 

muscles of the middle ear, the stapes, and parts of the malleus and incus. 

- Epitympanum: Located just superior to the tympanic membrane, it includes the head 

of the malleus and the body of the incus. It is also called the epitympanic recess. 

- Hypotympanum: It is located inferior to the tympanic membrane. It is relatively 

wide. The opening of the Eustachian tube is found in the antero-inferior part. 

Mastoid 

Epitympamm 

Externat ear 

Eardmm 

------Hypotympamm 

Figure 2.3: Middle-ear spaces (modifiedfrom 

http://audilab.bmedmcgill.ca/·-funnell/AudiLab/teachlme_saflme_saf.html) 

2.2.3 Tympanic membrane 

The eardrum, or tympanic membrane (TM), separates the medial end of the external 

auditory canal from the middle-ear cavity. It is inclined at an angle (variable amongst 
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individuals), sloping medially from top to bottom and posteriorly to anteriorly. When 

observing the TM with an otoscope, a bright reflection known as the cone of light is 

visible antero-inferior to the umbo. The diameter of the TM along the manubrium is 8.5-

10 mm, and perpendicular to the manubrium is 8-9 mm (Bezold, 1882). 

Posterior 
mallear fold 

Manubrium 
(of malleus) 

Umbo 

Figure 2.4: Tympanic membrane (Grays anatomy, 2005) 

r----....... -:Lateral process 
:, (of maIleusJ 

;,;;..;.;..-....... Anterior 
maIIear fold 

---.;,-,---, par s tensa 

""-....................... ..-,;;." Cone of light ... 

The TM consists of two major parts: the pars tensa and the pars flaccida, shown in Figure 

2.4. The pars tensa is somewhat round and conical in shape, with the apex pointing 

medially. The apex is located at the umbo, where the tip of the manubrium is attached. 

The inward offset of the umbo is about 2 mm (Siebenmann, 1897). Encircling the pars 

tensa is a fibrocartilaginous ring that is attached to the temporal bone. The pars flaccida is 

smaller and more elastic than the pars tensa, thus contributing much less to the vibrations 

of the os sicles (von Unge et al., 1991; Dirckx et al., 1998). As shown in Figure 2.5, the 

pars tensa is composed ofthree layers: 
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• Epidermal (laIera!): The cutaneous layer is continuous with the skin lining of the 

ear canal. 

• Endodermal (media!): The mucosal layer is continuous with the lining of the 

middle-ear cavity. 

• Mesodermal ifIbrous): Between the epidermal and endodermallayers, the fibrous 

lamina propria is composed of four layers: radial fibres which diverge from the 

manubrium of the malleus; circular fibres concentrated around the circumference 

but sparse and scattered in the centre of the TM; and two 100 se connective-tissue 

layers - subepidermal and submucosal - which lie between the radial and circular 

fibres of the lamina propria. 

E;pidermis 

Subepidermal {U 

. connective tissue .5. 

Radial fibres 

Circular .fibres 

Submucosal 
connective ti ssue 

Mucosa 

e 
Cl. 

Figure 2.5: Layers of the tympanic membrane (source: 

http://audilab.bmed.mcgill.ca/~funnelIlAudiLab/teachime _saflme _safhtm) 
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This nicely organized structure of the pars tensa is not observed in the pars flaccida. In all 

mammalian species, the PF contains fewer collagen fibres than the PT, with an irregular 

arrangement of loose connective tissue (Lim, 1968 & 1970). 

2.2.4 Ossicular chain 

As mentioned previously, the ossicular chain consists of three os sicles - the malleus, the 

incus and the stapes. The first is attached to the TM, the last to the oval window of the 

inner ear, and the incus is connected to both by means of a joint - the incudomallear and 

incudostapedial joints. Figure 2.6 illustrates the location of the three ossicles in the 

ossicular chain. 

Attic (Epitympanum.) 

Malleus ---..Ijr---.... J,. 

Tyrnpazric 
Memb:rane----

Oval ___ ........ -Wmdow 

Stapes 

Round 
Wmd.ow 

Figure 2.6: Middle-ear ossicles (source: http://www.bcm.edu/oto/studs/anat/tbone.html) 

2.2.4.1 Mal/eus 

The most lateral ossicle is the malleus, or hammer. It is composed of a head, a neck, a 

manubrium, and anterior and lateral processes. The head is the large upper extremity of 

the bone. It is somewhat rounded and oval in shape, and articulates posteriorly with the 
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body of the incus. The neck is the narrow part that bridges the head and the manubrium. 

The manubrium is oriented downward, medially and posteriorly. It connects to the 

tympanic membrane via a ligament running along its entire length. It decreases in size 

towards its lower end, where the tip connects to the umbo of the TM. Near its upper end, 

on themedial side, is a slight projection into which the tensor tympani tendon is attached. 

The anterior process protrudes from below the neck and is attached to the anterior wall by 

the anterior mallear ligament. The lateral process springs from the root of the manubrium, 

directed laterally. It is attached to the upper part of the TM, and to the extremities of the 

notch of Rivinus (a notch in the upper part of the bony ring surrounding the eardrum) by 

means of the lateral mallear ligament. Figure 2.7 illustrates the dimensions of the 

malleus. 

Lateral 
process 

Anterior 
process 

Figure 2.7: Average dimensions of the mal/eus (modified from 

http://sprojects.mmi.mcgill.ca/ot03d1middle _ ear.html). Length A, from 

end of manubrium to end of lateral process: 5.8 mm (Stuhlmann, 

1937). Totallength B: 7.6-9.1 mm (Bast & Anson, 1949). 
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2.2.4.2 Incus 

The incus is the second and largest bone of the middle-ear. It is aIso called the anvil, 

because it is acted on by the hammer. It consists of a body and two processes. The 

anterior surface of the body of the incus is saddle-like in shape, and articulates with the 

head of the malleus. At the other end of the incus body is the short process, somewhat 

conical in shape. It projects horizontally backward, and is attached to the mastoid wall by 

the medial and lateraI bundles of the posterior incudalligament. The long process extends 

nearly vertically downward from the body, and near its tip bends mediaIly to form a 

rounded projection, the lenticular process, which articulates with the head of the stapes. 

Figure 2.8 is an illustration of the incus. Between the long process of the incus and the 

lenticular process is a narrow bony structure that is easily overlooked: the pedic1e. 

Shaped like a wide and thin beam, its possible function has only recently been studied. It 

is believed to be prone to bending (Siah, 2002, Funnell et al., 2005). Figure 2.9 shows a 

CT-scan image of the pedic1e, illustrating how thin it is in one direction. 

Lenticular 
process ~ 

mcus long 
process 

-~;;:::..,)-1I1CUS short process 

'---- Pedicle 

Figure 2.8: Average dimensions of the incus . Length A, along short process: 5.0 mm. 

Length B, along longprocess: 7.0 mm. (afler Stuhlman, 1937) 
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Figure 2.9: CT-scan image of the pedic/e ([rom the micro-CT dataset used in this work, 

Cf Section 5.3.1) 

2.2.4.3 Stapes: 

At the medial end of the ossicular chain lies the stapes, the smallest bone in the human 

body, named for its resemblance to a stirrup. Figure 2.10 illustrates the different parts: the 

head, anterior and posterior crura, and the footplate. The lateral surface of the head 

presents a slight depression which articulates with the lenticular pro cess of the incus. 

Generally, the stapedius muscle joins the posterior crus to the pyramidal eminence, which 

is a small projection on the mastoid wall. In sorne cases, this muscle is connected to the 

head as well as to the posterior crus. The two crura diverge from the head to form a 

stapedial arch, and are connected at the ends to the oval footplate. The anterior crus is 

shorter and less curved than the posterior crus (which varies in curvature and thickness 

amongst individuals). The footplate connects to the oval window of the inner ear through 

the fibrous annular ligament. The footplate is about 20 times smaller in area than the 

tympanic membrane. 
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Figure 2.10: Average stapes dimensions (Bast & Anson, 1949) 

2.2.5 MiddIe-ear joints 

As mentioned previously, the ossicular chain is linked by two synovial joints: the 

incudomallear and incudostapedial joints. The former is a saddle-shaped joint (Figure 

2.11). The latter connects the surfaces of the convex lenticular plate and the concave 

stapes head (Figure 2.12). Each joint is composed of a synovial space, a ligamentous 

capsule and two compartments of articular cartilage at the extremities of the articulating 

bones (Gulya & Schuknecht, 1995). The ligamentous capsules consist of three layers -

mucous, fibrous and synovial membranes. Their main mechanical function is to hold the 

bones together, and prevent the synovial fluid from leaking out. The latter lubricates the 

joint, allowing smooth articulation. 

13 



Figure 2.11: lncudomallear joint (Gulya & Schuknecht, 1995). The 

joint capsule consists of what is labelled here as the 'medial 

incudomalleal ligament' and the smaller fibrous band on the other 

side of the joint. 

Figure 2.12: lncudostapedialjoint (Gulya & Schuknecht, 1995) 
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2.2.6 Middle-ear muscles 

The middle ear contains two muscles acting as antagonists - the tensor tympani and the 

stapedius (Figure 13). 

The tensor tympani muscle is a striated muscle which is contained in a bony canal of the 

temporal bone, just above the Eustachian tube. It ends in a tendon in the tympanic cavity, 

and attaches to the antero-medial surface of the manubrium of the malleus. During 

contraction, this muscle pulls the TM medially to increase its tension and decrease the 

amplitude of vibrations. 

The smallest skeletal muscle in the human body, the stapedius muscle emerges from the 

pyramidal eminence in the posterior wall of the middle ear, where its fibres converge in a 

conical shape to form the stapedius tendon. It attaches to the head and/or posterior crus of 

the stapes. It is composed of both striated and non-striated fibres. This muscle pulls the 

head of the stapes posteriorly during contraction, to prevent excessive vibrations. 

Ligaments and muscles help to protect and stabilize the ossicular chain. However, the 

function of the muscles is not clearly understood. Muscles play a role in controlling (or 

reducing) the eardrum's vibration intensity. They contract mainly in response to high­

intensity sounds, as a result of an 'acoustic reflex'. Thus, they prote ct the cochlea by 

reducing the sound transmission. Prof. Harald Feldmann (as cited by Huttenbrink, 1996) 

suggested that middle-ear muscle contraction controls the circulation of synovial fluid in 

the joints. 

The existence of smooth-muscle fibres has been reported in bats (Henson & Henson, 

2000), in gerbils (Yang & Henson, 2002), and in other species. In humans, the evidence is 

less clear so far (Henson et al., 2001). These smooth-muscle fibres consist of radially 

oriented collagen fibres attaching the TM to the fibrocartilaginous ring. Their location 

suggests that they have a role in regulating the tension of the TM. 
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Tympanlc membrane 

Figure 2.13: Middle-ear muscles and ligaments (Grays anatomy, 2005) 

2.2.7 Middle-ear ligaments 

The number of ligaments is still subject to disagreement. The following descriptions are 

based in large part on a review by Mikhael (2005). 

2.2. 7.1 Mallear ligaments 

- Anterior mallear ligament (AML): This ligament originates from the anterior wall of 

the tympanic cavity, close to the petrotympanic fissure, and is inserted into the 

anterior process of the malleus. This ligament forms one end of the natural axis of 

rotation of the ossicles. 

- Lateral mallear ligament (LML): The fibres of this ligament form a triangular shape, 

and fan out from the posterior part of the notch of Rivinus to the head of the 

malleus (Palva et al., 2001). 

- Superior mallear ligament (SML): A slender, rounded bundle passing from the roof 
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of the epitympanic recess to the head of the malleus (Wolff et al., 1957). 

- Posterior mallear ligament (P ML): The existence of such a ligament is still subject 

to disagreement. Sorne authors believe that it is a thick portion of the posterior 

mallear fold connecting the neck of the malleus to the pretympanic spine (Gulya & 

Schuknecht, 1995). 

- Suspensory ligaments: There is a lot of controversy as to the existence of these 

ligaments, at least partly because of a difference in terminology. Gulya & 

Schuknecht (1995) have observed anterior (ASL), superior (SSL) and lateral (LSL) 

suspensory ligaments. The LSL and LML have similar insertion points, as do the 

SSL and SML. The ASL is said to be above the AML. 

2.2. 7.2 lncudal ligaments 

The posterior incudal ligament (PIL) consists of two short and thick bundles connecting 

the lateral and medial aspects of the posterior end of the short process of the incus to the 

posterior incudal recess. 

2.2.7.3 TM-mal/eus attachment 

The manubrium is strongly attached to the TM at the umbo and at the lateral process, 

where the ligament is fibrous. In the middle, the ligament is mucosal, and thus forms a 

weaker attachment. In the upper third, where the distance between the manubrium and 

the TM is largest, the fibres are slender and long (Graham et al., 1978). 

2.2.7.4 Annular ligament 

The stapes annular ligament consists of radially-oriented elastin fibres attaching the 

stapes footplate to the oval window. 

2.3 Gerbil middle ear 

In this thesis, Mongolian gerbils (Meriones unguiculatus) are used. Mongolian gerbils are 

rat-like animals. They are abundantly widespread across Shansi province of China and 

the Gobi Desert (China-Mongolia). Oaks (1967, pp. 78 ff.) divided the middle ears of the 

Gerbillinae subfamily into essentially four types, Meriones unguiculatus having type 2. 
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There are many similarities between the gerbil and human middle-ears. Differences arise 

mainly when comparing cavity size and the orientation of the TM and ossicles. What 

follows is a brief description, based on Oaks (1967), of the Mongolian gerbil middle ear, 

and sorne highlights of differences between it and the human middle-ear. From this point 

on, the Mongolian gerbil will simply be referred to as "gerbil". 

The TM of the gerbil has about the same orientation as the human TM. The cross section 

of the manubrium is relatively flat in humans but T-shaped in gerbils. As in humans, the 

manubrium of the malleus and the long process of the incus are not perpendicular to the 

ossicular axis, but slant slightly forward and backward respectively. The malleus and 

incus are not fused together. In gerbils, the only attachments of the ossicles to the walls of 

the tympanic cavity are the two muscles, the anterior mallear ligament and the posterior 

incudal ligament, and the lM-manubrium attachment. The manubrium is tightly 

connected to the TM along its whole length. 

The middle-ear air space in gerbils has a volume of about 0.2cm3
, which represents about 

a tenth of the volume of the human middle-ear cavity, and about 5 times that of rats and 

hamsters, rodents ofsimilar body size (Oaks, 1967). According to Rosowski et al. (1999), 

large middle-ear air spaces play a role in improving hearing sensitivity at frequencies 

below 2-3 kHz in gerbils. 

The gerbil has a relatively large pars flaccida (PF). In humans, the PF surface area is 2-

3% of the pars tensa (PT) surface area. In gerbils, the figure goes up to 10-20% (Dirckx 

et al., 1998). However, its actual function is not understood. 
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CHAPTER3 
MIDDLE-EAR MECHANICS 

3.1 Introduction 

In this chapter we shaH first begin with an overview of middle-ear mechanics. In the 

second part, a review of experimental observations of vibration patterns of the eardrum 

and ossicles will be presented. Finally, we shaH define the assumptions of our finite­

element model in the third part of this chapter. 

3.2 Middle-ear meehanies 

3.2.1 AcousticaI impedance 

The middle ear acts as a transformer mechanism between the air-fiHed external ear and 

the liquid-fiHed inner ear. If the sound waves were passed directly from air to the liquid, 

the intensity would decrease greatly, since the acoustical impedance of air is about 3880 

times smaller than that of sea water (Wever & Lawrence, 1954, p. 72). Acoustical 

impedance is commonly denoted by the letter Z, and is defined by the foHowing equation: 

Z=.!... u 

where P is the sound pressure, and U is the volume velocity (area times velocity). When 

sound waves travel from a compartment of low Z to a compartment of high Z, the higher 

the Z of the second compartment, the more energy is reflected and the less energy enters 

the second compartment. 

The middle ear is designed to reduce the loss of hearing sensitivity. The energy-transfer 

mechanism of the middle ear is complex, but is often described as a combination of three 

simple factors: the eardrum-to-stapes surface area ratio, the lever mechanism of the 

os sicles, and the eardrum curvature. 
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3.2.2 Surface-area mechanism 

Pressure is defined by 

P=f·A 

where f is the applied force, and A is the effective surface area. Assuming that a force Ji 
applied on the eardrum is equal to the resulting force fi at the stapes, the force balance is: 

Since the effective surface area of the eardrum (Al) is greater than that of the footplate 

(A2), the pressure created by the stapes (P2) must be greater than the pressure on the 

eardrum (Pl). 

The gain in pressure is equal to the ratio of the two effective surface areas. The effective 

area of the eardrum is the cross-sectional area of a rigid piston that displaces a volume of 

air equal to that which is displaced by the deformed eardrum. The effective area is sorne 

fraction of the anatomical area. Békésy's eardrum vibration results on fresh human 

cadavers indicated that the eardrum vibrates like a rigid plate. He found that the human 

eardrum effective area is about two-thirds of the total area. The effective surface area of 

the stapes is the cross-sectional area of the footplate, assuming piston-like motion. In 

humans, the effective surface areas are said to be about 55 mm2 and 3.2 mm2 for the 

eardrum and stapes, respectively (Wever & Lawrence, 1954). The surface-area ratio is 

thus about 17. 

Complex behaviour patterns of both the eardrum (Khanna & Tonndorf, 1972) and stapes 

(Decraemer et al., 2000) have been reported, as discussed in Section 3.3. This 

complicates the determination of the effective areas. 
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3.2.3 Ossicular lever mechanism 

The second impedance-transfer mechanism assumes a fixed axis of rotation running from 

the anterior process of the maIl eus to the posterior incudal ligament. The maIl eus and 

incus together would act as a lever, and the lever arms would be determined by the 

perpendicular distances from the axis of rotation to the umbo and to the incudostapedial 

joint. This simple lever ratio would contribute to the increase in stapes pressure. Weyer & 

Lawrence (1954) reported a ratio of about 1.31 in human, and a ratio of about 2.5 in cat. 

However, the axis of rotation has been shown to shift with changes in frequency (e.g., 

Oyo et al., 1987; Decraemer & Khanna, 1994). At high frequencies, moreover, the incus 

and malleus exhibit significant relative motion, and they cannot be assumed to behave as 

a single unit. 

3.2.4 Eardrum curvature 

OriginaIly proposed by Helmholtz (1869), this mechanism involves a relationship 

between the eardrum's curvature and the sound-pressure amplification. The eardrum 

vibration study on fresh human cadavers by Khanna & Tonndorf (1972) supported the 

curved-membrane hypothesis of Helmholtz. Khanna & Tonndorf (1972) invoked the 

effect of the eardrum's curvature, and its radial and circular fibre architecture, on 

amplifying the incoming sound pressure before it hits the manubrium. FunneIl (1996) 

studied the coupling of forces from different points on the eardrum to the manubrium by 

means of a finite-element model of the cat eardrum. According to FunneIl, "certain 

regions of the eardrum are more effective in driving the manubrium than can be 

explained on the basis of their distance from the axis of rotation". This additional 

effectiveness was due to the curvature of the eardrum and, contrary to what Helmholtz 

assumed, required neither tension nor anisotropy. !ts effect is probably relatively smaIl. 

3.2.5 Conclusion 

There is no c1ear way to separate the force-transformation mechanism into the se three 

distinct factors (eardrum/footplate area ratio, ossicular lever-arm ratio, and curvature 

transformation ratio). The characteristics of the overall pressure-to-force transformation 

can only be determined as a combination of these three factors as weIl as the effects of 

inertia and damping at higher frequencies. 
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3.3 Experimental observations of vibration patterns 

3.3.1 Eardrum 

Figure 3.1: Vibration pattern of hum an eardrum obtained from 

time-averaged holograms (Khanna & Tonndorf, 1972): 

(A) 522 Hz at 116 dB, and (B) 5069 Hz at 113 dB. 

Figure 3.1-A shows a low-frequency vibration pattern for a human eardrum obtained 

from time-averaged holograms (Khanna & Tonndorf, 1972). The alternating bright and 

dark lines result from holographie interference, each of them representing a specifie 

amplitude of vibration. These isoamplitude contours are weIl identified in the posterior 

region (on the right-hand side of the figure), with a maximum displacement in the centre 

of the region. The amplitudes are smaller in the anterior region (left-hand side of the 

figure), with a maximum vibration zone just anterior to the manubrium. Figure 3.1-B 

shows the more complex vibration pattern of the eardrum at a high frequency. The 

authors reported that the simple low-frequency vibration pattern starts to break up at a 

transition frequency of about 2 kHz. Decraemer & Khanna (1996) - in cats - reported a 

transition frequency of about 2.5 kHz. In fresh human cadavers, Dirckx & Decraemer 

(1991) also observed maximum eardrum displacement regions, one on each side of the 

manubrium. Their experiments were done at much lower frequencies than those of 

Khanna & Tonndorf (1972), and the displacements were much larger in magnitude. 
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There is a lack of eardrum vibration data in gerbil. In this work, we shall characterize 

eardrum displacement by its maximum value, and by the ratio of its maximum value to 

the displacement at the umbo. These measures are commonly used to summarize eardrum 

motion and its effect on the ossic1es. We shall also look at eardrum displacement patterns 

and compare our results to those obtained in human and cat. 

3.3.2 Ossicles 

Békésy (1960) described the ossicular motion as a rotation of the malleus and incus about 

a fixed axis running from the anterior process of the malleus to the posterior incudal 

ligament. However, several authors have observed a complex combination of 

translational and rotational motion, and a shifting of the ossicular axis of rotation at high 

frequencies (Gundersen, 1976; Gyo et al., 1987; Decraemer & Khanna, 1994). In a 

review of the vibration modes in the middle ear, Decraemer & Khanna (1996) stated that, 

at frequencies below 1 kHz, the rotational motion is dominant in the cat and human 

middle ears, and the axis of rotation may be taken to be approximately fixed. 

The incudomallear joint has been observed to be rigid at low frequencies (e.g., Guinan & 

Peake, 1967; Gundersen et al., 1976). However, these studies also showed flexion in the 

joint at frequencies greater than 1 kHz. 

Guinan & Peake (1967) and Decraemer et al. (1994) reported that the incudostapedial 

joint is non-rigid, the lenticular plate and stapes head behaving as articulating surfaces. In 

a fmite-element study, Siah (2002) and Funnell et al. (2005) reported that the flexibility 

between the incus and the stapes may be mostly attributable to the pedic1e, rather than to 

the incudostapedial joint. The effect of the pedic1e on the ossicular mechanism had been 

ignored in previous studies. 

The displacement of the stapes fOQtplate has been the focus of numerous studies, because 

it has a major role in transferring energy to the inner ear. A piston-like motion of the 

footplate has been commonly assumed at frequencies below 1 kHz (e.g., Guinan and 

Peake, 1967). However, recent experimental measurements showed a complex 
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eombination of piston-like and roeking motions at frequeneies above 1 kHz (Heiland et 

al., 1999; Deeraemer et al., 2000; Huber et al., 2001). 

3.4 Assumptions of the f"mite-element model 

The aforementioned findings show that the meehanical behaviour of the middle ear is 

eomplex at high frequeneies. For our finite-element model, sorne assumptions were based 

on the faet that the model is restrieted to simulating low-frequeney behaviour (i.e., below 

1 kHz). Other assumptions are based on other findings diseussed earlier in this ehapter, or 

on the particular anatomy of the gerbil middle-ear in comparison with other species. 

• The TM-malleus attachment is simply modelled as rigid. In other words, the 

ligament at the junetion between the TM and the manubrium is not included in the 

model beeause the manubrium is tightly conneeted to the TM in the gerbil. 

• The incudomallear joint is not modelled. The junction between the malleus and 

incus is simply a eontinuous connection of elements representing the meehanieal 

properties of bone. 

• For simplieity, the ineudostapedial joint is not modelled. This is based on the 

assumption that the pedicle is more important than the incudostapedial joint. This 

will permit us to investigate the effeets of the pedicle on the ossicular mechanism 

at low frequeneies. 

• The Young's moduli of the stapedial annular ligament, anterior mallear ligament 

and posterior incudal ligament are assumed to be the same in all directions (i.e., 

isotropie), and their value is based on the literature. 
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CHAPTER4 
THE FINITE-ELEMENT METHOD 

4.1 Introduction 

The use of mathematical models in general is very popular. Experiments are often very 

difficult to do and to understand. Models can de scribe the behaviour of a system to 

predict how the system could work. In particular, the finite-element method is a 

modelling technique that is very attractive in research involving a vast range of areas 

such as structures, electromagnetics, fluid dynamics, thermal analysis, transient dynamic 

response, non-linear response, etc. It can handle complex problems and systematically 

deal with non-linear systems, non-uniform materials, irregular geometries and irregular 

boundary conditions. For example, it can account for the shape and structure of an 

organism (Le., its anatomy) as weIl as its functions (Le., its physiology). However, 

experience and judgment are always needed in identifying the structures on scanned 

images (cf. Chapter 5), and in choosing element types and solution procedures. Powerful 

computers and reliable finite-element software are also essential. 

In the finite-element method, a structure is broken down into a finite number of 

substructures, or elements, which form a mesh. Elements can have various shapes: 

rectangular, triangular, tetrahedral, etc. (Figure 4.1). Virtually anything can be divided 

into discrete elements, from a simple rectangular beam to a complex organ of the human 

body. In a mechano-acoustical system, each element is assigned a set of parameters for its 

material, thermal or acoustical properties, load and boundary conditions, thicknesses, etc. 

The response of an element to loading conditions is expressed in terms of displacements 

(or strains) and stresses. A set of equations is obtained for each element. Since the 

elements are connected to one another, an overall set of equations can be obtained by 

adding each elemental set of equations to a matrix describing the overall behaviour of the 

system (or model). 
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Figure 4.1: Examples of element types that can constitute a mesh (source taken from 

http://audilab.bmed.mcgill.cal-tùnnell/AudiLab/teach/tèm/tèm.html. and based on a figure from the 

SAP IV manual). 

The following section will provide a brief description of one of the most common 

methods used in finite-element analysis: the Ritz-Rayleigh method. There are other 

methods that can be used, such as the weighted-residual method or the direct differential 

formulation (Grandin, 1986). Section 4.3 will present the finite-element software used, 

followed by a discussion in Section 4.4 of the choice of elements in the finite-element 

model. Finally, Section 4.5 will discuss the need for a convergence analysis to determine 

the size of the elements required for sufficiently accurate results within a reasonable time 

frame. 

4.2 Ritz-Rayleigh method 

The basis of this approach is the principle of minimum potential energy, which states that 

"of aIl the geometrically possible configurations that a body can assume, the true one ... 

is identified by a minimum value for the total potential energy" (Grandin, 1986). 

In the following sections, we shall use the convention that {} denotes a vector and 0 
denotes a matrix. Throughout the formulation of the Ritz-Raleigh method, the 'system' 
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being considered is a single element. The development of these sections is based on: 

Bathe (1982), Grandin (1986), Funnell (1989) and Zienkiewicz & Taylor (1989). 

4.2.1 Basic concepts 

F or a linear elastic system in static equilibrium, the potential energy II of one element is 

equal to the sum of the strain energy U (or internai energy) and force energy W (or 

externaI work done on the system): 

II=U+W (1) 

The strain energy can be defined as 

U =! f {c y {a }dA 
2 A (2) 

where {e} and {a} are the strain and stress vectors respectively, and A is the element 

volume. 

The force energy can be defined as 

W = - f{rY {F}dA - f{rY {T}dS - {wy {p} (3) 
A S 

where {F}, {1} and {Pl are the body-force, surface-traction and concentrated-force 

vectors, respectively; A and S are the element volume and surface, respectively; {r} is the 

displacement vector at each node; and {w} is the nodal displacement vector of the entire 

structure. Since work is being done on the system, a negative sign is placed in front of 

each force term. 

Substituting equations (2) and (3) in (1), and knowing that the stress-strain relation is 

{a}= [El {e} (4) 
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where [E] is the matrix defining the material properties, the total potential energy of a 

single element can be reformulated as 

n=~J{c([E]{c}dA- J{r({F}dA- J{r({T}dS-{wY{p} (5) 
2 A A S 

4.2.2 Local coordinate system 

To simplify the equation, it is preferable to convert the global displacement vectors to 

local displacement vectors: 

[H).{u}={r} (6) 

where [H] is the displacement interpolation matrix, and {u} is the local displacement 

vector for each element. The corresponding local element strains can be expressed as: 

{c} = [ B] . {u} (7) 

where [B] is the strain-displacement matrix, obtained by differentiating [H]. 

Substituting (7) into the strain-energy term of (5), we obtain an expression for U for each 

element in terms of local coordinates: 

(8) 

Similarly, the external force energy W for each element - in terms of local coordinates -

can be obtained by substituting (6) and (7) into (3): 
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w = - J{r y {F}dV - J{r( {r}dS -{wY {pl 
A S 

= - J{u([HY{F}dA- HU ([Hf {r}ds -{wY{p} 
(9) 

A S 

4.2.3 Global jinite-element equilibrium equations 

Summing up the potential energies of each element, we can obtain the overall potential 

energy of the system: 

where 

[k li = J[B f [E 1[B }fA 
A (11) 

is the element stiffness matrix for each element. 

Equation (10) can be simplified to 

(12) 

{w} = L{U}, and 

[K] = L{k}. 

According to the principle of minimal potential energy, we can find the stable equilibrium 

state by differentiating equation (12) with respect to each nodal displacement variable 
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{ w}, leading to 

[K]{w} = {R} (13) 

Equation (13) is applicable only to static systems. In the case of mechano-acoustical 

systems, low-frequency analysis can be assumed to be static, therefore neglecting 

damping and inertia. For dynamic analysis, damping and inertial effects must be 

accounted for, and the overall fmite-element equilibrium equation becomes 

[M ]{wl" + [C ]{w}' + [K ]{w} = {R} (14) 

where [M] and [C] are the inertia and damping matrices, respectively, and {w}' and {w}" 

are the first and second time derivatives of the displacement vector {w}. 

4.3 Finite-element software 

There are numerous finite-element software packages available. Sorne commercial 

packages on the market today include ANSYS, ABAQUS and NASTRAN. There is also 

free finite-element software with source code downloadable from the Internet, including 

TOCHNOG, Modulef, Cast3m and CalculiX, among others. Pre-processors are available 

to help the user in the segmentation and mesh-generating processes, as weIl as post­

processors to examine resuIts. 

In this thesis, the finite-element software used is SAP IV. The program is written for the 

static and dynamic response of linear three-dimensional systems. SAP IV is used simply 

because we are used to it in our lab, and we have pre- and post-processors that function 

weIl with it. SAP was originally developed at UC Berkeley, and its source code was 

freely distributed. It has been modified over the years by Dr. WRJ FunneIl, including the 

addition of tetrahedral elements and changes to the handling of shell elements. A 

complete list of the changes made is available at 

http://audilab.bmed.mcgill.ca/-funnell/ AudiLab/sw/sap.html. 
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4.4 Choice of elements 

The choice of element type is crucial for the accuracy of the solution. For example, the 

thickness of the eardrum is much smaller than its other dimensions and the stresses in that 

direction can be assumed to be insignificant. Therefore, a two-dimensional type of 

element is appropriate, such as a triangular shell element. The specifie SAP element used 

is a quadrilateral element (with six degrees of freedom per node), from which the fourth 

node can be omitted to create a triangular element. Ideally, aIl solid structures should be 

modelled with volume elements. However, for reasons discussed in Chapter 6, the use of 

volume elements is not always necessary. When volume elements are necessary - for 

example, for the pedic1e and ligaments, in which mechanical behaviours such as bending 

(for the former) and twisting (for the latter) require elements that yield accurate results -

the SAP element used is a three-dimensional tetrahedral element (with six degrees of 

freedom per node). The mesh specifications for each part of our model will be described 

in detail in Chapter 6. 

4.5 Convergence 

ln general, as the resolution of a mesh is increased, the accuracy of a finite-element 

analysis increases, but so too does the computation time. Thus, the problem to be 

addressed is that ofhow many elements are needed for sufficiently accurate results within 

a reasonable computation time. A trade-off is required between computation time and 

accuracy. The convergence analysis will be discussed in more detail in Chapter 7. 

To ensure adequate convergence, the elements should be complete and compatible 

(Bathe, 1982). The completeness of an element can be described by the ability to defme 

all rigid-body displacements and constant-strain states. Rigid-body displacements are 

displacements of the element that do not develop stress (i.e., pure translation or rotation). 

A constant-strain state of an element can be understood if we imagine that "more and 

more elements are used in the mesh of a structure. Then in the limit as each element 

approaches a very small size, the strain in each element approaches a constant value, and 

any complex variation of strain within the structure can be approximated" (Bathe, 1982). 
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Compatibility implies that displacements must be continuous within and between 

elements. Therefore, no gaps or overlaps must be present in the assemblage of the 

elements. 

In general, the completeness condition can be satisfied. On the other hand, considering 

complex problems in which elements of different sizes and shapes must be used to 

represent different regions of a structure, compatibility requirements may be difficult to 

maintain. However, experience shows that adequate results are often obtained even if the 

compatibility condition is violated. 

32 



CHAPTER5 
METHons 

5.1 Introduction 

The tools and techniques used in the development of our finite-element model will be 

discussed in detail in this chapter. Section 5.2 will provide a brief summary of the 

imaging techniques (magnetic resonance mlcroscopy, X-ray micro-computed 

tomography, histology and moiré topography) used to acquire data. Section 5.3 will 

present details of the data themselves. Section 5.4 will present a detailed description of 

the image-segmentation tools and techniques used. Finally, Section 5.5 will discuss the 

details of the finite-element mesh generator. 

5.2 Imaging teehnology 

5.2.1 Magnetic resonance imaging 

Magnetic resonance imaging (MRI) is derived from the study of nuclear magnetic 

resonance (NMR). The original name was 'nuclear magnetic resonance imaging' 

(NMRI), but the word 'nuclear' was dropped to avoid negative connotations. NMR was 

first described in 1946 by Felix Bloch and Edward Mills Purcell, who shared the Nobel 

Prize in Physics in 1952. NMR is a physical phenomenon based upon the magnetic 

properties of sub-atomic particles. It exploits the response of the atom's nucleus in 

magnetic and electromagnetic fields in order to obtain physical, chemical and structural 

information. Several publications deal with the principles of NMR and MRl (e.g., Curry 

et al., 1990; Zhou et al., 1995; Brown et al., 1999). 

MRI is a 3-dimensional scanning method of creating images for a wide variety of 

purposes; in particular, it can display normal and pathological features of living tissues. It 

was discovered in the 1970's by Paul Lauterbur and Sir Peter Mansfield, who shared the 

Nobel Prize in Medicine in 2003. MRI scanners rely upon the relaxation properties of 

hydrogen nuclei in water. The tissue to be imaged is placed in a powerful, uniform 
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extemal magnetic field which aligns the hydrogen atoms (Figure 5.1). The atoms are then 

perturbed using an electromagnetic field and assume a temporary non-aligned high­

energy state. As the high-energy nuclei relax and realign, they emit energy which is 

recorded to provide information about their environment. The information is 

subsequently processed by a computer to obtain the desired images. One of the 

advantages of MRI is the use of non-ionizing radiation, which is harmless to patients, 

whereas x-rays are ionizing radiation which increases the probability of malignant 

tumours. 

Figure 5.1: Diagram showing the basic princip/es of MRI (http://science.howstuffworks.comlmri) 

Magnetic resonance microscopy (MRM) is basically MRI at a microscopie level with 

smaller specimen size and fmer resolution (Zhou et al., 1995). 

5.2.2 X-Tay computed tomogTaphy 

Computed tomography (CT) was invented in 1968 by the British engineer Godfrey 
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Hounsfield ofEMI Central Research Laboratories. He shared the Nobel Prize in medicine 

in 1979 with Allan McLeod Cormack of Tufts University who had independently 

published a reconstruction algorithm in 1963. CT is a medical imaging method in which 

digital processing is used to create two- or three-dimensional images of an object. X-ray 

CT uses a series of two-dimensional X-ray images, taken from different angles, to 

generate a three-dimensional image of the internaI structures of an object (e.g., Kak & 

Slaney, 2001). CT has been used with several modalities other than X-rays, inc1uding 

MRI and positron emission tomography (PET). It has become a standard technique in the 

field of diagnostic medical imaging, inc1uding middle-ear diagnosis (e.g., Swartz, 1983; 

Fuse et al., 1992). 

platform 

/ 

Figure 5.2: Diagram showing the basic principle of a clinical 

CT machine. The X-ray tube and detectors are mounted on a 

ring which rotates about the platform. 

(http://science.howstuffworks.comlcat-scan) 

In an X-my CT machine, an object is placed between an X-ray source and an array of 

sens ors (Figure 5.2). The source emits a beam. The X-ray beam is absorbed to different 

extents depending on the object composition. Each sensor detects an intensity value that 

corresponds to an integmtion of the absorption along the path of the beam. Depending on 
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the source-sensor arrangement of the specific X-ray generation used, a projection is 

obtained as a collection of such intensity values from all the sensors. The X-ray tube 

rotates 1800 incrementally giving a matrix of these projections, which is used by different 

algorithms to generate a cross-sectional image of radiographic density. A translation 

along the object gives a set of slices that form the complete 3-D representation of the 

object. 

X-ray micro-CT is basically X-ray CT at a microscopic level. The sample is placed on a 

horizontal platform. This sample holder system is available in two types: 

• The platform is stationary, and the tube rotates around it. This is commonly used 

for in-vivo animal scans and other situations where the sample should remain 

unmoving, but is very expensive. 

• The platform rotates, and the tube is stable. It is much cheaper to build, since 

moving the platform requires fewer components than moving the tube containing 

the X-ray detectors and the X-ray source. 

X-ray micro-CT is available from a handful of manufacturers worldwide inc1uding 

Scanco Medical (Switzerland), Bio-Imaging Research (USA), Stratec (Germany), cn 
Concorde (USA), SkyScan (Belgium), Toshiba IT & Control Systems (Japan) and GE 

Healthcare (UK). The GE scanner was originally developed in Canada by EVS Ltd., 

which was then acquired by GE Healthcare. 

5.2.3 Histology 

Histology is the anatomical study of microscopic structures of tissues sectioned in thin 

slices (Ham & Cormack, 1979). Usually, the examination starts with the removal of the 

specimen by surgery, biopsy or autopsy, although in small enough specimens this is not 

necessary (e.g., embryos). The tissue is then fixed in a fixative (such as formalin) which 

stabilizes the tissue and prevents it from decaying. Next, the tissue may be decalcified­

the sample is immersed in a decalcifying solution (such as ethanol or formic acid) for 

several hours. Afterwards, the sample is embedded in a sliceable material (e.g., paraffm 

wax) which turns soft moist tissues into a hard block, without any chemical 

transformation of the sample, and can preserve its morphology for years. The point of 
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embedding is at least as much to pennit slicing as it is to pennit storage. The sample is 

sectioned into slices of thicknesses ranging from about 100 nm to about 20 J.lm, using a 

microtome - a mechanical instrument used to cut biological specimens into very thin 

segments for microscopic examination. Slices are then mounted on glass plates and dried, 

appearing aImost completely transparent. Because of its transparency, a slice has to be 

stained with one or more pigments. For example, two commonly used pigments are 

hematoxylin - a naturaI stain which dyes acidic components of a tissue blue/purple - and 

eosin - a synthetic stain which dyes basic components of a tissue pink/red. Hematoxylin 

and eosin are commonly used together to simultaneously highlight both types of tissue. 

FinaIly, the slices are covered with a glass slide for protection. 

5.2.4 Moiré topography 

Phase-shift moiré topography is a non-contacting opticaI method that can measure the 

precise 3-D shape of an object (Dirckx & Decramer, 1989, 1990). In brief, a light is 

shone through a grid of straight lines onto the eardrum's curved surface, causing curved 

shadows. Looking at the curved shadows through the grid produces moiré interference 

patterns which defme the shape of the eardrum's surface. These patterns are combined to 

fonn an image in which the grey level of each pixel is proportionaI to the z coordinate. 

5.3 Image data 

5.3.1 MRM and micro-CT data 

The gerbil middle-ear structures were segmented from MRM and micro-CT data sets. 

Figure 5.3 shows an example of a slice from each data set. 

For the MRM data, the middle-ear structures were prepared by Drs. M. Henson & O.W. 

Henson, Jr., of the University of North Carolina at Chapel Hill, and then scanned at the 

Duke University Center for In Vivo Microscopy to obtain a dataset (number 15516). The 

set consists of 168 horizontal sections of 256 by 256 pixels each, with a voxel size of 

about 45 J.lm. It can be downloaded from the Hensons' Web site at: 

http://cbaweb2.med.unc.edu/henson_mnnIpages/Scans_Rodents.html 
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The X-ray micro-CT data were generated using a SkyScan 1072 scanner, and were made 

available by Dr. W.F. Decraemer of the University of Antwerp, Belgium. The set consists 

of601 sections of 1024 by 1024 pixels each, with a voxel size of about 5.5 Ilm. 

Figure 5.3: Gerbil middle-ear cross-sectional images. A: SUce number 80 from MRM set 

15516 showing the stapes (1), manubrium (2) and TM (3). B: SUce number 590from micro­

CT data set showing, among other things, the pedicle of the incus (4), the incus longprocess 

(5) and the body of the incus (6). 

The SkyScan images were scanned at a much higher resolution than the MRM images. 

The gerbil model was completed using the MRM data set, and then the X-ray data set 

was used to improve it. 

• The anterior mallear ligament, posterior incudal ligament, and pedicle of the 

incus were easier to distinguish in the micro-CT images than in the MRM 

images. They were remodeled on the MRM images with visual reference to the 

micro-CT images. 

• The stapes footplate and annular ligament were hardly distinguishable in the 

MRM images. They were re-segmented from the micro-CT images, after which 

the stapes footplate and annular ligament models were merged with the MRM 

model. This will be further discussed in Chapter 6. 
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The original tympanic membrane (from moiré) and ossicles were not modified based on 

the micro-CT data, because the MRM images provided sufficient resolution and contrast. 

5.3.2 Histological data 

Histological data were not directly used to create the model for the following reasons: 

• When sectioning with a microtome (cf. Section 5.2.3), sorne of the structures in 

the sample are sometimes shifted from their natural positions and the slices are 

often stretched or tom. 

• Successive slices would need to be aligned, which is difficult. 
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Figure 5.4: Examples of histological sections, stained with toluidene blue, of the posterior incudal 

ligament (A) and the incudostapedial joint (B). 

The MRM and micro-CT data were supplemented by the use of histological serial 

sections (courtesy of Dr. Magnus von Unge of the Karolinska Institute in Stockholm, 

Sweden) to clarify certain details, because the resolution and contrast of histological 

sections is very good. For example, histology was very helpful in defming the exact 

points of origin and insertions of ligaments, and the complex structures of joints. 

Figure 5.4 shows details of the posterior incudal ligament and of the incudostapedial 

joint. 

5.3.3 Moiré data 

The eardrum model used here was generated using images from phase-shift moiré 
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topography. These images were produced in Dr. WF Decraemer's lab in Antwerp, 

Belgium. The model (Figure 5.5) is the same one used by Funnell (1999 & 2000). By 

applying static pressure during the shape measurement, one can accurately determine the 

boundaries of the eardrum (Funnell et al., 2000). 

,(::;:;>;' 
. /;~;:~;;: . 

~~:; ;;~;; :~;.:: ~~ :~; : ::~ ~n:: 

, " 

,,:;: ::;;;:;~;::~'~;':ii.,'i'Üh'l" .. ~ . 

Figure 5.5: Moiré image of a gerbil eardrum (Funnell et al., 2000). The profile at the left is 

along a fine perpendicular to the manubrium, in the region of the umbo (as indicated by the 

vertical fine in the bottom box). The profile on the bottom is along a line posterior to the 

manubrium (as indicated by the horizontalline in the left-hand box) and roughly parallel to it. 

The contours show both the resting shape and the shapes resulting !rom the application of IWo 

positive and IWo negative pressures. 
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5.4 Segmentation 

5.4.1 Introduction 

Segmentation can be seen as a computer-vision problem (Stytz et al., 1991; Ayache, 

1995). The basic goal is to locate and extract objects of interest. There is a variety of 

different segmentation techniques which can be divided into two groups: low-Ievel and 

high-Ievel methods. Low-Ievel methods, such as thresholding, clustering and region­

growing, are fast and simple, but usually overlook important information such as small 

details in complex regions (e.g., Bizais et al., 1995). High-Ievel methods include, 

amongst others, active contours (Kass et al., 1986; Caselles, 1995), dynamic contours 

(Lobregt & Viergever, 1995) and geometrically deformable models (Miller, 1990). They 

may generate better results, but they are computationally expensive. 

The methods used in our laboratory (including an active-contour technique), and the 

software, will be discussed in the following sections. 

5.4.2 Snake algorithm 

Snakes, or active contours, were introduced by Kass et al. (1987) and have been 

improved over the years (e.g., Yezzi et al., 1997; Xu & Prince, 1997, 1998). The snake 

algorithm used in our lab was developed by Lobregt & Viergever (1995), re-implemented 

locally by Hamelin et al. (1999), then modified and enhanced by Hatarnzadeh-Tabrizi 

(2003). The basic principle consists of using curves which are deformed by internal and 

external 'forces'. The external forces drive the model close to the image features, whereas 

the internaI ones serve to preserve the regularity and smoothness of the line. 

5.4.3 Fie 

A home-grown program was developed by Dr. WRJ Funnell for segmenting images. Fie 

(Fabrication d'imagerie extraordinaire) can perform various image-editing and related 

tasks (e.g., Herrera et al., 1991, 1997). It is written in Fortran, and is compatible with 

GNUlLinux and Microsoft Windows. Images in TIFF, JPEG or raw formats are read into 

Fie, which outputs a text file (.tr3) containing the complete segmentation information that 

lS later used for mesh generation. Fie lS freely downloadable from 
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http://audilab.bmed.mcgill.ca/~funnell/AudiLab/sw/fie.html. What follows is a discussion 

of sorne issues related to the use of Fie. 

A palette can be applied to grey-Ievel images. It is used to help to distinguish any 

boundary in general (such as between bone and soft tissue). Grey-Ievel values under a 

first threshold are set to shades of blue, and those over a second threshold are set to 

shades of yellow. This helps to guide the snake - the grey levels are adjusted up or down 

before being passed to the snake algorithm. The sample image shown in Figure 5.6 has 

the thresholds set to differentiate among bone (shown in yellow), soft tissue, and air 

(shown in blue). 

Figure 5.6: An example of the use of a two-threshold grey palette, using our Fie software. 

A curve-smoothing function (which smoothes splines by an interpolation algorithm) is 

available if required to adjust the final shape of the curve. 
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One must identify the lines with an adequate naming system. Conventions are needed so 

that any user will be able to locate the different lines with relative ease, and to facilitate 

subsequent handling of related lines. The system we use is as follows. The first part of the 

name is simply the name (or an abbreviation of the name) of the structure where the line 

is located (incus, malleus, manubrium, eardrum, etc.). Then, abbreviations of the specific 

locations are added, such as "med" for medial, "proc" for process, and so on. Finally, the 

number of the slice in which the line first appears is added at the end of the name. 

5.4.4 Open and closed lines 

There are two different types of lines in the segmentation process. Closed lines are used 

to represent c10sed 2-D regions which are not connected to any other structure. Open 

lines are used when a line needs to be joined to another line. They are also used for thin 

structures, such as the eardrum, since the latter represents a single layer. One major 

advantage of open lines is their ability to defme complex boundaries. Figure 5.7 shows 

examples of open and c10sed lines. 

Figure 5.7: Examples of closed (A) and open (B) lines segmented in Fie. The boundary of the 

malleus neck is segmented with a closed line. Open lines were used for the incus body and the 

pars flaeeida (in bIue), pars tensa (in green) and the ineus body. The two open Iines that define the 

ineus body are eonneeted to eaeh other at both ends. The anterior end of the pars flaecida (in 

bIue) is eonneeted to the posterior end of the pars tensa (green). 
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5.4.5 TT3 tex/file 

As mentioned before, Fie generates a .tr3 output file in plain-text format. This output file 

contains information about all the properties of the lines: scaling, coordinates, 

connectivity, resolution, color, thickness, material properties, etc. In addition, comments 

may be added to track the history of changes. The following subsections will de scribe the 

major components of the .tr3 file. 

5.4.5.1 Line attributes 

A detailed description of the syntax for qualifiers is available at 

http://audilab.bmed.mcgill.ca/~funnell/ AudiLab/sw/fie.html. A typical line syntax IS 

shown in this example: 

Example 1: 

Pars_tensa_ant_53: -c Green -xyr 100 -zr 5 -tr 0.5 -mat 1 -th 5.u -b CSF -p 1. ;TM 

The line name is 'Pars _tensa _ ant _53'. It represents a section of the anterior portion of 

the pars tensa. The line first appears in slice 53. During mesh generation, it will be 

triangulated with a resolution of 100 elements per diameter (-xyr 100). This means that 

the element sizes will be approximately 1/100 of an estimated overall diameter of the 

entire model. The z resolution is 5, which means that every fifth slice will be used during 

triangulation. The line is coloured green (-c Green) and it will have a transparency of 0.5 

(-tr 0.5). This means that, in a 3-D image viewer, the structure will appear green and 

semi-transparent; in this case, the line will also be displayed as green within Fie, although 

a different colour can be specified. The line has material properties of type 1 (-mat 1), 

and a thickness of 5 Jlm (-th 5.u). It is clamped at its start node and along its entire fIfSt 

slice (-b CSF). A pressure of 1 Pa (-p 1) is applied to its elements. A description text is 

added at the end of the syntax, preceded by a semi-column (';'). 

5.4.5.2 Line connectivity 

To ensure the continuity of a structure composed of multiple lines, connectivity options 

are essential. They include 'start-at' and/or 'finish-at' qualifiers, as weIl as the JOIN 
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commando Example 2 shows an example of the syntax for the 'start-at' and 'finish-at' 

qualifiers: 

Example2: 

Malleus head_med_44: -c Yellow -xyr 100 -mat 2 -s f Malleus_head_lat_44 -f s 

Malleus _ ant yroc _ med _44 Malleus head 

The open line 'Malleus _ head _ med _44' represents the medial side of the malleus head, 

and is colored yellow. It has material properties of type 2. When triangulating, it will be 

divided with a resolution of 100 elements per diameter. This line starts at the last node of 

a lateralline, 'Malleus _ head_lat _ 44', and finishes at the first node of an anterior-process 

line, 'Malleus _ ant yroc _ med _44' . 

The 'start-at' and/or 'finish-at' commands may only be used to link lines within the same 

slice. On the other hand, the JOIN command links lines from different slices. A number 

oflines from one slice can be connected to other lines from another slice injust one JOIN 

commando Example 3 shows a typical case: 

Example3 

Incus head6: Incus head med 60 -Incus head lat 60 Incus head dum 60 to 

The J0In named 'Incus head6' links the last slice In which the lines 

'Incus _ head _ med _60', 'Incus _ head_lat _60' and 'Incus _ head _ dum _60' appear (in this 

case it is slice 66) to the first slice in which the lines 'Incus _long_ med yroc _69' and 

'Incus_long_latyroc_69' appear (in this case, it is slice 69), while taking into account 

the z resolution of each. The lines are listed in the order in which they are connected to 

one another. A minus (' -') sign before a name means that the line is to be traversed 

backwards when being linked with other lines. This example also shows that the JOIN 

command can be used to join lines between two slices that are not necessarily one after 

the other. In this case, the last slice in which the lines 'Incus _ head _ med _ 60' , 

'Incus _ head_lat _60' and 'Incus _ head _ dum _60' appear is slice 66, and the first slice in 
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which the lines 'Incus_long_medyroc_69' and 'Incus_long_latyroc_69' appear IS 

slice 69. 

The lOIN function can also be used to link the first and/or last nodes between lines. The 

symbol '>' or '<' after a line name denotes that only the frrst or last node of that line is 

used, respectively, as shown in example 5: 

Example5 

TM1: Pars tensa ant 53< Pars Jlaccida _53> to Pars tensa ant 73< 

Pars Jlaccida _73> 

A first line is generated between the last node of line 'Pars_tensa_ant_53' and the first 

node ofline 'ParsJlaccida_73', and a second line is generated between the last node of 

'Pars_tensa_ant_73' and the first node of 'ParsJlaccida_73'. The join named 'TM]' 

links those twO lines. 

5.4.5.3 Caps for closing structures 

If a closed contour is not connected to any other contours in the slices before or after, 

then an opening will appear. Figure 5.8-A shows the open ends of the incus long process 

and of the head of the stapes. There are two ways using Fie to close such openings. A 

single node can be added in the slice after. This will create a conical closing as shown for 

the end of the incus long process in Figure 5.8-B. Altematively, a CAP command can be 

used to 'cap' the structure, thereby creating a fiat surface, as shown for the end of the 

head of the stapes in Figure 5.8-B. In order to use the CAP option, the line (or lines) to be 

capped must form a closed loop. 
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Figure 5.8: Examples of a conical closing of the incus long process, and a CAP closing of the head of the 

stapes. 

Example6 

Lig_ann: HEAD Lig_ann_med_75 Lig_ann_ant_75 Lig_ann_lat_75 Lig_annyost_75 

The cap 'Lig_ann' represents the closing of the opemng formed by the lines 

'Lig_ann_med_75', 'Lig_ann_ant_75', 'Lig_ann_lat_75' and 'Lig_annyost_75'. Since 

the line names are preceded by the word HEAD, the first slice in which those lines appear 

will be capped. IfTAIL were used instead, the last slice in which those same lines appear 

would be capped. 

5.4.5.4 Subsets 

Lines can be divided into subsets. Subsets are useful when only certain structures need to 

be included in a 3-D model. The subset command is also a fast and simple way to modify 

line attributes before running simulations, and to have different attributes defined 
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simultaneously in different subsets. 

Example7 

TM 

*: -off 

Pars*: -on -xyr 30 -zr 2 

ParsJlaccida*: -th 15.u -mat 6 

Pars tensa*: -th 5.u -mat 7 

END of subset 

Notice the use of '*'. The symbol '*' after a character string me ans that aIl the line names 

starting with that word are selected. If there are no characters before '*', then all of the 

lines are incorporated. In the above example, the subset name is 'TM', and it starts by 

turning off aIl the lines (*: -off). Then, alilines starting with the letters 'Pars' are selected 

(Pars*: -on), with the specified attributes (-xyr 30 -zr 2). The lines starting with the 

strings 'Pars_flaccida' and 'Pars_tensa' are then defined with different values for the 

thickness (15 and 5 ~m) and material properties (types 6 and 7). These new attributes 

override previous definitions. 

5.4.5.5 Material properties 

The MATERIALS section contains a list of the material types used III the model 

definitions. AlI materials are assumed to be linear and isotropie. 

Example8 

2 200.M 0.3 1500. ;bone (Ossie/es) 

In this example, the material type is defined by the first column (in this case, the type is 

2). The Young's modulus for this material type is equal to 200 MPa, with a Poisson's ratio 

of 0.3 and a density of 1500 kg/m3. The description of the material type is defined as 

'bone (Ossie/es) ' . 

Since Fod (a locaIly developed post-processor) displays separate displacement results for 
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each material type, important structures with the same material properties were 

sometimes given different material types. A list of the material types used in our model 

definition is included in Appendix A. 

5.5 Mesh generation 

Before running simulations with the finite-element model, a mesh must be generated to 

represent the structures of the model. There are many different methods available for 

mesh generation. 

The Tr3 program used in this work was created in our lab by Dr. WRJ Funnell to generate 

surface meshes. It triangulates 3-D surfaces between seriaI-sections, creating shell 

elements that consist of triangles with 3 nodes. A .tr3 text file (the file created by Fie, as 

discussed above) is fed into the Tr3 pro gram, which outputs a .wrl file and a .sap file. The 

. wrl file is a VRML (Virtual Reality Modeling Language) file for visualization. VRML is 

a standard file format for distributing 3D interactive models on the web 

(http://www.web3D.org). The .sap file contains information about the nodes and elements 

of the mesh (i.e., coordinates, material properties, loads and boundary conditions). This 

file is fed into the Sap IV finite-element processor mentioned in section 4.3. Tr3 is 

implemented in Fortran and, like Fie, is compatible with GNUlLinux and Microsoft 

Windows 95/98/NT/20001XP. It can be freely downloaded from 

http://audilab.bmed.mcgill.ca/~funneIVAudiLab/sw/tr3.html. 

The eardrum is modeled with shell (or surface) elements, as generated by Tr3. The rest of 

the model should ideally be modelled with volume elements. Volume elements -

consisting of tetrahedral elements with 4 nodes - would characterize the volumes of the 

structures (both the boundaries and the interiors). A larger number of nodes would be 

needed to fill the interiors of the ossicles. This would slow down the analysis. The 

decision to model the large structures (the ossicles) as shell elements was taken in order 

to simplify and accelerate the triangulation and simulation processes. This is an 

acceptable decision, since the ossicles are assumed to behave as rigid structures, at least 

at low frequencies. The pedicle and ligaments, however, cannot be assumed to be rigid. 
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They were therefore modeled with volume elements as discussed in Section 5.5.2 below. 

5.5.1 Surface meshes 

Figure 5.9 shows an example of the meshing of a section of the pars tensa across two 

different slices. Side and bottom views are shown on the right-hand side and at the 

bottom of the figure, respectively. The black line is the line in one slice, and the red line 

is the same line in the next slice. The meshing is represented by the green lines between 

the black and red lines. 

/ --------. 

Contour Pars_tensa_ant_73: slice #83 (z=52.) - #85 (z=54.) 

Pars tensa, anterior 

6 N 1.=191.38; P=1.5357 k, N=191.38, V~2.2982 k, A=132.12 

Figure 5.9: Example of a surface triangulation between two sUces using Tr3. 

The thicknesses of the shell elements for the ossicles were based on direct measurement 

from the MRM slices. In a slice that best showed the average shape of the solid structure, 

the' approximate diameter was measured, and contours of that structure were given a 

thickness equal to about one third of the structure's diameter. In regions within a structure 

where the thickness decreases considerably, different thicknesses were assigned. One 

example of such a case is the malleus, where the anterior process and the body have 
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different thicknesses (the latter being much thicker). 

Specific values for the thicknesses are given in Chapter 6. 

5.5.2 Volume meshes 

The 3-D finite-element mesh-generation software used here is Gmsh. Hs authors are 

Christophe Geuzaine and Jean-François Remac1e (http://www.geuz.org/gmsh/). Gmsh 

works with definitions of points, lines, surfaces and volumes, based on the geometrical 

data of the model. An algorithm based on Delaunay triangulation (Ruppert, 1995) is 

implemented in Gmsh. The 3-D mesh-generation process can be summarized as follows: 

• Surface triangular mesh definition of a model (.sap file) is imported into a file­

format converter (developed by Hengjin Liu, a fellow lab student) and converted 

to a .geo file. 

• Gmsh (version 1.60, modified by Hengjin Liu) generates a volumetric tetrahedron 

mesh based on the surface triangular mesh definitions. 

• Boundary conditions, loads and material properties of the model are extracted 

from the original model and, by a program developed by Hengjin Liu, combined 

with the volumetric tetrahedron mesh to form a new .sap file. 

As mentioned previously, only the pedicle and the ligaments were modeled using volume 

elements. 

5.5.3 Mesh Resolution 

The fmite-element process depends in part on how fine a mesh is used to represent the 

geometry. The mesh resolution is defined in our software by the xy resolution (or the 

number of elements per diameter) and the z resolution (the spacing between slices). As 

the mesh resolution increases, the computed displacements converge towards the true 

displacements. However, the number of degrees of freedom also increases, and thus will 

strong1y affect the computation time. For example, Figure 5.10 shows the relationship 

between computation time and TM resolution in one of our preliminary experiments. A 

trade-off in the mesh resolution is necessary to limit the computation time. This will be 

further discussed in Chapter 7. 
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Effect of change in TM resolution 

20 25 30 35 40 45 50 55 
TM resolution (El/diam) 

Figure 5.10: Computation increases with increasing resolution. 

5.5.4 Bandwidth 

The computation time is also dependent on the bandwidth of the system stiffness matrix. 

The bandwidth is defined as the maximum width of the band of non-zero numbers lying 

along the matrix diagonal. To minimize the computation time for a given mesh, a locally 

developed bandwidth minimization program (Bwm) is used. It renumbers the nodes using 

an algorithm developed by Crane et al. (1976), adapted to the Sap finite-element program 

used here. The bandwidth depends on how nodes are connected, and how Fie numbers 

the nodes. In sorne cases, the bandwidth was reduced by as much as 95 %. 
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CHAPTER6 

THE FINITE-ELEMENT MODEL 

6.1 Introduction 

In this chapter we shaH present the details of our newly developed finite-element model 

(Figure 6.1). 

Figure 6.1: A VRML representation of our complete gerbil middle-ear model. AML = anterior 

mallear ligament; PIL = posterior incudalligament. 
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AlI structures were assumed to be homogeneous, with isotropic linear elastic properties. 

The structures are the tympanic membrane, malleus, incus, stapes, anterior mallear 

ligament, posterior incudalligament and stapedial annular ligament. 

A detailed description of the characteristics of each structure will follow. The ossicles 

will be presented in Section 6.2, followed by the tympanic membrane in Section 6.3 and 

the ligaments in Section 6.4. The two muscles of the middle-ear (tensor tympani and 

stapedius) were omitted for reasons which will be discussed in Section 6.5. 

6.2 Ossicles 

6.2.1 Introduction 

The following is a description of the ossicles in our model (Figure 6.2). A literature 

review of the material properties of bone will be presented in Section 6.2.2. This brief 

review will be followed by descriptions of the ossicles in our model, in Sections 6.2.3 to 

6.2.5. 

Figure 6.2: A VRML representation of the ossicles: 

Malleus (in green), Incus (in red) and Stapes (in 

blue). 
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6.2.2 Material properties 

To date, only one experimental study has attempted to determine the mechanical 

properties of middle-ear bone. Speirs et al. (1999) measured a value of about 1.5 GPa 

(19% standard deviation) for the Young's modulus ofhuman middle-ear ossicle allografts, 

using axial compression. A number of investigators have measured the Young's modulus 

of non-middle-ear human and bovine bone specimens. For example, Lang (1969) 

measured values of about 26 GPa in the axial direction and about 18 GPa in the 

transverse direction for dried bovine femoral bone, using ultrasonic wave propagation to 

determine the elastic stiffness. Yoon & Katz (1976) measured a value of about 27 GPa for 

dried human femoral bone, also using an ultrasonic technique. Reilly & Burstein (1975) 

reported values of about 23 GPa for fresh bovine femoral bone, and about 17 GPa for 

fresh human femoral bone, under tensile loading. Currey (1979) measured a value of 

about 13 GPa for dry bovine femoral bone, under bending load conditions. Fung (1993) 

reported a value of about 18 GPa in tension for living human bone. Rho et al. (1998) 

reported values of about 22 GPa in the axial direction and about 17 GPa in the transverse 

direction for dehydrated human tibia specimens, measured by nano-indentation. Mente & 

Lewis (1994) experimentally measured the elastic modulus of subchondral bone in 

bovine femoral bone, using a three-point bending test. They reported values of 5.7 GPa ± 

0.9 GPa. Ascenzi (1967) measured the tensile Young's modulus of a fully calcified single 

osteon (of a human femur) to be about Il GPa, using a micro-testing machine. 

Sorne authors rely on experimental measurements of tissue properties, such as the above 

mentioned measurements, to characterize their finite-element models. Funnell et al. 

(1992) assigned a Young's modulus to the cat ossicles of 20 GPa, based on measurements 

from the literature. In more recent finite-element models, values of the Young's modulus 

for the human ossicles were taken to be 14.1 GPa (Prendergast et al., 1999; Sun et al., 

2002) and 12 GPa (Koike et al., 2002). The former value was based on Speirs et al. 

(1999). Koike et al. (2002) based their value on a review by Evans (1973). 

A preliminary value of 20 GPa is assigned to the os sicles in our model. In order to ensure 

that the ossicles are sufficiently stiff, their rigidity is tested by varying the Young's 
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modulus. The results are discussed in Chapter 7. Because no measurements of the 

Poisson's ratio of bone are available, its value was set to 0.3, which is the value used by 

Funnell et al. (1992), Prendergast et al. (1999), Koike et al. (2002) and Sun et al. (2002). 

6.2.3 Malleus 

The method of choosing thicknesses was explained in Section 5.5 .1. Sorne parts of the 

malleus were assigned different mesh resolutions (cf. Section 5.5.3) and thicknesses. The 

thicknesses were 156 Jlm for the head, 63 Jlffi for the neck and manubrium, and 10 Jlm for 

the anterior process. The xy resolution varied across the malleus from 75 to 200 elements 

per diameter, and z resolutions of 1 and 2 were used. 

6.2.4 Incus 

The thicknesses assigned to the incus were 156 Jlm for the head, 50 Jlm for the long 

process, 21 Jlm for the lenticular process, and 36 Jlffi for the posterior process. The xy 

resolution varied across the incus from 75 to 200 elements per diameter, and z resolutions 

of 1 and 2 were used. 

The pedicle of the incus was the only part of the ossicles to be modeled using volume 

elements (Figure 6.3). This decision was based on the work done by Siah (2002) and 

Funnell et al. (2005), who concluded that the pedicle may not be rigid (and may play a 

major role in the motion between the incus and the stapes. As in that work, a Young's 

modulus of 5 GPa was assigned to the pedicle based on the measurements of Mente & 

Lewis (1994). 

As mentioned in Section 5.3.1, micro-CT images were used as a supplement to establish 

the geometry of the pedicle. The latter was not based directly on the micro-CT data 

because of time constraints. The thickness of the pedicle was determined to be about 30 

Jl m, based on the micro-CT data, but its thickness was set to 45 Jlffi, which is the voxel 

size (slice thickness) on the MRM images. On the other hand, there were no restrictions 

in the x-y plane (width and length) of the pedicle, and coordinates can be fractions of 

pixels in Fie. The width and length of the pedicle are approximately 70 Jlffi and 140 Jlm, 

respectively. 
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Figure 6.3 A VRML representation of the pedicle. 

6.2.5 Stapes 

The different regions of the stapes were assigned the following thicknesses: 42 flm for the 

head, 21 flm for both crura, and 31 flill for the footplate. Throughout the stapes, the z and 

xy resolutions were set to 1 and 75 elements per diameter, respectively. Only the footplate 

was based on the CT images. An explanation will be provided at the end of this chapter, 

when the stapedial annular ligament is discussed. 
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6.3 Tympanic membrane 

6.3.1 OveraU shape 

The pars tensa (PT) in the MRM dataset appeared to be smooth but might have been 

distorted by the liquid. The pars flaccida (PF) definitely appeared to be displaced and its 

layers appeared to have been separated by the liquid inserted into the middle ear prior to 

MRM scanning (Figure 6.4). Hence, we resorted to using phase-shift moiré topography to 

generate a finite-element model of the complete TM, as discussed in Section 5.3.3. 

Figure 6.4: MRM section of the gerbil middle ear, as viewed on Fie. 

6.3.2 Thickness 

Von Unge et al. (1991) measured the thickness of the gerbil TM using light microscopy 

and transmission electron microscopy, after a delicate preparation process described in 
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the first paragraph of the "Materials and Methods" section of the paper. The study 

reported a thickness of 3-5 J.illl for the PT between its periphery and the manubrium, and 

a thickening towards the periphery up to about 20 J.illl. The PF was reported to be almost 

uniformly thick throughout, ranging between 10 and 20 J.lm. In a later study, von Unge et 

al. (1999) obtained mean PT thicknesses of about 3 J.lm in the central region between the 

umbo and manubrium, and about 18 J.illl near the annulus. Both studies used histological 

sections of TM tissue. 

More recently, confocal laser scanning microscopy (CLSM) was used to measure the 

thickness of the gerbil PT (Kuypers et al., 2000; Kuypers, 2005). The key feature of 

CLSM is its ability to provide direct, non-invasive seriaI optical sectioning of intact, 

relatively thick specimens with minimum sample preparation. The gerbil TM thickness 

measurements done by Kuypers (Figure 6.5) had an accuracy of 0.9 J.lm. Seven TM's (six 

right and five left) of healthy mature female Mongolian gerbils were used for the PT 

measurements, and three TM's (two right and one left) were used for the PF 

measurements. Overall, the PT thickness had a rather uniform value of about 7 J.illl. In the 

central region, shaped like a horse-shoe, thickness ranged from 5.6 J.lm to 14.4 J.illl. The 

PT thickens sharply near the outer edge, with values of28.8 J.lm with a standard deviation 

of 0.7 J.illl (region B in Fig. 6.5). A pronounced thickening of 34 J.lm (standard deviation 

of 0.7 J.illl) extends as a ring along the entire annular periphery of the PT (region A in 

Fig. 6.5). Near the manubrium (region M in Fig. 6.5), the PT thickens to 21.1 J.illl, with a 

standard deviation of 0.7 J.illl. The PF is thicker than the PT. In the PF central region, the 

mean thickness is about 23.5 J.lm, with a standard deviation of about 4 J.lm. The PF 

thickens, up to about 80 J.illl, near the edges. 

In our gerbil fmite-element model, the pars tensa and pars flaccida were given uniform 

thicknesses of 7 J.illl and 24 J.illl, respectively, for simplicity. 
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Figure 6.5: Complete scan of a cross-section of a left gerbil TM along Une VI (a), fine Hl (b) and Une H2 

(c). The manubrium (M), bulge (B) and annular ring (A) are indicated (d): A schematic representation of a 

f!erbil TM (Kuypers, 2005) 

6.3.3 Material properly 

The elastic properties of the TM are not well known. Very few studies have attempted to 

determine these properties for the human TM, and none in animals. Békésy (1949) found 

a Young's modulus of about 20 MPa, using a beam-bending test. Kirikae (1960) measured 

a Young's modulus of about 40 MPa, using a longitudinal vibration technique. Decraemer 

et al. (1980) found a value of about 23 MPa at large strains, using a uniaxial tension test. 

Most recently, Fayet al. (2005) used theoretical methods to assess Young's modulus 

values for cat and human TM assuming first isotropy, then orthotropy. When the material 

properties of the TM fibre layers are assumed orthotropic, the elastic modulus of the TM 

lay in the range 100-200 MPa in their human model, and 100-400 MPa for their cat 

model. Values for the isotropic case in the cat and human models were 30-60 MPa for the 

posterior region of the TM, and 60-90 MPa for the anterior region. In all of the papers 

mentioned in this paragraph, the studies were performed on the PT and not on the PF. 

In our model, the Young's modulus of the PT was set to 60 MPa. For the PF the Young's 
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modulus was set to 20 MPa, based on Koike et al. (2002). The latter assumed that the 

Young's modulus of the PF is a third of that of the PT, because of a lack of measurements 

of the mechanical properties of the PP. 

Both the PF and the PT (Figure 6.6 & 6.7) were triangulated with an xy resolution of 30 

elements per diameter (Funnell & Decraemer, 1996). The software used were Fud and 

Mum, which were developed by Dr. WRJ Funnell. 

Figure 6.6: 2-D illustration of the gerbil TM model, viewed with the pre-processor Fad 
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Figure 6.7: 3-D illustration of the gerbil TMmodel, viewedwith Fad. 

6.3.4 FibrocartiIaginous ring 

The fibrocartilaginous ring around the TM was not segrnented. The resolution of the 

MRM images available is not sufficiently high to clearly identify the ring. In a finite­

element model analysis of the moustached bat, van Wijhe (2000) simulated radial forces 

applied on the fibrocartilaginous ring around the TM. He observed that the ring was 

essentially rigid compared with the TM, at least at low frequencies. Therefore, the outer 

ends of the TM - where the latter meets the ring - were fully clamped in our model. This 

means that there are zero displacements in the 6 degrees of freedom (3 translational and 3 

rotational). 

6.4 Ligaments 

The following is a description of the ligaments in our model. The anterior mallear 

ligament and the posterior incudal ligament will be presented in Section 6.4.1, followed 

by the stapes annular ligament in Section 6.4.2. 

6.4.1 MaUear and incudlliligaments 

To date, no experimental measurements of the elastic properties of the middle-ear 

ligaments have been done. Authors have fitted their models to experimental data to 

determine the Young's modulus of the ligaments (Prendergast et al., 1999; Koike et al., 

2002; Sun et al., 2002). In our model, the Young's modulus of the anterior mallear 

ligament and posterior incudal ligament was set to 20 MPa, based on non-middle-ear 
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measurements. This a priori value was used in previous models in our lab (Funnell et al., 

1996; Ladak & Funnell, 1996; Ghosh & Funnell, 1995). 

The anterior mallear ligament is connected at one end to the anterior process of the 

malleus, and it is clamped at the other end to represent its attachment to the cavity wall. It 

was modeled with volume elements. The xy and z resolutions were set to 200 

elements/diameter and 1, respectively. 

The posterior incudal ligament is composed of two distinct bundles, one medial and the 

other lateral to the incus posterior process. Both bundles are connected on one side to the 

incus posterior process, and are clamped at the other ends to represent their attachments 

to the cavity wall. The xy and z resolutions were set to 200 elements per diameter and 1, 

respectively. 

6.4.2 Annular ligament 

Lynch et al. (1982) reported that the annular ligament controls the behaviour of the 

acoustic impedance of the stapes and cochlea at frequencies below 1 kHz. Based on 

measurements of the vestibular sound pressure and stapes velo city, the impedance was 

determined. Assuming that the annular ligament is composed of a homogeneous and 

isotropie material, and that the stapes motion is piston-like (purely translational), they 

calculated a value of 10 kPa for the Young's modulus of the stapedial annular ligament. 

This value was used by Sun et al. (2002) and Mikhael (2005) in their finite-element 

models. It was also used in our finite-element model. 

The annular ligament is connected on its interior side to the stapes footplate, and on its 

exterior side to the oval window. It was modeled with volume elements, and with an xy 

resolution of 100 elements per diameter and a z resolution of 1. The attachment to the 

oval window was represented as a fixed boundary condition (i.e., zero displacements). 

As explained in Section 5.3.1, the contours of the annular ligament were segmented from 

the micro-CT images because the resolution of the MRM was so low that it was 

impossible to discem the ligament. Because of the intimacy of the connection, the 
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footplate was also segmented from the micro-CT images. As mentioned in Section 5.4.2, 

the volume-meshed annular ligament was joined to the surface-meshed footplate using 

the Fad pre-processor (Figure 6.8, A). The combined structure was then joined with the 

inferior ends of the crura from the MRM images (Figure 6.8, B). The splatter of orange 

triangles around the outside of the footplate is a visual artefact produced by Fad and has 

no effect on the properties or behaviour of the model. 

Figure 6.8: A: 3-D representation of the annular ligament (in blue) and the stapes footplate (in orange), 

on F ad software. B: Stapes crura (in yellow) and stapes footplate (in orange). 

6.5 Muscles 

As mentioned at the beginning of this chapter, middle-ear muscles have been omitted 

from the finite-element model. The animal and human experiments described in the 

literature, which we are using for comparison with our model, are done under anaesthesia 

or post-mortem. In such conditions, the muscles are in a relaxed state. The passive 

mechanical effects of the middle-ear muscles are negligible: Dirckx & Decraemer (2001) 

have assessed that, at very low frequencies, the passive muscles do not play a significant 

role in controlling ossicular motion. 
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7.1 Introduction 

CHAPTER7 

RESULTS 

Simulation results for the complete gerbil finite-element model - subjected to a static 

pressure of 1 Pa applied to the eardrum - are presented and discussed in this chapter. The 

preliminary convergence tests on mesh-resolution (Section 7.2) and ossicular stiffness 

(Section 7.3) willlead to the final base model whose results are presented in Section 7.4. 

In Section 7.5, the sensitivity of the model to each parameter is evaluated. We compare 

our findings with experimental results in Section 7.6. Finally, a summary will be 

presented in Section 7.7. 

7.2 Convergence test 

In Section 5.5.3, we discussed the need for convergence testing. In this section, the final 

model's mesh resolution is tested. The number of elements per diameter (xy-resolution) 

and the slice spacing (z-resolution) were varied for all structures. Results for the stapes 

footplate displacements are shown for each simulation, as well as the time elapsed for 

each simulation. 

We performed eight runs, with resolutions varying as follows: x-y resolutions varied 

between 20 and 100 eVdia (elements per diameter) for the ossic1es, between 50 and 

200 el/dia for the ligaments and pedic1e, and between 20 and 30 eVdia for the TM. Slice 

spacings (or z resolutions) of 1 and 2 were used for the ossic1es and TM, but a z 

resolution of 1 was always used for the ligaments and pedic1e because of their small 

sizes. The results are summarized in Figures 7.1 and 7.2. 

Figure 7.1 shows that, with increasing resolution, stapes footplate displacement increases 

sharply at low resolutions, then gradually at higher resolutions, until it reaches a "plateau 

region" where changes in displacements are insignificant. At a mesh size of about 7500 
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elements, stapes displacement values reach 97% of the maximum value of the "plateau 

region". At about 9000 elements, displacement values reach 99.7% of the maximum 

value of the "plateau region". 
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Figure 7.1: Middle-ear model convergence test. The mesh-resolution is defined by the number of elements. 

Figure 7.2 shows that, with increasing resolution, computation time mcreases 

exponentially. We decided to choose a resolution of 9208 elements, the computation time 

for each run being less than 780 seconds (or 13 minutes). Beyond that point, the 

computation time increases by more than 1000 seconds but displacements change by less 

than 1 nm. 
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Figure 7.2: Effect of mesh resolution on computation time. 

7.3 Ossicular stiffness 

In this section, we investigate the ossicular stifIness of the model. As discussed in Section 

6.2.2, we need to determine an elastic modulus for the ossic1es. We use thin-shen 

elements for the ossic1es (cf. Section 5.5). 

To evaluate the rigidity of the ossicular model, the Young's modulus for the shen 

elements was changed for each simulation in this test. For reasons mentioned in Section 

6.2.3, the Young's modulus of the pedic1e was kept constant. It is expected that the 

displacements will change as the degree of flexibility of the shen elements changes, and 
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that displacements will become more or less constant as the elements become rigid. 

Figures 7.3 to 7.6 show the effects of the shell-element Young's modulus on the 

maximum displacements of the pars tensa, manubrium, pedicle and stapes footplate, 

respectively. The Young's modulus of the ossicles ranged from 1 uPa to 200 GPa. 
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Figure 7.3: Effect of the ossieu/ar Youngs modu/us on the maximum disp/acement of the pars tensa. 
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Figure 7.4: Effect of the ossieu/ar Youngs modu/us on the maximum disp/acement of the manubrium. 
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Figure 7.5: Effect of the ossicular Youngs modulus on the maximum dis placement of the pedicle. 
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Figure 7.6: Effect of the ossicular Young s modulus on the maximum dis placement of the footplate. 

For the purpose of choosing the Young's modulus, the right-hand end of the range is the 

important part. When the elastic modulus of the ossicles increases from 1 GPa to 80 GPa, 

the displacements decrease by 25%, 39%, 29% and 27% for the PT, umbo, pedicle and 

footplate, respectively. The displacements decrease by less than 3% for all four measured 

locations beyond a Young's modulus value of about 80 GPa. This means that the 

displacement changes are negligible, and the ossicles are stiff enough. Therefore, a 

nominal Young's modulus value of 80 GPa will be used for the shell elements 

representing the ossicles. 

In order to confmn that the model would behave as expected, we investigated the lower 

parts of the curves. As the os sicles become less stiff, the coupling with the TM decreases, 
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and the pars tensa (PT) displacements increase (Figure 7.3). When the ossicles are so 

flexible that they have no more influence on the eardrum (i.e., below a Young's modulus 

of about 10 Pa), the PT displacements approach a constant value of about 30 times the 

nominal value at 80 GPa. The manubrium displacements show a similar behaviour 

(Figure 7.4). They approach a constant value of about 70 times the nominal value when 

the ossicular Young's modulus decreases to about 1 Pa. 

Although we might have expected the pedicle displacements to decrease as the ossicles 

become less stiff, they show a behaviour similar to that of the PT and manubrium. When 

the Young's modulus of the ossicles decreases, the increasing TM displacements more 

than compensate for the decreasingly effective coupling. Therefore, pedicle 

displacements increase until they approach a constant value of about 58 times the 

nominal value, the stiffness of the ossicles having no more effect on the load transferred 

by the TM. In Figure 7.5, this occurs at a Young's modulus of about 1 Pa. 

Below a Young's modulus of about 1 mPa, pedicle displacements show an erratic 

behaviour. The onset of erratic results is the beginning of numerical problems which 

increase for lower Young's moduli. These numerical problems occur due to round-off and 

truncation in floating-point computations of the finite-element software. 

The footplate displacements show a behaviour similar to that of the three other 

displacement locations measured, below 15 MPa (Figure 7.6). They approach a constant 

value of about Il times the nominal value when the ossicles Young's modulus decreases 

to about 1 Pa. Above 15 MPa the footplate shows a different behaviour than the other 

structures do (Figure 7.7). Rather than continuing to decrease as in the TM, umbo and 

pedicle, footplate displacements increase as the stiffness of the ossicles increases. At 

about 1 GPa, the displacements reach a peak before dropping. As the ossicular stiffness is 

increased to even higher values, footplate displacements approach a constant value. 
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Figure 7.7: Effect of the ossicles Youngs modulus on the footplate dis placements. This is a greatly 

magnifiedversion of the right-hand part of Figure 7.6. 

Figure 7.8 shows the displacement patterns of the footplate at ossicular Young's moduli 

of 15 MPa, 1 GPa and 120 GPa. 

Figure 7.8-A shows that at 15 MPa the footplate displacements are maximal in the two 

regions where the crura are connected. Figures 7.8-B & 7.8-C show that at 1 and 120 GPa 

the footplate displacements are uniform. The footplate mode change, from rigid (uniform 

displacement at 1 and 120 GPa) to flexible (bulging under the crura at 0.01 GPa),occurs 

on the lower side ofthe peak in the footplate displacement curve (Figure 7.7). The onset 

of bulging presumably causes the more complicated shape of the footplate displacement 

curve. 

73 



A 
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Figure 7.8: Footplate dis placement pattern at ossicular Youngs modu/i of 15 MPa (A), 1 GPa (B) and 

120 GPa (C). 

7.4 Base mode) results 

7.4.1 Introduction 

Model results based on the a priori estimates of material properties will be shown as 

screen shots from the post-processor Fod, a locally developed pro gram by Dr. WRJ 

Funnell (http://audilab.bmed.mcgilLcaJ~funnell/ AudiLab/sw/fod.html), implemented in 

Fortran. Minimum and maximum displacements are presented for each material type on 

the left side on the screen. A colour scale is used to represent the displacements: the scale 

ranges from black through blue, green and yellow to white for positive displacements, 
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and from black to red for negative displacements. Lines of constant displacements are 

also shown to clarify the changes in displacement patterns. The maximum (and 

minimum) displacement values displayed indicate the maximum (or minimum) 

displacement vectors for each structure with a specifie material type. 

7.4.2 TM and manubrium dis placements 

Figure 7.9 displays the displacement pattern of the eardrum and the maximum 

displacement values. The maximum pars flaccida (PF) displacement is 65 nm. There are 

two points of maximum displacement on the pars tensa (PT): one in the posterior region, 

the other in the anterior region. The larger of the two maximum displacements is 250 nm, 

in the posterior region. 
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Figure 7.9: Displacement (or vibration) pattern of the TM in response to a static pressure of 1 Pa, as 

viewed in Fod Maximum displacementsfor the PT and PF are 250 nm and 65 nm, respectively. 

Figure 7.10 displays the vibration pattern of the manubrium. The displacement range for 

the colour sc ale is different from that in Figure 7.9 because, the ossicular displacements 
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being much lower than those of the TM, the range for the colour scale was lowered to 

show clear vibration patterns for the ossicles. The maximum displacement (104.5 nm) 

occurs at the umbo. Along the manubrium, contours of constant displacement appear to 

be equidistant. This indicates that there is little or no manubrial bending. 

7.4.3 Axif of rotation 

Figure 7.10 shows the apparent axis of rotation of the ossicles. The colours indicate the 

displacement in the z-direction, which is the direction normal to the plane of the figure. 

The axis, as indicated by the region of very small displacements, extends from the 

posterior incudalligament to near the anterior mallear ligament. Figures 7.11 and 7.12 

display the displacement vectors of the os sicles, as viewed along the axis of rotation from 

the anterior and posterior views, respectively. The direction of the vectors clearly shows 

the nature of the rotation about the axis. This is more or less consistent with the classical 

description discussed in Sections 3.2.2 and 3.3.2. 
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Figure 7.10: Apparent axis of rotation, from the anterior mallear ligament ta the posteriar incudal 

ligament. 

Figures 7.11 and 7.12 also show that the displacement vectors at the footplate, and 

elsewhere on the stapes, are parallel to each other. This indicates a conversion from 

rotational motion to translational motion, apparently happening at the pedicle. 
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Figure 7.11: Anterior view of the ossicles (TM and manubrium omitted for clarity) showing the axis of 

rotation through the anterior mallear ligament. 
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Figure 7.12: Posterior view of the ossicles (J'M and manubrium omitted for clarity) showing the axis 

rotation between the Iwo bundles of the posterior incudalligament. 
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7.4.4 Pedicle 

Figure 7.13 shows a close-up of the incus long process and lenticular process, and the 

pedicle between them. The ossicular rotation is clearly evident when observing the 

displacement vectors across the incus long process. 

Figure 7.13: VRML model showing the dis placement vectors of a section of the ossicles, including the 

incus long process, the pedicle and the incus lenticular process. The orientations are the same as in Figure 

7.12. 
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Figure 7.14 shows only the pedicle, with the displacement vectors. The maximum and 

minimum vector magnitudes of the pedicle are 36 nm (at the anterior edge) and 33 nm (at 

the posterior edge). This represents only an 8.4% difference. In relation to the pedicle's 

very small dimensions relative to the overall ossicular dimensions, however, the 

difference is quite significant. It is difficult to determine whether this is mainly the effect 

of motion of the ossicles or of flexibility of the pedicle. 

Figure 7.14: VRML model of the pedicle. The anterior side is in the +z direction, and the posterior side is 

in the -z direction. The orientations are the same as in Figure 7.12. 

7.4.5 Stapes footplate dis placements 

Figure 7.15 shows the displacement pattern on the stapes footplate. The displacements 

are almost completely uniform across the footplate, as indicated by a homogeneous beige 

colouring. The difference between the maximum and minimum footplate displacements is 

only 0.24%. This implies a piston-like motion of the stapes, as also observed in Figures 
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7.11 and 7.12. 

DW3 
2.2855 m, 4.1162 fi 
8.0184 U, 1.8388 m 
'1.1 cortours 

Cases 1-1 
Th: 17., -13", ':35 . 
. 1static'load case 

6{1}'34.156 nÎn, 34.242 nm ....--Rangt offootplatt 
6(2):-22:591 nm; 45,92rvn displactmtnts 
8(3):35.698 nm, 97.13 nm 

6(4): 6.4393 nm, 35.504 nm 
8(5): Om, 206.92 nm 

8(6):27.861 nm, 102.49 nm 

6(7): -1.5576 nm, '60.516 nm 

13(1}: O.m.34.2tnm 

13(2): -1.4331. nm, 3-6197 nm 

13(3): -2.5104nm;3.3074'nm 

Ü(4):.3;1f41nm, 1:7911 nm 
13(5); 32:336 nm, 35.504 nm 

~n:591hm,206.92 nm 

Sel: 6.4393 nm, 35:504 nm 

VoI.disp.=-13.9 f 

(discrep.=56.4%) 

Ineus long process 

Eootplate 

Figure 7.15: The dis placement pattern across the footplate is uniform, confirming the piston-like motion of 

thestapes. 

7.5 Sensitivity analysis 

A series of sensitivity tests is performed to evaluate the significance of certain parameters 

in the finite-element model. The parameters investigated were: (1) the thicknesses of the 

pars flaccida and pars tensa (Tpfand Tpt, respectively) and (2) the Young's moduli of the 

pars flaccida, pars tensa, stapedial annular ligament, anterior mallear ligament, posterior 

incudal ligament and pedic1e (Ypf, Ypt, Ysal, Yaml, Ypil and Yped, respectively). AlI the 

displacement values that will be shown are vector magnitudes. The effects on the 

footplate displacements will be examined first, followed by the effects on the TM and on 

the umbo. These are measures ofmiddle-ear output (footplate) and input (TM and umbo), 

and are commonly measured experimentally. The effects on the umbo-to-stapes ratio and 

the TM-to-umbo ratio will also be presented; these two ratios may be taken as measures 
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of the ossicular lever ratio and of the coupling between the eardrum and the manubrium, 

respectively (cf. Chapter 3). Finally, the effects of the anterior mallear ligament and 

posterior incudal ligament on the axis of rotation will be examined. Such tests attempt to 

distinguish the highly influential parameters, whose values must be carefully chosen, 

from those whose values have little effect on the model's behaviour. 

7.5.1 Stapes footplate dis placements 

The sensitivity of the model to its eight parameters is shown in Figure 7.16. Values for 

each parameter range from 0.1 times to 3 times its nominal value. AlI curves are 

monotonie over this range. Overall, as expected, the displacements get smaller as the 

model gets stiffer. 

Excluding Yaml, when the parameters are decreased by a factor of 10 the footplate 

displacements are increased by 13% (Ypil) to 42% (Yped). When the same parameters are 

increased by a factor of 3, footplate displacements are decreased by 13% (Ypil) to 55.5% 

(Tpt). For parameter Yaml, footplate displacements are increased by only 0.6% at a ratio 

of 0.1, and decreased by only 1.7% at a ratio of 3. 

Overall, Yaml has very little effect on the footplate. The stapes annular ligament (Ysal) 

has a greater influence on the footplate displacements than do the anterior mallear 

ligament (Yaml) and posterior incudalligament (Ypil). A question arises whether Yaml and 

Ypil may affect the axis of rotation without much affecting the footplate displacement. 

This will be further discussed in Section 7.5.6. 
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Figure 7.16: Sensitivity ofthefootplate dis placement to ail eight parameters. The Youngs modulus (Ypt & 

Ypf) and thickness (Tpt & Tpf) parameters of the TM are in black and red, respectively. The ligament 

parameters (Ysal, Ypil and Yaml) are in blue and the pedicle Youngs modulus parameter (Yped) is in 

fuchsia. 
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Figure 7.17 includes only parameters Yped, Tpt and Ysal but across a wider range of 

values, in order to clarify their relative influences. At a ratio of about 0.57, there is a 

cross-over point below which the effect of Yped on the footplate displacements is greater 

than the effect of Tpt or any other parameter. There is another cross-over point at a ratio 

of about 2.48, beyond which the effect of Yped is less than those ofboth Ysal and Tpt. 

In a 3-D finite-element model of a cat middle ear, Ghosh & Funnell (1995) represented 

the ossicles with a fixed axis of rotation, and a simple flexible coupling between the incus 
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and the stapes provided a preliminary implementation of joint flexibility. The 

incudostapedial joint stiffness was varied from very small to very large values, and the 

footplate displacements were determined. Their results are shown in Figure 7.18. 

Footplate displacement drops for very low stiffness, because soft incudostapedial 

coupling does not transmit force well. As the incudostapedial stiffness increases, 

footplate displacement reaches a peak, then drops slightly and stabilizes at a constant 

value. 
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Figure 7.18: Out-of-plane dis placements of the footplate, with varying incudostapedial joint stiffness, at 

two points on the footplate: anteriorly (filled curve) and posteriori y (dotted curve). (Modified from Ghosh 

& Funnell, 1995) 

In order to look for a similar phenomenon, we decided to vary the stiffness of the pedicle 

to extreme values. The results are shown in Figure 7.19. Figure 7.20 shows the same 

results with the pedicle stiffness ratio on the x-axis. 
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Figure 7.19: Maximum lootplate dis placements with varying pedicle Youngs modulus. The x-axis has a 

logarithmic scale. 

Figures 7.18 and 7.19 show similarities at aU stages of the curve. As the stiffuess 

decreases, footplate displacements approach zero. Footplate displacements increase as the 

stiffuess of the joint (Figure 7.18) or pedicle (Figure 7.19) increases. At a certain stiffuess 

value, the curves reach a peak before dropping. In both figures, as the joint stiffuess is 

increased to extreme values, footplate displacements reach constant values. This means 

that the joint is so rigid that any further increase would have a negligible influence on the 

footplate displacements. At the base value, the displacement depends strongly on Yped, 

because of the high sI ope of this section of the curve. 
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Figure 7.10: Maximum footplate dis placements with varying ratio of pedicle Young s modulus over the 

base value of the pedicle Young s modulus. The x-axis is in logarithmic scale. 

7.5.2 Pars Tema dis placements 

The parameters with the greatest effects on the pars tensa (PT) displacement are the 

Young's modulus (Jpt) and thickness (Tpt) of the PT itself (Figure 7.21). When Tpt and 

Jpt are decreased by a factor of 10, PT displacements are increased by a factor of about 

37 and 5, respectively. When the same parameters are increased by a factor of 3, PT 

displacements are decreased by about 67% and 42%, respectively. The remaining six 

parameters have relatively little (Jped, Jpf, Tpf and Ysal) or negligible (Yaml and Jpil) 

influence. When Jped, Jpf, Tpf and Ysal are decreased by a factor of 10, PT displacements 

are increased by about 23%, 12%, 15% and 24%, respectively. When they are increased 
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by a factor of 3, PT displacements are decreased by 26%, 16%, 21% and 23%, 

respectively. When Yaml and Ypil are decreased by a factor of 10, PT displacements are 

increased by only about 0.7% and 2%, respectively. When they are increased by a factor 

of3, PT displacements are decreased by 0.7% and 8%, respectively. 
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Figure 7.21: Sensitiviy of the pars tensa to ail eight parameters. The scheme is identical to the one used in 

Figure 7.16. 

Figure 7.21 shows that the stiffness of the pars tensa is influenced more by its thickness 

than by its elastic modulus. Figure 7.22 shows the effects of Ypt and Tpt with logarithmic 

scales. 
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Figure 7.22: Comparison between Ypt and Tpt, and their influence on the dis placements of the pars tensa. 

Both axes are in logarithmic scales. The black dashed line represents a line of slope -1. The red dashed 

line represents a line of slope -3. 

There is an approximately linear relationship between the logarithm of the parameter 

ratio and the logarithm of the pars-tensa displacements, for both Ypt and Tpt. A linear 

curve on a log-log plot corresponds to an exponential equation of the form: 

where b is the slope of the curve. 

b y=ax 
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In classical thin-plate theory, the out-of-plane displacement w of a thin plate is described 

as: 

4 
DV w=p 

where pis the distributed load (force per unit area) acting in the same direction as w, and 

D is the bending rigidity of the plate defined as: 

D=---
12(1-v2 

) 

where E is the Young's modulus of the plate material, v is the Poisson's ratio, and t is the 

thickness of the plate. As we can see, the thickness is cubed. The thickness thus has more 

effect on the stiffness than does the elastic modulus. 

In Figure 7.22, two dashed straight lines (one black and one red) are superimposed on the 

two other curves. They represent slopes of 1 (black curve) and 3 (red curve). The Ypt 

black curve and Tpt red curve almost match the black dashed line and the red dashed line, 

respectively. The slopes of 3 and 1 for the red and black curves, respectively, indicate that 

the eardrum's behaviour is sirnilar to the vibration of a thin plate and suggest that the 

eadrum's behaviour is dominated by bending stiffness rather than by in-plane stiffness. 

7.5.3 Umbo dis placements 

The sensitivity of the umbo to the same 8 parameters is shown in Figure 7.23. There is 

relatively little difference between the influences of the various parameters on the umbo 

and their influences on the footplate. The most noticeable difference from Figure 7.16 is 

that here Yaml has a small influence on the umbo at low ratios. When Yaml is decreased 

by a factor of 10, umbo displacements are increased by about 4.3%. 
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Figure 7.24: Sensitivity of the umbo to Yped and Tpt. X-values ranged from 0.1 times to 5 times the 

nominal value. This plot is a clearer display of the Iwo same curvesfrom Figure 7.21. 

Figure 7.24 includes only parameters Yped and Tpt but across a wider range of values, in 

order to clarify their relative influences. At a ratio of about 0.64, there is a cross-over 

point below which the effect of Yped on the footplate displacements increases faster than 

the effect of Tpt and any other parameter. The second cross-over point is the base value at 

a ratio of 1. 

7.5.4 Ossicular ratio 

As a measure of the ossicular lever ratio, we calculated the ratio of the umbo 
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displacement to the stapes displacement (VIS) for each parameter (Figure 7.25). The 

vertical scale is expanded because, as mentioned in the previous section, there is very 

little difference between the influences of the various parameters on the umbo and their 

influences on the footplate. 
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Figure 7.25: Effect of each parameter on the umbo-to-stapes ratio, as a measure of ossicular ratio. 

When the stapes annular ligament is stiffened, the stapes footplate displacements are 

decreased (with little effect on the TM), and the VIS ratio evidently increases. Yaml has a 

significant effect on the VIS ratio for values below the nominal value. When the stiffness 

of the anterior mallear ligament decreases, the malleus is less constrained and lateral 

motions appear. Lateral motions are not so effective in transferring loads across the 

ossic1es. Hence, stapes footplate displacements decrease, and the VIS ratio increases. This 

will be further discussed in Section 7.5.6. 
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Figure 7.26: Sensitivity of the umbo/stapes ratio ta Yped. X values ranged from 0.0006 ta 2000 times the 

base value. 

In order to look for effects related to those shown in Figure 7.20, the Yped curve of Figure 

7.25 is shown in Figure 7.26 across a wider range of values. The ratio of 0.02 represents 

the Yped parameter ratio value corresponding to the peak of the footplate-displacement 

curve in Figure 7.20. When the ratio is increased beyond 0.02, the VIS ratio decreases 

until it reaches a constant value. This behaviour is similar to that in Figure 7.20. As the 

ratio is decreased below 0.02, the footplate displacements decrease to zero, which 

explains the sharp increase of the VIS ratio in Figure 7.26. 

AlI other parameters had little effect on the VIS ratio. 
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7.5.5 TM-manubrium coupling 

As a measure of the coupling between the eardrum and the ossic1es, we calculated the PT­

to-umbo (PT/U) ratio for each parameter (Figure 7.27). 
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Figure 7.27: Effect of each parameter on the PT-to-umbo ratio, as a measure of the coupling between the 

eardrum and the ossicles. 

When Tpt and Ypt are decreased by a factor of 10, the PT/U ratio is increased by a factor 

of about 28 and 2, respectively. For the other six parameters, the PTIU ratio is decreased 

by only about 3% (Tpf) to 10% (Yped). 

When Tpt and Ypt are Ïncreased by a factor of 5, the PTIU ratio is decreased by about 

27% and 23%, respectively. For the other six parameters, the PTIU ratio is increased by 

about 2% (Yaml) to 13% (Yped). 
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Ypt and Tpt on the one hand, and the remainning six parameters on the other hand, have 

opposite effects. As the eardrum becomes very stiff, it and the manubrium are relatively 

unaffected by the rest of the middle-ear system; the PT lumbo ratio decreases and 

approaches a constant. From another standpoint, as the ossicular system is stiffened, the 

manubrium becomes nearly fixed; the umbo displacements decrease and the PT lumbo 

ratio increases. 

7.5.6Am ofrotation 

In an attempt to understand how the apparent axis of rotation is influenced by the anterior 

mallear ligament (AML) and posterior incudalligament (PIL), we ran simulations on the 

model for six different cases (see Figure 7.28): 

• A: AML and PIL are kept intact 

• B: both the AML and PIL Young's moduli are set to zero 

• C: only the AML Young's modulus is set to zero 

• D: only the PIL Young's modulus is set to zero 

• E: only the AML Young's modulus is increased by a factor of 10 (i.e., 200 MPa) 

• F: only the PIL Young's modulus is increased by a factor of 10 (i.e., 200 MPa) 

In case A, we can see (as described previously) that the apparent axis of rotation passes 

through the AML and PIL. 

When both the AML and PIL have zero Young's modulus (case B), the axis of rotation is 

shifted completely to the left of the figure (not visible). The parallel contour lines indicate 

the direction of the axis of rotation. F ootplate and umbo displacements are increased by 

about 46% and 29%, respectively. The umbo-to-stapes (VIS) ratio is decreased by about 

12%. 

When the AML's Young's modulus is set to zero (case C), the anterior end of the axis of 

rotation is shifted to the left of the AML, and the axis still passes through the PIL. 

Footplate displacements are decreased by only about 3%, and umbo displacements are 

increased by about 7%. The VIS ratio is increased about 10%. 
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In case D, when the PIL's Young's modulus is set to zero, the posterior end of the axis of 

rotation is shifted slightly to the right of the PIL (clearly by a lesser amount than in case 

C), and the axis still passes through the AML. F ootplate and umbo displacements are 

increased by about 18.2% and 18.0%, respectively. The VIS ratio changes by a mere 

0.2%. 

When the AML's Young's modulus is stiffened (case E), the axis of rotation is slightly 

shifted to the right at both ends. F ootplate and umbo displacements are decreased by 

about 64.6% and 65.1 %, respectively. The VIS ratio decreases by only 1.5%. 

When the PIL is stiffened (case F), the anterior end of the axis of rotation is considerably 

shifted to the left of the AML. Footplate and umbo displacements are decreased by 99.3% 

and 98.7%, respectively. The VIS ratio is increased by about a factor of2. 

These results show interesting additional observations: 

• When the AML is cut, we notice a big axis change but a very small change in the 

ossicular ratio (only a 10% increase). 

• When the PIL's stiffness is increased by a factor of 10 above the nominal value, 

we notice a large axis change but a small change in the ossicular ratio (only a 

factor of2). 

• When the AML's stiffness is increased by a factor of 10 above the nominal value, 

there is practically no change in either the axis or the ossicular ratio. 

• When the PIL is cut, we notice a very small axis change and no change in the 

ossicular ratio. 
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Figure 7.28: Sensitivity of the axis of rotation to the anterior mallear ligament and the posterior incudal 

ligament. 
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7.5.7 Eardrum shape 

Funnell & Laszlo (1978) developed a finite-element model of the cat eardrum with a 

rudimentary middle-ear part. The shape of the eardrum was defined by a normalized 

radius-of-curvature parameter. They varied the depth of the cone of the eardrum and the 

degree of curvature and showed that the shape of the eardrum has a significant influence 

on middle-ear mechanics. In this section, we present preliminary results on the effects of 

changing the eardrum shape of our model by presenting just one additional TM shape. 

The Fad software, a finite-element preprocessor developed in our lab by Dr. W.R.J. 

FunneIl, was used to modify the shape of the eardrum by relaxing the nodal coordinates. 

Each node on the eardrum is moved in turn to the position which is the average of the 

positions of aIl the nodes to which it is connected. The same process is repeated until 

none of the nodes moves more than sorne threshold. 

Figure 7.29 shows the eardrum segmented from the MR data (A) and the newly shaped 

eardrum (B), in side and front views, as weIl as their displacement patterns. The 

displacement pattern in A is the same as in Figure 7.9. In B, two areas of maximum 

displacement are displayed. They are further away from the manubrium and closer to the 

annular ring than they are in A. The maximum displacement in B appears in the posterior 

region, as in A. Maximum TM displacement increased from about 250 nm (A) to about 

334 nm (B), umbo displacement decreased from about 105 nm (A) to about 40 nm (B), 

and stapes displacement decreased from about 35 nm (A) to about 13 nm (B). The DIS 

ratio is almost identical in A and B. The PTIU ratio, however, increased from 2.4 (A) to 

8.4 (B), demonstrating that the shape of the eardrum has a significant effect on middle­

ear mechanics. 
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A B 

Figure 7.29: Effect of changing the shape of the eardrum. A: TM in side and front views, before relaxing 

the shape. B: TM in side andfront views after relaxing the shape. 

7.6 Comparison with experimental measurements 

To validate our model, it is necessary to compare its behaviour with experimental data. 

Our gerbil middle-ear model has no inertial or damping terms, and therefore corresponds 

to low acoustic frequencies. 

7.6.1 Eardrum measurements 

Von Unge et al. (1993) assessed the shape of the gerbil eardrum and measured its 

displacement patterns under static pressure with a real-time moiré interferometer. Two 
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points of maximum displacement were reported: one in the anterior part, slightly superior 

to the umbo; the second one in the posterior part, somewhat more superiorly. The larger 

of the two was in the posterior region. As shown in Figure 7.9, these findings are in very 

good qualitative agreement with the results from our TM model with respect to the 

positions of the points of maximum displacement. In terms of the displacements 

themselves, our values were expected to be different because of viscoelastic effects in 

their measurements, and because their pressures were very high and the displacements 

were non-linear. 

7.6.2 Ossicular measuremenfs 

Although a number of studies have involved experimental measurements on gerbil 

middle ears, few have inc1uded responses below 1 kHz. Ravicz & Rosowski (1997), 

Overstreet & Ruggero (2002) and Overstreet et al. (2003) dealt exc1usively with high­

frequency responses. Rosowski et al. (1999), OIson & Cooper (2000) and Ravicz & 

Rosowski (2004) looked at both low and high frequencies. 

Rosowski et al. (1999) and Ravicz & Rosowski (2004) used a probe-tube microphone 

and a laser Doppler vibrometer to measure stapes displacement at the posterior crus. The 

laser beam was focused at an angle of between 30 and 45 degrees relative to the direction 

of piston-like stapes translation. A cosine correction was used to adjust all measurements 

to a value consistent with the supposed direction of translation. OIson & Cooper (2000) 

used an interferometer to measure the stapes displacements. 

To date there have been no measurements of gerbil TM displacements. Only Rosowski et 

al. (1999) measured displacements at (or at least near) the umbo. 

The results of the low-frequency experimental studies are shown in Figure 7.30, and are 

summarized in Table 7.1. The figure shows a log plot of the stapes velocity results of four 

studies. The stapes velocity increases linearly up to about 1 kHz. The behaviour is more 

complex beyond 1 kHz. Only the low-frequency results (i.e., 100 Hz to 1 kHz range) will 

be used for comparison with our finite-element model. The results from Ravicz & 
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Rosowski (2004) have a variability of about 10% in the low-frequeney range. We 

averaged the values from Rosowski et al. (1999), Oslon & Cooper (2000) and Raviez & 

Rosowski (2004) aeross a frequeney range of 100 Hz to 1 kHz. The data from Oslon & 

Cooper (2000) are from Raviez & Rosowski (2004), beeause only the abstract of Oslon & 

Cooper (2000) is available to us. In all three studies, stapes velocities were measured at 

different frequencies. In order to compare with our displacement results, we eonverted 

the reported stapes veloeities to displacements by dividing by the frequency. 

Our footplate displaeement differs from those of Rosowski et al. (1999) and OIson & 

Cooper (2000) by approximately 33% and 27%, respeetively, and is almost identieal to 

the value of Raviez & Rosowski (2004). 

The ratio of umbo displaeement to footplate displacement gives an indication of the 

ossieular lever ratio, which is one of the factors often used to define the energy transfer 

meehanism of the middle ear (cf. Chapter 3). Rosowski et al. (1999) reported a ratio of 

about 3.5. In our model the ratio is 3, which agrees quite well with their value. 

Ravicz& 
Displacements Rosowski et aL Oison & Cooper 

Model Rosowski 
(nm) (1999) (2000) 

(2004) 
TM (pars tensa) 250 - - -

Umbo 104.5 183.8 - -
Footplate 34.8 52.5 47.7 35 

.. . . Table 7.1: Summary of gerbIl mlddle-ear expenments. VanabIllty lS mdicated in Figure 7.25 
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Figure 7.30: Stapes velocity results from Ravicz & Rosowski (2004), Fig. 9, also showing other studies. 

Low-frequency responses are defined below 1 kHz. The transler fonction Hv is the stapes velocity 

normalized by the ear-canal pressure (or input pressure). 
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7.6.3 Ligament measurements 

The apparent axis of rotation observed in our model (cf. Section 7.4.3) is similar to the 

classical description given in the literature for low frequencies: passing from the anterior 

mallear ligament (AML) to the posterior incudalligament (PIL). 

Nakajima et al. (2004) determined the effects of both stiffening and removing the AML 

and PIL on acoustic response in fresh human ossicles for frequencies below 1 kHz. 

Sound-induced umbo and stapes velocities were measured by laser vibrometry. Stiffening 

of the AML resulted in a decrease of umbo and stapes displacements by a factor of 2 or 

less. In our model, the umbo and stapes displacements decreased by 65% (cf. Section 

7.5.6). No experimental or finite-element studies have included the effects of stiffening 

the PIL. 

Experimental removal of the AML resulted an increase in umbo displacements of less 

than 60% and a change in footplate displacements of less than 30%. Removal of the PIL 

resulted in an increase in umbo displacements of less than 40% and a change in footplate 

displacements of less than 15%. In our model, when the AML's stiffness was set to zero, 

the umbo displacements increased by 7% and the stapes footplate displacements 

decreased by 3%. When the PIL's stiffness was set to zero, the umbo and stapes 

displacements increased by 18%. 

Nakajima et al. (2004) concluded that removal of either the AML or PIL affects ossicular 

motion minimally at low frequencies. Large and complex changes were reported, 

however, when removing both the AML and PIL. 

These results are qualitatively consistent with our findings in Section 7.5.6. 
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CHAPTER8 

CONCLUSIONS AND FUTURE WORK 

8.1 Conclusions 

The focus ofthis research was to develop a 3-D finite-element model of the gerbil middle 

ear with a detailed geometry based on MRI and micro-CT data, and to quantify the 

mechanics in response to static pressure loading. Only a priori material-property 

estimates from the literature were used, and no attempt has been made to match 

experimental measurements by adjusting certain parameters. 

An MRM dataset with a voxel size of 45 llm (provided by Drs. MM Henson and OW 

Henson, Jr., and the Duke University Center for In-Vivo Microscopy) and an X-ray 

micro-CT dataset with a voxel size of 5 um (provided by Dr. WF Decraemer from the 

University of Antwerp), supplemented by histological images, are the basis for 3-D 

reconstruction and mesh generation. The eardrum model is based on phase-shift moiré 

shape measurements by Dr. WF Decraemer in collaboration with Dr. M von Unge and Dr. 

JJJ Dirckx. The middle-ear structures were segmented with locally developed software, 

based on the MRM and X-ray micro-CT datasets, and were assigned mechanical 

properties taken from the literature. 

The final model inc1uded the tympanic membrane, the three ossic1es (malleus, incus and 

stapes) and three ligaments (anterior mallear ligament, posterior incudal ligament and 

stapedial annular ligament). Particular attention was paid to the pedic1e of the incus. 

Preliminary results consisted of convergence tests to determine an appropriate mesh 

resolution for the model and a stiffness for the ossic1es. Then, the final model's behaviour 

in response to a static pressure of 1 Pa was analysed. Finally, a series of sensitivity tests 

was performed to evaluate the significance of the different parameters in the finite­

element model. To validate the model, the results were compared with experimental data 

from the literature. 
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The Young's modulus and thickness of the pars tensa had the greatest effect on the pars 

tensa displacements and, along with the Young's moduli of the pedicle and the stapedial 

annular ligament (SAL), on the umbo and stapes displacements. The Young's moduli of 

the PIL and AML had the least effect on the model. The Young's moduli of the AML, 

SAL and pedicle had a large influence on the ossicular ratio (umbo-to-stapes ratio), the 

remaining parameters having insignificant effects. The coupling between the tympanic 

membrane and the manubrium was found to be highly influenced by the pars-tensa 

parameters, and to a lesser extent by the thickness of the pars flaccida, and the Young's 

moduli of the pedicle and SAL. Finally, the shape of the eardrum was shown to have an 

effect on the displacements of the middle-ear components, and on the displacement 

profile of the eardrum itself. 

Overall, our finite-element model demonstrates good agreement with experimental data. 

The displacement pattern of the pars tensa in our model is similar to profiles measured 

experimentally (von Unge et al., 1993). The umbo and stapes displacements, as well as 

the ossicular displacement ratio, compare satisfactorily with low-frequency 

measurements from Rosowski et al. (1999), OIson & Cooper (2000) and Ravicz & 

Rosowski (2004). The predominantly piston-like motion of the stapes at low-frequencies 

is consistent with Rosowski et al. (1999). The ossicular axis of rotation extended from the 

anterior mallear ligament (AML) to the posterior incudalligament (PIL), corresponding 

to the classical description. 

The axis of rotation was influenced by the AML when it was eut, by the PIL when it was 

stiffened, and by both together when they were eut. These results are consistent with 

Nakajima et al. (2004). 

In a finite-element model analysis (based on the human model by Koike & Wada, 2002) 

of stiffening the AML, by Huber et al. (2003), the AML's Young's modulus was increased 

by a factor of 1000, resulting in a Young's modulus similar to bone. Such an increase in 

stiffness resulted in a decrease of stapes motion by about 80% to 150%. Similarly, in our 

model, the umbo and stapes displacements decreased by 65% when the AML's Young's 
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modulus was increased by a factor of 10. 

The finite-element results are significant for a quantitative understanding of middle-ear 

mechanics. They will contribute to understanding the effects of eardrum pathologies, 

designing hearing-aid transducers and middle-ear prostheses, assisting the detection of 

middle-ear pathology, and improving the teaching of anatomy and surgi cal techniques. 

8.2 Future work 

There are several enhancements that should be undertaken in the future in order to 

continue improving the model: 

• This study analyzed the mechanics of the gerbil middle ear in response to static 

pressure loading. Dynamic analysis should be performed. The inertial and 

damping properties would be included in the model. In doing so, we could more 

completely validate our model with experimental data at frequencies within the 

human audible range (200 Hz to 20 kHz). 

• The study should be extended to non-linear analysis. The large (non-linear) 

displacements would be compared with recent moiré data from Decraemer's lab 

(Decraemer et al., 2003; Dirckx & Decraemer, 2003). 

• In our study, the periphery of the eardrum was assumed fixed. A finite-element 

representation of the fibrocartilaginous ring (including the smooth-muscle cells) 

around the TM, must be included in the model. The subsequent results would be 

compared with the measurements of Yang & Henson (2002). In that study, 

cochlear microphonic thresholds were recorded to study the physiological effects 

of smooth muscle, by applying drugs known to relax and control smooth muscle. 

• A set of different eardrum shapes should be included to study their influence on 

the overall behaviour of the middle ear. 

• Displacement measurements of the gerbil eardrum are non-existent, and should be 

made. Measurements at different points along the manubrium would help to 

investigate the coupling between the eardrum and the malleus. 

• Measurements at different locations on the stapes would be useful to understand 

its motion (piston-like, rocking ... ) at low and high frequencies. 
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• 

• 

Measurements at different locations on the malleus and incus would also serve to 

clarify the relative motion of the ossicles at different frequencies. 

Measurements at the pedicle and incudostapedial joint would help to better 

understand the mechanism of the coupling between the mcus and the stapes. 

• A more thorough representation of the pedicle, the incudomallear and 

incudostapedial joints, and the overall ligament/bone connection, would serve to 

improve our understanding of ossicular motion. 

• A model of the outer ear and inner ear can be added to investigate their effects on 

the middle-ear behaviour. 
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