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SUMMARY
Several million people suffer from chronic inflammatory middle ear diseases. The surgical
treatment often necessary to treat the disease is unsatisfactory in preserving or improving
hearing. The restoration of the sound conduction often requires the substitution of some
middle ear components by prostheses. The success rate of the reconstruction is still not
optimal and remnant air-bone gaps of up to 20-30 dB can be measured.
In order to improve the reconstruction of the middle ear, a specific tool for testing the
mechanical behavior of the prostheses is necessary. Furthermore this tool should permit
analysis of the effect of middle ear diseases on the sound conduction, and analysis the
contribution of each middle ear component, so that indications can be given to otologists
concerning the possible consequences of a surgical intervention.
A mathematical model of the middle ear is therefore developed. The model is based on the
finite element method.
The key to success of any model lies in the knowledge of the physical problem that will be
idealized in the model. In the specific case of the middle ear, detailed information on the
middle ear anatomy and physiology is necessary.
Beside a thorough review of the literature, selected aspects of the middle ear physiology and
anatomy were investigated by performing the following measurements on fresh temporal
bones:
•

mass and volume of the isolated middle ear ossicles.
The volume and the mass of several sets of the three ossicles were measured in order to
derive the density of the ossicles.

•

geometry and spatial distribution of the middle ear structures.
The geometry of the three ossicles was measured with high resolution micro-CT machine
(13x13x13 µm3). A partial 3-dimensional reconstruction of the internal cavity of the
malleus and incus was also performed.

•

dynamical behavior of the tympanic membrane by means of modal analysis.
The modeshapes and resonance frequencies of the tympanic membrane were detected in a
restricted frequency band from 200 to 4500 Hz.

•

dynamical behavior of the isolated ossicles by means of modal analysis.
The position of the first resonance frequency was investigated and found to lie well above
the upper limit of audible frequency band, so that the individual ossicles can be
considered to behave like rigid bodies within the audible frequency range.
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•

motion state of the stapes.
The translational velocity and the two rotational velocities around the main axes of the
stapes footplate were detected using a custom developed technique. The measurements
were performed in a frequency band from 200 to 8000 Hz and with drained cochlea.

•

the dynamic behavior of the incudo-malleal joint.
The incudo-malleal joint was found to be mobile under physiological sound pressure
levels.

The results of these investigations were used in the construction phase of the mathematical
model in order to produce an accurate model. Furthermore the results of the dynamical
measurements were used to validate the model. The model contains 37,037 hexa8-elements
and 58,865 nodes for a total of 161,751 degrees of freedom. The material properties are
described by 95 parameters. The tympanic membrane is modeled with orthotropic material
description while all the others middle ear structures are modeled using isotropic material
description.

The behavior of the tympanic membrane in the model is very similar to the measurement data.
Only in the lower frequency range, below 800 Hz, is the overall response slightly
underestimated (5-10 dB).
The stapes movement of the model in the case of drained cochlea is very similar to the
measured values across the whole frequency range; again the response in the low frequencies
is slightly underestimated.
The cochlea was simulated using stiffness, damping and mass elements, allowing a very fine
reconstruction of the cochlear load. Comparison of the cochlea input impedance computed
from the model to measurement data from the literature confirmed the accuracy of the cochlea
model across the whole frequency range.
The mathematical model reproduce quite well the dynamical behavior of the middle ear in a
frequency range from 200 to 8000 Hz. Some inaccuracies still exist in the lower frequencies
and in the dynamics of the incudo-malleal joint above 5 kHz. A better description of the
tympanic membrane structure and of the joint would eliminate these inaccuracies.

SOMMARIO
Parecchi milioni di persone soffrono di infiammazioni croniche dell' orecchio medio. Il
trattamento chirurgico spesso necessario per eliminare l' infiammazione riesce solo in parte a
preservare o a migliorare la funzione dell' udito. La ricostruzione della conduzione del suono
richiede spesso la sostituzione di alcune componenti dell' orecchio medio per mezzo di
protesi. Il risultato di tali ricostruzioni è tuttavia ancora poco soddisfacente e air-bone gap di
20-30 dB possono essere osservati.
Allo scopo di migliorare la ricostruzione dell' orecchio medio il funzionamento delle protesi
deve essere analizzato nel dettaglio. È quindi necessario sviluppare un nuovo strumento che
permetta di studiarne il comportamento meccanico.
Questo strumento dovrebbe inoltre permettere di analizzare gli effetti delle varie patologie
dell' orecchio medio sulla conduzione del suono, così come di analizzare il contributo di
ciascun elemento dell' orecchio medio, in modo da poter dare indicazione ai chirurghi
riguardo le possibili conseguenze degli interventi.
A tal fine è stato sviluppato un modello matematico dell' orecchio medio basato sul metodo
degli elementi finiti.

La chiave del successo per l'elaborazione di un modello matematico risiede in una
approfondita conoscenza del problema fisico che deve essere descritto. Nel caso specifico
dell' orecchio medio è stato di conseguenza necessario raccogliere informazioni dettagliate
riguardo alla sua anatomia e fisiologia.
Oltre ad un accurato studio della letteratura medica, alcuni elementi di anatomia e fisiologia
sono stati studiati per mezzo delle seguenti misurazione effettuate in vitro su ossa temporali
fresche:
•

Misurazione della massa e del volume dei singoli ossicini dell' orecchio medio. Il volume
e la massa di varie serie di ossicini sono stati misurati, così da poterne determinare la
densità.

•

Misurazione della geometria e della distribuzione spaziale delle strutture dell' orecchio
medio. La geometria dei tre ossicini è stata misurata per mezzo di una tomografia
computerizzata ad alta risoluzione (13x13x13 µm3). È stata pure possibile una parziale
ricostruzione tridimensionale delle cavità interne del martello e dell'incudine.

•

Misurazione del comportamento dinamico della membrana del timpano, per mezzo dell'
analisi modale. Le forme proprie e le frequenze di risonanza della membrane del timpano
sono state identificate in una banda di frequenze tra i 200 ed i 4500 Hz.

iv

Sommario

•

Misurazioni del comportamento dinamico dei singoli ossicini per mezzo dell' analisi
modale. La posizione della prima frequenza di risonanza è stata analizzata e trovata essere
oltre i 30 kHz. Ne consegue che il comportamento degli ossicini dell' orecchio medio nel
campo delle frequenze udibili corrisponde a quello di un corpo rigido.

•

Misurazioni del movimento della staffa. Per mezzo di una tecnica di analisi appositamente
sviluppata, sono state misurate la velocità di traslazione e le velocità di rotazione attorno
ai due assi principali del piatto della staffa. Queste misurazioni sono state effettuate in una
fascia di frequenze tra i 200 ed gli 8000 Hz e dopo la parziale distruzione della coclea.

•

Misurazioni del comportamento dinamico dell' articolazione tra l'incudine ed il martello.
Dalle misurazioni effettuate a varie frequenze l' articolazione risulta essere mobile in caso
di stimolo acustico.

I risultati di queste analisi sono stati utilizzati per produrre un modello della conduzione del
suono nell' orecchio medio che fosse il più accurato il possibile. Oltre a ciò i dati sul
funzionamento delle varie componenti sono serviti per calibrare i parametri che descrivono il
comportamento dinamico dei materiali.
Il modello ad elementi finiti è composto da 37'037 elementi di volume (hexa8) e da 58'865
nodi, per un totale di 161'751 gradi di libertà. Le proprietà dei materiali sono descritte per
mezzo di 95 parametri. Per la membrana del timpano è stata utilizzata una descrizione
ortotropica del materiale, mentre per tutte le altre strutture è stata utilizzata una descrizione
isotropica.
Il comportamento della membrana del timpano nel modello è molto simile a quanto misurato;
soltanto a basse frequenze, sotto gli 800 Hz, la risposta è leggermente sottostimata (5-10 dB).
Il movimento della staffa riprodotto dal modello senza carico cocleare è molto simile ai valori
misurati nell'intero campo di frequenze, ma anche qui la risposta alle basse frequenze è
leggermente sottostimata.
Nel modello della coclea si sono introdotti elementi di rigidità, di smorzamento e di massa tali
da riprodurre nel dettaglio i suoi effetti sull'orecchio medio, come confermato dal confronto
tra l'impedenza della coclea calcolata dal modello e valori misurati pubblicati nelle letteratura.

Il modello matematico riproduce correttamente il comportamento dinamico dell'orecchio
medio nel campo di frequenze tra i 200 ed gli 8000 Hz. Alcune imprecisioni sussistono nella
risposta alle basse frequenze e nel comportamento dell'articolazione tra l'incudine ed il
martello sopra i 5 kHz; imprecisioni che potranno essere corrette migliorando la descrizione
della struttura della membrana del timpano e dell'articolazione suddetta.
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"And it is a common saying that nature has given
to each of us two ears and one tongue, because we
ought to do less talking than listening."
Plutarch

I

INTRODUCTION

I.1

Overview

Since early days, hearing has always played a main role in the development and growth of the
human society. Knowledge, traditions, habits, and all society-related information were in
olden times transmitted mainly by word of mouth since reading and writing was a privilege of
the few; even today some isolated "primitive" societies are based on the oral tradition. In
today's society oral tradition is still present, restricted to particular sectors like the
transmission of the family knowledge and traditions.
Hearing is of course only the first step of a more complex process of listening, on which the
oral tradition is based and which requires an active role from the listeners side.
It is therefore not surprising that one of the most influential Greek philosopher, Plutarch of
Chaeronea, wrote in his Moralia a treaty dedicated to "The Art of Listening" addressed to the
young Nicander, who was about to take up the serious study of philosophy "...so that he may
know how rightly to listen to the voice of persuasion...".
Although today hearing impaired people are much better integrated into society, compared to
ancient times, their contact with society at large remains compromised. It is profoundly true
that hearing could be defined as the "social sense", since it allows people to communicate and
interact with other people as no other sense can do. The sentence "Blindness isolates you from
things, but deafness isolates you from people", attributed to different authors, best expresses
this idea. The awareness of the importance of hearing for the human being has always been in
the background during my whole work; as a symbolic recall to that, every chapter is
introduced by a sentence from Plutarch's "The Art of Listening".
The complex tasks of hearing is accomplished by the Auditory System in three different
conceptional steps. First, the sound signal (acoustic excitation) must be transmitted to the
receptors. Second, the acoustic excitation getting the receptors in form of pressure changes
must be transduced into electrical signals, and third, these electrical signals must be correctly
processed so that they can efficiently indicate qualities of the sound source (pitch, loudness,
timbre and location). Every of these conceptional steps has its own anatomical
correspondence: The conductive system (outer and middle eae), conducting the sound signal
from the air to the inner ear; the sensorineural system (cochlea and eighth cranial nerve),
involving physiological response to the excitation, activation of the associated nerve cells and
the encoding of the sensory response into a neural signal, and the central auditory nervous
system (auditory cortex, medial geniculate nucleus and the cochlear nucleus), dealing with the
neurally encoded information (Figure I.1, next page).
Understanding the auditory system means therefore to understand each of these subsystems
and how they are connected.
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Figure I.1: Diagram of the Auditory System: Conductive System with the outer ear (OE) and the
middle ear (ME), Sensorineural System with the cochlea (C) and the eight cranial nerve (8CN) and
Central auditory nervous System with the auditory cortex (AC) the medial geniculate nucleus
(MGN) )and the cochlear nucleus (CN). Modified after [30, 48].

The present work deals with a component of the conductive system: the middle ear (ME)
(Figure I.2).
The sound signal coming through the outer ear in form of pressure changes sets the most
lateral ME-element, the tympanic membrane (TM), into vibration. These vibrations are
medially conveyed by the ossicular chain to the oval window, the entryway to the cochlea.
The vibratory motion of the most medial ME-element, the stapes, is transmitted to the
cochlear fluids, which then stimulate the sensory receptors (hair-cells).

I
S

TM

M

Figure I.2: The middle ear
structure. TM: tympanic membrane,
M: malleus, I: incus, S: stapes.
Modified after [68].
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Chronic inflammatory ME diseases (like chronic suppurative otitis media) are common
conditions affecting 0.5%-30% of any community (in developed country the rate is usually
low), so that the number of people concerned with ME problem could be estimated to be over
20 million (in the USA 70'000 surgical treatment are performed annually) [57]. A frequent
consequence of this kind of chronic disease could be a partial or total loss of the TM and
ossicles. Other ME defects are caused by traumatic ossicle dislocation or ME pathology such
as cholesteatoma, leading to a ossicular discontinuity or by otosclerosis, leading to ossicle
fixation. The resulting conductive hearing loss could be up to 50-60 dB.

I.2.2

Surgical treatment

Surgical treatment is often necessary to eradicate the disease, prevent recurrence and preserve
or improve hearing. "Tympanoplasty" is the term used to indicate the surgical reconstruction
of the tympano-ossicular system. The most widely used classification of the different types of
Tympanoplasty was introduced by Wullstein:
Tympanoplasty

Description

Type I

Repair of the TM and
Possible removal of minor disorder.
Ossicular chain is intact

Type II

Removal of the disease and
Ossicular reconstruction to re-establish the lever mechanism, between
long process of incus and stapes head

Type III

Removal of the disease and
Create an aerated hypo- and mesotympanum and
Provide a sound barrier to the round window and
Establish a mechanism to conduct sound energy directly to the stapes

Type IV

Reconstruction of a severely diseased ear, including absence of the crura
of the stapes
The TM is directly (or via a tissue graft) in contact with the footplate of
the stapes and
The round window is shielded by a tissue graft

Type V

Reconstruction of a severely diseased ear, including absence of the crura
of the stapes and a fibrous or osseous fixation of the footplate.
Sound transmission is re-established by either creating a surgical fistula
of the lateral semicircular canal or removing the footplate

Table I.1: Classification of the different types of Tympanoplasty after Wullstein.

While the surgical technique quite successfully eradicates the disease and prevents the
recurrence (reported success rate are 70-90%), it is often unsatisfactory in preserving or
improving hearing [56].
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I.2.3

Prostheses in middle ea cavity

The reconstruction of the sound conduction often requires the substitution of some ME
components by prostheses. A wide variety of implants and transplants have been used and
studied in the past. Autologous transplants, used from the beginning of ME surgery on, are
very successful in the reconstruction of the tympanic cavity wall. Allogenic implants
consisting of complete ossicular chains as well as bone, cartilage and dentine grafts were
frequently used. Implants made of steel and gold provide the advantage of forming fine
structures. After healing they are covered with thin mucosa. Polymeric implants are made
from porous material that allow tissue ingrowth which is considered to be favorable for
implant anchoring. Bioactive implants are characterized by direct tissue ongrowth without
fibrous connective tissue interface and stimulating effects on the regeneration of surrounding
tissue.
Study of the literature reveals that the implants used today for total or partial ossicular chain
replacement only address limited aspects of functional ossiculoplasty. Various types of
prostheses showed significant differences and failure rates. It is however difficult to compare
in vivo the various kinds of prostheses as they are applied in very different conditions, which
of course influence the success in re-establishing the sound conduction.

I.2.4

Air-Bone Gap: a measurement for the conductive hearing loss

The standard measurement for the conductive hearing loss is the air-bone gap (ABG). It
represents the difference between the air-conduction threshold (sound excitation applied to the
external ear via headphone or loudspeakers) and the bone-conduction threshold (vibratory
excitation applied to the skull) for a specific frequency (Figure I.3). As an attempt to
summarize the degree of conductive hearing loss the mean of the ABG at 500, 1000, 2000 and
4000 Hz is calculated and is usually indicated as ABG. These 4 frequencies cover the most
important frequency range for speech recognition (Figure I.4, page 9).
70
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Figure I.3: Left: Air-conduction tests the entire system, Bone-conduction tests only the inner ear
and auditory nerve. The difference between air- and bone-conduction thresholds is called the airbone-gap (ABG). Right: Air-conduction (AC), Bone-conduction (BC) and related ABG for three
different hearing loss situations, case (a), (b) and (c). Modified after [75].
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Remaining Air-Bone Gap after surgical treatment

Depending on the severity of the hearing disorder different long-term (> than 5 years) ABG
values are expected: for type I, II and III a satisfactory ABG is < 20 dB, while for type IV and
V the criterion is < 30 dB. Merchant et al. report [57] that in case of ossicular chain
reconstruction: "long–term closure of the air-bon gap to < 20 dB occurs in 40-70% of cases
when stapes is intact and in only 20-55% when stapes superstructure is missing". Various
other authors have published audiometric results regarding success and failure rates after total
ossicular replacement. Unsatisfactory hearing results – mostly defined as ABGs greater than
20 dB – occurred in 18% to 82% [29, 51, 55, 61, 70, 71]. It is difficult to compare these
results from the literature as they include different ossicular reconstruction types, such as
footplate-to-drum or footplate-to-malleus, different techniques and different prostheses.
Audiograms that were acquired at various intervals after surgery showed that the results got
worse with time [26, 72]. The footplate-only situation remains the greatest challenge in
ossicular reconstruction and usually shows worse results than reconstruction under more
favorable conditions [26]. A literature review reveals that currently used techniques and
prostheses lead to ABGs of 20-30 dB in most cases.
Although the results of these surgical procedures have been accepted in the past, the need to
improve these functional results still remains. The ABG persists for a number of reasons.
These include extrusion or dislocation of the prostheses, instability due to the characteristics
of the prostheses, inadequate mechano-acoustic transmission properties of the prostheses,
unfavorable scarring, TM retraction and tissue ingrowth.

I.2.6

Improving the middle ear reconstruction

Further improvements in ME prostheses require a better understanding of the sound
conduction through the ME. "Open questions" concern the mechano-acoustic coupling
between airborne sound and the TM, the behavior of the joints between the ossicles and the
way the stapes-footplate vibrates in the oval niche.
On the other hand a specific tool for testing the mechanical behavior of the prostheses is
necessary. It should permit to compare different kinds of prostheses in a controlled
environment and to easily test different parameters (mass, material, geometry). The success or
the failure of the sound conduction reconstruction depends also on factors not directly
connected with the physics of sound conduction (like the biological interaction between the
prostheses and the tympanic cavity environment), therefore the new tool should allow to
separate these biological factors from the mechano-acoustical ones. So that it would be
possible to analyze and compare selectively the sound conduction properties of the various
prostheses and find the best solution for the different types of tympanoplasty.
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Goals of this work

The goal of this work is the development of a mathematical model of the sound conduction
through the ME as a specific tool for testing the mechanical behavior of the different types of
ME prostheses.
The choice of a mathematical model is due to some of its intrinsic characteristic:
• all the biological interactions not involved in sound conduction can be avoided,
• simulating the effect of some ME diseases on sound conduction is relatively simple
(stapes or malleus partial fixation, stiffening of the ME joint, TM perforation),
• comparison of different types of prostheses in a controlled (virtual) environment is
possible,
• testing of a new prosthesis does not require the physical production of the prosthesis and
modifications are easily performed (material parameters or shapes).
In the previous section the need of a specific tool for testing the different ME prostheses was
pointed out. The mathematical model is intended to solve this problem. However, its
application could be extended to cover a broader spectrum of problems related to the sound
conduction through the ME.
Consequently a mathematical model is developed for analyzing different situations in the ME
with special attention to:
1. The effect of ME disease on sound conduction.
2. The contribution of every ME component to the sound conduction, so that an indication
can be given to otologists concerning the possible consequences of a surgical
intervention.
3. The quality of different ME prostheses in reconstructing the sound conduction.

The underlying assumption of all this work is that the development of a mathematical model
of the human ME that contains all the necessary information of the sound conduction through
the ME is possible. This apparently trivial assumption implies that the governing laws of the
sound conduction are known, that it is possible to create a mathematical description that
combine all of them and that the created model is solvable with the present computing power
in reasonably short time.
While the general governing laws are known since decades, some details of the sound
conduction are still controversial and need to be further investigated. Moreover, the creation
of a mathematical model requires several simplifications concerning the geometrical
description, the material properties and the boundary condition. Part of them are due to the
lack of information on the different biological material, part to the difficulties to develop an
exact mathematical description of the various mechanical interactions and part to the limited
available computing resources. The main challenge thus consists in producing a mathematical
description as simplified as possible that contains however enough information to reproduce
the ME functional.

I.4 Approach

I.4

Approach

I.4.1

Anatomical and physiological data acquisition
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As pointed out in the section I.2, page 3, improvements in ME prostheses require a better
understanding of the sound conduction through the ME.
Bearing in mind that the success key of any model lies in the knowledge of the physical
problem that should be idealized, it is clear that detailed information on ME anatomy and
physiology is necessary.
Part of this information could be found in the literature, however some open question need to
be experimentally investigated.
The mechano-acoustic properties of some ME components are therefore carefully analyzed.
The data are collected from fresh temporal bones (TBs) by means of a Scanning Laser
Doppler Velocimeter (SLDV), a device capable of detecting the instantaneous velocity of a
vibrating surface without any contact to the surface and with high spatial resolution.
Special attention is given to the following aspects of the sound conduction through the ME:
• the mechano-acoustic coupling between airborne sound and the TM. The TM could be
considered as the entryway to the ME system. Therefore, knowing its vibrational behavior
is of great significance for understanding the ME mechanics,
• the behavior of the incudo-malleal joint (IM-joint). While the mobility under
physiological load of the other ME joint, the incudo-stapedial joint (IS-joint) is widely
accepted, the mobility of the IM-joint is still controversial,
• the dynamical behavior of the isolated ossicles within the hearing frequency range, as well
as its geometrical properties (mass, volume, internal cavity),
• the movement of the stapes footplate when physiological sound excitation is applied to the
TM. The stapes footplate could be considered as the exit from the ME system. As in the
case of the TM, its dynamical behavior is of great importance for the sound conduction to
the cochlea. As object of this study was the ME, the cochlear load was removed by
draining the cochlea. All the measurements of stapes movement therefore were performed
without cochlear load.

I.4.2

Mathematical model

Guidelines for the mathematical model are based on the collected information. This step is
particularly important since no more information in the prediction of physical phenomena can
be expected than the information contained in the mathematical model.

I.4.2.1
Mathematical model type
The next step is the choice of the appropriate mathematical model. Two categories of
mathematical models are considered: analog circuit models or analog mechanical models.
The analog circuit models make use of the analogy between the mathematical equations
describing a mechanical system and the mathematical equations describing electronic circuits.
A mechanical system is therefore transformed into an electrical circuit and then analyzed.
This has been for long time the usual way to analyze mechanical systems because of the
impossibility to directly solve the mechanical equations. Further it was also possible to
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physically build the analog model and to measure the different values without having to
analytically solve all the equations. As a consequence of the increased availability of the
necessary computing power in the past twenty years, it was common to simulate the analog
circuit models on computer.
This method has also been used to study the ME mechanics, in particular to investigate
acoustic impedance values and other acoustical parameters [40, 50, 88].
The analog mechanical models consist of sets of mathematical equations describing the
mechanical properties of the structure under investigation. The differential equations
describing the movements and the vibrating patterns are well known since decads. The main
problem lies in the method for solving the sets of equation. An analytical solution is only
possible for very simple models and may not be applied in realistic cases. Numerical
procedures have therefore been developed. Avoiding the analytical solution has however its
costs: the numerical procedures require high computing power, which has become available
only recently. The importance of mechanical models has therefore grown together with the
increased availability of computing power.
The main advantage of the analog mechanical models vs. the analog circuit models lies in the
fact that the physical properties of the real mechanical system (for example the ME) are
modeled with mechanical elements. The mechanical properties thus remain mechanical
properties in the model avoiding complicated analogies and allowing a direct interpretation
of the results and an immediate access to the different parameters [22, 23, 14]. Because of this
reason the direct method of the analog mechanical models has been chosen as basis for the
mathematical model.

I.4.2.2
Characteristics of the model
Due to the high complexity of the ME geometry and considering that the ossicular chain is
subjected to a three dimensional (3D) movement and that the forces working in the ME are
spatially distributed, a 3D-model is required. Every single component of the ME model is free
to vibrate in all the three directions as is the case in a real ME.
The mathematical model gives information on how the ME reacts to a physiological sound
pressure, and should therefore be able to work within a particular pressure and frequency
range.
The acoustic parameters are expressed as a logarithmic ratio of the measured value to a
standard value. Sound Pressure Level (SPL) is defined as:
L = 20 × log(

p
)
p0

(1.4-1)

where:
p: sound pressure level
p0: is the reference sound pressure (20 µPa)
The use of a decibel scale reduces the dynamic range of sound pressure of a million to 1
(pressure range: 2x10-5 to 20 Pa) to a more manageable range of sound pressure level of only
0 to 120 dB SPL. The ME is supposed to have a linear response in the dB scale up to
80-90 dB (at this pressure level the stapedius muscle is contracted changing the position of
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the stapes and therefore the ME response [60]). Consequently the mathematical model should
be able to work linearly with dynamic sound pressure level up to 90 dB.
The human ear can discriminate frequencies in a wide frequency range from 20 Hz to 20 kHz.
The upper frequency limit for speech is estimated to be 5-6 kHz [87], while the upper limit for
music is slightly higher, at about 10-12 kHz. Therefore, a reasonable upper frequency limit
for the mathematical model can be set to 10 kHz (Figure I.4).
To study the pressure variations at the TM with a frequency components ranging from 20 Hz
to 10 kHz a dynamical analysis is required. Static analysis could be performed as a first
verification of the geometry and of the stiffness values.
[dB]
120
threshold of pain

120

limit of damage risk

100
music

80
60

speech
40
20
0

threshold of hearing

0.02

0.05 0.1 0.2

0.5

1

2

5

10

20 [kHz]

Figure I.4: Hearing area between the threshold of hearing and the limit of damage risk. The range
for speech and music shaded. Modified after [87].

Finally the method chosen to solve the mathematical model (analog mechanical model) is the
finite element method (FEM). The finite element solution technique is a numerical procedure
to solve the algebraic equation used to idealize the physical problem.
Table I.2 summarizes all the characteristics chosen for the analog mechanical model of the
human ME:
Dimension:
type:
Frequency:
Sound Level:
Solving method:

3D-model
dynamical model
up to 10 kHz
up to 90 dB SPL
Finite Element Method

Table I.2: Characteristics of the analog mechanical model.

The importance of choosing the appropriate mathematical model should be pointed out. The
response of a physical problem cannot be exactly predicted, because not all the information of
a specific physical problem can be reproduced in a mathematical model. Therefore the choice
of the information that will be considered is a crucial aspect in the whole modeling process.
Only the information contained in the mathematical model will be reflected in the finite
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element solution, so that the predicted response strictly depends on the assumptions made in
the mathematical model.
In other words, every physical phenomenon that should be investigated by the model must be
mathematically described and modeled. This intrinsic restriction of the mathematical
modeling is used to separate the biological factor influencing the sound conduction
reconstruction from the "pure" mechanical factors. To "switch off" the influence of the
biological factors in the model (as required in section I.3, page 6), it suffices not to define any
mathematical description for the biological factors.

I.4.2.3
Fitting the model
Once the mathematical model has been created the question of the quality of the solution it
can deliver must be considered. Mathematical models are idealizations of a real physical
problem. This idealization process is based on different assumptions and simplifications,
which must have an insignificant effect on the studied physical phenomenon (in this case
sound conduction). Dealing with models of biological structure, drastic simplifications
concern the material description. The complex behavior of living tissue are usually simplified
by some constitutive equations. Almost any real material has a more complex behavior than
these constitutive equations describe, although in limited ranges of temperature, stress and
strain some materials may follow these laws. In this optimal case the main problem consists
then in finding the correct values for the different parameters used in the constitutive
equations.
Dealing with ME structure it is quite impossible to test the different tissues separately for
deriving the constitutive equations and the different parameters.
The first choice of the values for the different parameters of the constitutive equations is
therefore based on a study performed on similar tissue and on data for a similar model
developed by other authors.
To check the quality of this choice the response of the model to a particular solicitation is
compared to measurements performed in vitro on fresh TB. The measurements collected in
order to better understand the sound conduction through the ME are thus also used for
calibrating the model. Comparing different values (resonance frequencies, modeshape,
displacement of particular point) it is possible to correct the chosen values. In case of
unacceptable divergences the involved constitutive equations and parameters should be
modified until the model response lies within an acceptable error range.
Once it has been verified that the model accurately simulates the sound conduction through
the ME it will be possible to modify its structure for the simulation of pathologic conditions
and of prosthetic replacements of the normal physiological elements.

I.5

Thesis outline

•

In the first part of Chapter II a short review of the current knowledge in the anatomy
and physiology of the ME is presented. In the second part a review of the major
success in modeling the ME, or parts of it, is presented.

•

Chapter III focuses on a selection of unanswered or controversial anatomical and
physiological problems. The results of anatomical investigations on the isolated ME
ossicles and the results of physiological investigations on the dynamical behavior of
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the TM, of the IM-joint, of the stapes and of the isolated ossicles are presented and
discussed.
•

In Chapter IV the construction of the mathematical model is described. On the basis
of the results of the anatomical and physiological investigation performed in the
previous chapters the geometrical properties of the model are established. Thereafter,
the boundary conditions, the load and the material properties are defined.

•

Chapter V shows the validation of the mathematical model by means of comparison
with measurement data. The values for the 95 parameters which describe the material
properties are identified by comparing the results of nine partial models with
measurement data from chapter III and from the literature.

•

In Chapter VI the results of the complete 3D model are presented and discussed. The
main characteristics of the model are illustrated.

•

Chapter VII summarizes the results of the work and indicates possible directions for
improving the FEM-model or for applying it to current problems in Otology.

"Putting ear-protectors on children rather than on
athletes, on the ground that the latter have only
their ears disfigured by the blows they receive,
while the former have their characters disfigured
by the words they hear."
Plutarch

II

STATE OF THE ART

II.1

Overview

Basis for a successful modeling process is a close examination of the real structure that has to
be modeled. Working with a biological structure like the ME, it is therefore necessary to
investigate its anatomy and physiology. In the first part of this chapter a short review of the
current knowledge in both fields is presented.
The development of a mathematical ME model has become possible in the last two decades
with the increasing offer of computing power. Several authors have in the past worked on
various mathematical models of the ME. Mathematical models can be subdivided into three
major groups: models of the TM (with or without malleus), models of the whole ossicular
chain, and models of different ME prostheses. Of great interest for this work are the first two
groups. A review of the major achievements in these specific fields are presented in the
second part of the chapter.

II.2

Middle ear anatomy and physiology

II.2.1

Middle ear gross anatomy

Before going into details of the complex anatomy of the ME it should be mentioned that two
versions of ME exist: the right-side and the left-side ME. They, and also their components,
are symmetric with respect to a vertical line (supero-inferior line). Anatomical pictures
usually show the right-side ME. In this work figures of both sides are used, and the side is
therefore always declared.

II.2.1.1 Middle ear cavity
The ME cavity lies medially to the TM, which separates the outer ear (external ear canal)
from the ME. The ME cavity is placed in the tympanic part of the TB. The cavity of the ME
has irregular shape and an approximate volume of 2 cm3. Despite its irregular shape the
cavity may be approximated by a box (Figure II.1, next page). The lateral wall of this box is
mainly composed of the TM and is referred to as the membranous wall. The medial wall
separates the ME from the inner ear structures, which lie in the petrous part of the TB, the
hardest bone of the human body. This wall covers the inner ear structures and some of them
can be deduced as follows: a slight bulge called the promontory, which is produced by the
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basal turn of the cochlea; a niche, superior to this promontory, called the oval window niche,
where the stapes footplate is inserted; an horizontal bulge superior to this niche, the
prominence of the bony facial canal, containing the facial nerve; a window, inferior to the
promontory in a slightly posterior position, called the round window and covered by a
membrane, which separates the inner ear (cochlea) from the ME. The roof of the cavity,
called tegmen, consist of very thin bony irregular plate (in some places less than 1 mm) which
separates the ME cavity from the middle cranial fossa.
mastoid antrum

s

epitympanum or attic

m

p
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l
i

to the
Eustachian
tube

mesotympanum

Mastoid

hypotympanum

Figure II.1: The cavity may be approximated by a box. The different regions of the ME (mastoid
antrum, epitympanum, mesotympanum and hypotympanum) are indicated. The orientation axes (p/a:
posterior/anterior, i/s: inferior/superior, m/l: medial/lateral) are shown in the upper left corner. Right
ear. Modified after [3].
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Figure II.2: The different regions of the ME: epitympanum, mesotympanum and hypotympanum.
M: malleus, I: incus, S: stapes, TM: tympanic membrane. The orientation axes (i/s: inferior/superior,
m/l: medial/lateral) are shown in light grey. Right ear. Modified after [68].
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This cavity is subdivided in four different regions: hypotympanum, mesotympanum,
epitympanum and mastoid antrum (Figure II.2, previous page). The hypotympanum is the
most inferior region of the ME and is placed below the TM. The mesotympanum lies directly
between the outer ear and the inner ear, medial to the TM. The epitympanum or attic is
situated above the TM in the most superior part of the cavity. In its posterior part it is
connected to the mastoid via the mastoid antrum.
The ME cavity is filled with air and communicates to the outside, via the pharynx, trough the
Eustachian tube.
The ME cavity contains the ossicular chain, which connects the TM to the inner ear.

II.2.1.2 Tympanic membrane
The TM, also called eardrum, separates the outer ear from the ME. It is placed in the ear canal
with a particular inclination, which allows it to have a bigger surface than the ear canal
section itself. The angle between the eardrum and the superior and posterior wall of the ear
canal is 140°, while the angle between the eardrum and the inferior and anterior wall is 30°
(figure II.3).

Tympanic
membrane

140°
30°

ear canal

Figure II.3: Section of the TM. It is inserted
in the ear canal with a particular
inclination, so that the angles formed with
the different ear canal walls are 140° or
30°. The particular convex conical shape is
also visible.

It is slightly conically shaped with the apex pointing medially towards the ME. The sides of
the cone formed by the eardrum are convex outwards. Its vertical axis ranges from 8.5 to 10
mm while the horizontal axis ranges from 8 to 9 mm (Figure II.4, next page). The total area
is 85 mm2 while the physiologically active area is 55 mm2 [68].
It varies in elasticity and thickness, being thicker in the centre and in the periphery than in the
intermediate zone, with an average thickness of 74 µm (minimal thickness: ~50 µm, maximal
thickness: ~100 µm), [4]. The TM consists of an epidermis (toward the ear canal), a
connective layer (lamina propria) and a mucosal epithelial layer (towards the ME).
The epidermal layer is continuous with the epidermis of the external canal and, although very
thin, it is possible that it has some effect on the mechanical properties of the eardrum.
The mucosal layer is the continuation of the mucosa of the ME cavity, it is a very thin layer of
cells with presumably no effect on the mechanical properties of the eardrum.
Macroscopic observation reveals the existence of three different parts: pars tensa, pars
flaccida and annular ligament (Figure II.5, next page). The differences in the pars tensa and
pars flaccida lie in the structure of their lamina propria.
The pars tensa is the inferior part and is also the most extended part, its lamina propria
consists of two subepidermal connective tissue layers, between which there are two
collagenous layers with radial (outer) and circular (inner) fiber orientation. The radial fibers
become more packed as they converge on the manubrium, while the circular fiber layer grows
thicker towards the periphery.
The pars flaccida is the superior part of the TM, its lamina propria is made up with loose
connective tissue containing collagen and elastic fibers. The abundance of elastic fibers may
account for its flaccid nature.
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Figure II.4: The TM as it is visible from the ear canal. Through the thin membrane the different
structures of the ME are visible. The orientation axes (p/a: posterior/anterior, i/s: inferior/superior)
are shown in light grey. Right ear. Modified after [68].

The annular ligament is a fibrous thickening firmly attached to a sulcus in the bony
tympanic ring, except in the superior part of the TM. The ligament therefore firmly anchors
the pars tensa to bone around most of its circumference (Figure II.5). Radial fibers of the TM
and also some of the non-radial ones, extend into the annular ligament. Because of that the
drum displacement at the ring is zero and it appears that the influence of the annular ligament
to the eardrum behavior is small.

pars flaccida
pars tensa

insertion of
fibrous bundle
from pars tensa

annular ligament

Figure II.5: Schematic draw of the TM. Transition region between pars flaccida and tensa, thickening
of the annular ligament and the three layer of which the TM is made of, are shown in cross section.
Right ear. Modified after [53].
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The pars tensa contains several types of fibers oriented in different directions: radial fibers,
circular fibers, parabolic fibers and transversal fibers (Figure II.6).
The radial fibers spread uniformly from the umbo and the manubrium towards the periphery.
Their concentration is therefore higher in the centre than at the periphery.
The circular fiber originate from the manubrium and run circular concentrically round the
manubrium to the opposite margin of the manubrium. They may also originate from the upper
margin of the TM and run parallel with the malleus manubrium.
The parabolic fibers arise from near the lateral process of the malleus and extend downwards
in a parabolic course to the anterior or posterior quadrant.
The transversal fibers are short fibers running horizontally in the inferior quadrant.
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of the malleus
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Figure II.6: Fiber arrangement in the TM. An example of each type is highlighted R: radial fiber,
C: circular fibers, P: parabolic fibers and T transversal fibers. The orientation axes (p/a:
posterior/anterior, i/s: inferior/superior) are shown in light grey. Modified after [68].

II.2.1.3 Ossicles
The three ossicles (the malleus, the incus and the stapes) taken together form a chain between
the TM and the membrane of the oval window (Figure II.7, next page). By this means the
vibration of the TM is forwarded to the oval window ad thus to the fluid filling the inner ear.
The most lateral ossicle is the malleus, which also is the largest of the auditory ossicles
(Figure II.8, next page). It may be subdivided into five regions: head, neck, lateral process,
anterior process and manubrium. The head is placed in the epitympanum, it is thick and club
shaped and presents on its posterior and medial part an elongated saddle-shaped articular
surface for the body of the incus. Between the head and the manubrium there is a constriction:
the neck of the malleus. The manubrium of the malleus is embedded in the TM, the tip
reaching the umbo. In its superior-lateral part it is continued in the small lateral process which
produces a bulking in the TM. The anterior process originates from the neck of the malleus
and runs anteriorly towards the petro-tympanic fissure.
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Figure II.7: Position of the ossicular chain in the ME cavity and the complex 3D spatial relationships
between the three ossicles (M: malleus, I: incus and S: stapes). The orientation axes
(p/a: posterior/anterior, i/s: inferior/superior, m/l: medial/lateral) are shown in light grey. Figure
right, right ME, modified after [68], figure left, left ME, from µCT scan (see chap. III, page 39).
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Figure II.8: Anatomy of the single ossicles with detailed description. Left malleus (left): a: posterior
view, b: anterior view and left incus (right): c: medial view, d: anterior view. Modified after [68].
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Figure II.9: Anatomy of the single ossicles with detailed description. Right stapes. e: inferior view,
f: posterior-inferior view. The hollow shape of the crura and the irregular shape of the footplate are
visible. From µCT-scan (see chap. III, page 39).

The second ossicle encountered along the ossicular chain is the incus (Figure II.8, previous
page). It is somewhat more massive than the malleus, to which it is attached by a joint in its
thicker portion. The incus consists of a body, a short process, a long process and a lenticularis
process. The body of the incus lies in the epytympanum in connection with the head of the
malleus. The shorter process extends posteriorly occupying the posterior incudal recess. The
long process, forming an angle of about 100° with the short one, passes downward parallel
with the manubrium of the malleus, it is rounded and turned inward at its tip to articulate with
the head of the stapes. The tip of the long process is called lenticularis process.
The stapes is the most medial ossicle of the ossicular chain, it consists of a head, a neck, two
crura (legs) and a footplate (Figure II.9). The stapes head has an oval shape and displays a
wide variety of differences (it can be small and flat and not wider than the neck, or it can be
tilted and wide with a rim of excessive bone). In its free lateral end it presents a small convex
surface, covered with cartilage, for the articulation with the incus. The neck is a bony
structure between the head and the crura, in some specimens the neck is less distinguishable
than in others. Both the posterior and the anterior crura form a hollow arch that connects the
head and neck of the stapes to the footplate. They are not symmetric, with the anterior one
straighter and more delicate. The posterior crus has a small rough area near the neck in
correspondence of the insertion of the stapedius tendon. The footplate is irregular in shape,
thickness and curvature. It is very thin and partially made of cartilage (Figure II.10, next
page). The surface toward the inner ear may be flat, slightly convex or slightly concave. It
fills the oval window.
The bone structure of the malleus and the incus is comparable with that of the long bones
elsewhere in the body. Haversian system, Haversian canals, lacunas, canaliculi and centrally
located marrow spaces may be seen on microscopic sections [49]. The malleus and incus are
composed of compact (cortical) bone which contains marrow spaces with a great variation in
size. The hematopoetic bone marrow filling the marrow space at birth is partially replaced in
adults (over 20 ) by fat marrow (typical marrow for cortical bone). The central marrow space
in the head of the malleus is often surrounded by layers of lamellar bone. Erosion of the
peripheral layers of bone is particularly extensive in the lenticular process of the incus, which
may be formed by dense fibrous tissue with only a central core of bone.
The stapes is mainly composed of a thin layer of bone. The footplate consists of periostal and
enchondral bone and is often mixed with cartilage (Figure II.10, next page). The crura are
made of a thin bony layers with periostal bone on the convex surface and partly on the
concave surface. At the bony junction between the crura and the footplate there are sometimes
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true Haversian lamellar systems around blood vessels. The head is covered by a cartilaginous
layer and is to some extent “pneumatised” from below [4].
l
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Figure II.10: Microscopic section of the stapes showing its bony structure and the annular ligament
fixing the stapes in the oval niche. In details D the two cartilaginous and bony layers( and a mucosal
layer) are highlighted. The orientation axes (p/a: posterior/anterior, m/l: medial/lateral) are shown in
light grey. From the TB collection, ENT-Dept. University Hospital Zurich. TBs are fixed with
Heidenhain-Sussa, decalcified and embedded in celloidin. The blocks are serially cut at a thickness of
20 µm in the horizontal plane and stained with hematoxilin-eosin.

II.2.1.4 The three middle ear articulations
The three ossicles are bound together by two articulations and fixed at the stapes footplate
level in the oval window by a third "half" articulation. Some authors refer to the complex
made by the anterior malleal process, the anterior malleal ligament and the petro-tympanic
fissure as the fourth joint of the ME. Histologically this complex can however not be
described as a joint, being a simple ligamentous connection between two bones.
The articular surface on the posterior side of the head of the malleus is bound to the body of
the incus by a thin capsular ligament. This IM-joint may be classified as a synovial joint. The
joint contains a synovial cavity lined by a synovial membrane and articular cartilage. It is
made up of curved reciprocal concave-convex surfaces ("saddle shaped surfaced"), separated
on average by 150 µm. An elastic tissue capsule surrounds the articular margin and holds the
articular surfaces in intimate contact (Figure II.11).

etc

Figure II.11: Microscopic section of
the IM-joint. The articular surfaces of
both ossicles is lined by a synovial
membrane and an articular cartilage
layer (ac). The articular surfaces are
held in contact by the elastic tissue
capsule (etc). M: malleus, I: incus.
Microscopic section from TB collection,
ENT-Dept. University Hospital Zurich.
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Due to its particular shape the mobility is restricted to a rotatory movement on an anteroposterior axis which passes trough the short process of the incus and the anterior process of
the malleus. In the literature this joint has been referred to in at least three different ways:
incudo-malleal, incudo-malleolar or incudo-mallear. In this work the first name is used for
consistency reasons with the names of the different ligaments of the malleus (see below).
The articular surface of the lenticular process of the incus is convex, this convexity sets in a
counter-concavity on the head of the stapes and is held bound by a tissue capsule. This
complex is called the IS-joint and is also classified as a synovial joint. There is a great
variation in the lenticular process of the incus: pegged shape and cartilaginous or bony
protuberance covered by a thin layer of cartilage, and all possible variations between these
two extremes (Figure II.12).

a

c

b

Figure II.12: Variations in the structure of the lenticular
process of the incus. The cartilage (grey) may cover a bony
layer (a), or it may cover a peg of bone (c), all variations
between these two extremes also exist (b).

The head of the stapes is a cylindrical mass of bone above the neck of the stapes. The concave
articular surface is covered with cartilage which is covered with synovium. The joint capsule
surrounds the synovium and the joint space. The capsule attachment to the stapes is small in
comparison to the incus attachment. The fibrous tissue of the capsule extends up to the turned
inward tip of the long process of the incus (Figure II.13).
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Figure II.13: Microscopic section of the IS-joint. The articular surfaces of both ossicles are lined by
cartilage (black). LP: lenticular process, HS: head of the stapes, tca: tissue capsule anterior,
tcp: tissue capsule posterior, st: stapedius tendon, ac: articular cartilage layer. The orientation axes
(p/a: posterior/anterior, i/s: inferior/superior, m/l: medial/lateral) are shown in light grey.
Microscopic section from TB collection, ENT-Dept. University Hospital Zurich.

Please note that the IM- and the IS-joints have no muscular mechanism to sustain articular
surface contact, they entirely depend on the fibrous capsule to keep the cartilaginous joint
surfaces in contact.
The third ME joint connects the stapes footplate circumference to the wall of the labyrinth at
the oval window and is therefore called the stapedio-vestibular joint. This joint is a
"simplified" version of the synovial joint. An articular cavity may be sometimes seen, and
only in the posterior part of the joint. The anterior part is reduced to a fibrous union between
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the stapes footplate and the oval window. The articular cleft in the posterior part is present in
only approximately seventy percent of the ears [13].
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Figure II.14: Microscopic section of the stapedio-vestibular joint. Most stapedio-vestibular joints are
incomplete synovial joints and few of them are a merely fibrous connection, a kind of annular
ligament. The orientation axes (p/a: posterior/anterior, m/l: medial/lateral) are shown in light grey.
Microscopic section from TB collection, ENT-Dept. University Hospital Zurich.

Most stapedio-vestibular joints are incomplete synovial joints and few of them are a merely
fibrous connection, a kind of annular ligament (Figure II.14), this explains why the stapediovestibular joint is usually referred to as the annular ligament of the stapes. The width of the
annular ligament around the stapes is not constant. The ligament is generally thinner in its
posterior part. Cherukupally [17] measured the width of the annular ligament at six different
positions: lateral ligament width, narrowest ligament width and medial ligament width for
both the anterior and posterior side of the stapes, the results are shown in Figure II.15.
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Figure II.15: Schematic cross section of the annular ligament showing the thickness at 6 different
positions (a: anterior, p: posterior). The table on the left give the mean values from 37 different
normal TBs.

II.2.1.5 Tympanic membrane-malleus attachment
The attachment of the manubrium of the malleus to the TM varies along the manubrium. The
lateral process of the malleus is firmly attached to the TM as well as the umbo of the malleus
(Figure II.16, next page). The umbo is surrounded by the extremely thick lamina propria. The
mucosal layer of the TM passes medial to the manubrium. In the midway region between the
lateral process and the umbo the manubrium separates slightly from the TM (Figure II.16,
next page). The TM passes lateral to the manubrium, in the upper third at a distance, and
appears attached by a fold of mucous membrane(the manubrial fold or plica mallearis). Note
also that the cross section of the manubrium changes. At the umbo level is oval with the
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greatest diameter being in the antero-posterior direction becoming elliptical in the mediolateral direction when moving toward the lateral process.
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b

b
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a
a

Figure II.16: Microscopic sections of the TM-malleus attachment. (a): cross section at the umbo;
(b): cross section midway between umbo and lateral process; (c): cross section at the lateral process.
Microscopic section from TB collection, ENT-Dept. University Hospital Zurich.

II.2.1.6 Soft tissue: ligaments and muscles
Two muscles and several ligaments hold the ossicular chain in its positions allowing however
small movements of the ossicles.
The tensor tympani muscle is feather–shaped and is about two cm in length. The main part
of this muscle is enclosed in a bony wall of the semicircular canal. The muscle fibers
converge to a central core, which proceeds posteriorly to form a tendon. The peripheral fibers
of the tendon are firmly attached to the concave surface of the cochleariform process from
where it turns at a right angle and runs laterally across the tympanic cavity to its attachment to
the manubrium of the malleus, near its neck (Figure II.17). A contraction of the tensor
tympani would therefore draw the manubrium medially.
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Figure II.17: Detail of the tensor tympani and its fixation to the malleus. TTM: tensor tympani
muscle, ttt: tensor tympani tendon, M: Malleus, cp: cochleariform process. The orientation axes
(p/a: posterior/anterior, m/l: medial/lateral) are shown in light grey. Microscopic section from TB
collection, ENT-Dept. University Hospital Zurich.
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The stapedius muscle lies in the posterior wall of the tympanic cavity. It is the smallest of all
skeletal muscles. Its tendon emerges in the tympanic cavity from the pyramidal eminence and
attaches to the stapes in the region of the neck (Figure II.18).
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Figure II.18: Detail of the stapedius muscle and its insertion in the neck region o f the stapes,
LP: lenticular process, st: stapedial tendon, SM: stapedial muscle, PE: pyramidal eminence. The
orientation axes (p/a: posterior/anterior, m/l: medial/lateral) are shown in light grey. Left: from µCT
scan (see chap. III, page 13) left ear, right: microscopic section from TB collection, ENT-Dept.
University Hospital Zurich.

The malleus is held in place also by four ligaments: superior ligament, anterior ligament,
posterior ligament and lateral ligament, named after their relative position with respect to the
malleus itself. The superior malleal ligament connects the superior part of the head of the
malleus to the roof of the ME cavity and it may be very short if the free space between the
head and the roof is small.
lateral
malleal ligament
p

posterior
malleal ligament

i

s
a

head of the
malleus
tensor
tympani
anterior
malleal ligament
Figure II.19: Medial view of the head of the malleus. The position of the anterior, posterior and
lateral malleal ligament is shown. The superior malleal ligament and the incus were removed. The
orientation axes (p/a: posterior/anterior, i/s: inferior/superior) are shown in light grey. Left ear.
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The anterior malleal ligament is attached to the neck of the malleus, just above the anterior
process and only partly surrounds it as the majority of the ligament lies lateral to the process.
The anterior ligament extends to the petro-tympanic fissure and some of its fibers go through
it. The fibers of the anterior ligament originate from the whole length of the process. The
anterior ligament is sometimes described in the literature as composed of two different
ligaments, an horizontal and a vertical one, other authors describe it as an L-shaped ligament.
The lateral malleal ligament attaches the neck of the malleus to the bony margins of the
tympanic notch. It covers the surface of the vertical portion of the neck of the malleus and
spreads up to the attic wall at notch.
The posterior malleal ligament is the thickened inferior margin of the posterior malleal fold
and stretches from the neck of the malleus to the pretympanic spine. The posterior malleal
ligament is not reported in some of the anatomy books. Its existence was however confirmed
by observations of dissected fresh MEs (Figure II.19, previous page).
The incus is also held in place by a ligament: the posterior incudal ligament. It anchors the
short process of the incus to the walls of the fossa incudis. it is formed of two components,
medial and lateral, which have a great variation in shape and dimension. The two components
are fan-shaped with the fibers diverging as they spread from the short process of the incus
toward their attachment on the walls (Figure II.20). Most anatomy books also report a
superior incudal ligament, that should attach the superior part of the incus to the roof of the
ME cavity, running parallel to the superior malleal ligament.
However, even on several fresh dissected TBs we were never able to observe it. In some
cases, just a mucosal fold was connecting the incus to the roof of the ME cavity.
p

posterior ligament
lateral part
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Figure II.20: Superior view of the incus with its short process. The two components, medial and
lateral, of the posterior incudal ligament are shown. The orientation axes (p/a: posterior/anterior,
m/l: medial/lateral) are shown in light grey. Left ear.

For the gross anatomy of the ME the following sources have been consulted: [3, 4, 5, 8, 13,
16, 17, 28, 32, 36, 45, 49, 53, 56, 59, 68].
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Middle ear physiology

II.2.2.1 General Theory
The ME is the coupling element between the airborne sound waves and the fluid-filled scala
vestibuli of the cochlea. The general theory governing the sound conduction through the ME
may be therefore explained using elements of acoustics and of mechanics.
The ME is said to be an impedance-matching transformer. The resistance to the passage of
sound through a medium is its acoustic resistance or impedance, and is related to both the
density and elasticity of the medium. The impedance of fluids is about 100 times higher than
that of gases and the impedance of solid is about 30 times higher than that of fluids. When
sound energy is passing from one medium to another it may be back-reflected, absorbed or
transmitted into the new medium. The amount of reflected energy is related to the difference
between the two impedances. In case of a small difference most of the sound energy will be
transmitted, while in case of a great difference most of the energy will be reflected. Because
of the great impedance difference between air and cochlear fluid, a direct coupling would
result in a poor energy transmission. The energy transmission can be increased by the
interposition of an impedance-matching transformer.
The acoustic impedance, Z, is the ratio of the sound pressure, P, to the volume velocity, U,
(velocity times Area):
Z=

P
U

(2.2-1)

In case of energy passing from a medium with low impedance to a medium with high
impedance, a transformer would have to increase the impedance by increasing the force and
proportionally decreasing the velocity, a simple exchange between energy forms.
In fact one of the basic principles of a transformer is that the product of the force, F, and the
velocity, v, which is equal to power, is constant:
F1 × v 1 = F2 × v 2

(2.2-2)

or expressed in sound pressure, P, (Force/Area) and volume velocity, U, better suited to the
ME functionality:
P1 × U 1 = P2 × U 2

(2.2-3)

If the pressure is increased the volume velocity must be decreased. Thus at the stapes level the
sound pressure should be increased and the volume velocity should be decreased relative to
values at the TM. Therefore the pressure amplification at the stapes is compensated by the
reduction of the volume velocity, so that no energy needs to be added to the system.
The impedance matching in the ear is necessary to maximize the energy transfer to the inner
ear. Responsible for this impedance matching is the outer and the ME. The most external
element, the pinna, besides its localization task, acts as a sound concentrator increasing the
sound pressure at the entrance of the auditory canal of 6 dB. The ear canal, in addition to its
protective task, has a resonance frequency at about 4 kHz and together with the pinna may
increase the sound pressure at the TM by 15 to 22 dB at 3 kHz.
The ME transformer mechanism may be conceptionally split into three stages: the catenary
lever (eardrum), the ossicular lever (ossicles) and the hydraulic lever (area ratio).
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The catenary lever was first proposed by Helmholtz (1868) [38]. The membrane curvature of
the TM follows a specific mathematical form called a catenary. Because of the fixation of the
annular ligament of the malleus at the surrounding bone, the sound energy working on the TM
is amplified at its central attachment, the malleus. Figure II.21 shows the catenary principle
applied to the TM as proposed by Helmholtz. In the center of each membrane section, anterior
and posterior, the displacement is large but associated with a small force, whereas at the umbo
the displacement is smaller but associated to a proportionally increase in force. Even though
the curvature of the membrane is not constant the amplification effect at the manubrium is
estimated to be twofold.
Manubrium
post. Quadrant
ant. Quadrant

∆F

Figure II.21: Schematic cross section of
the curved membrane principle applied
to the TM, as proposed by Helmholtz. By
applying of a small force increment (∆F)
over that from the air pressure, the
membrane is displaced (dotted line) from
its resting position. The membrane
displacement is larger than the
manubrium displacement indicating the
action of a transformer (smaller
displacement greater force).

The ossicular lever assumes the existence of a common rotation axis for the malleus and the
incus. It is assumed that this axis lies between the anterior process of the malleus and the
incudal ligament. Because of the difference in length between the two lever arms (manubrium
of the malleus and the long process of the incus) relative to this rotation axis an amplification
of the pressure at the footplate of the stapes occurs (Figure II.22, next page). A simple
computation of the ossicular lever is complicated by the fact that the catenary lever of the TM
is applied along the length of the manubrium of the malleus. Therefore the malleal lever arm
should be calculated as an integral over the length of the manubrium. Moreover the curvature
of the membrane is not constant over the manubrium and the resulting force at the manubrium
is therefore also varying. The resulting effect of the lever ratio has been calculated to be of
1.15.
The hydraulic lever considers the difference in the TM and the stapes footplate surfaces
(Figure II.22, next page). The sound pressure collected at a the TM and transmitted to the
smaller footplate area results in an increase of force at the footplate. This is only true if the
two surfaces act as a piston, what is surely the case for the stapes footplate. The TM is
however a complex, flexible structure and all its parts do not vibrate with the same
displacement. This requires the introduction of the concept of the effective area. Having
calculated the net volume displacement for the complex patterns of motion, it is possible to
represent this motion with a piston of appropriate surface area chosen so that the volume
displacement is the same as that for the complex motion. A further complication arises from
the fact that the pattern of motion of the TM varies over the frequency band. An effective area
should therefore be calculated for each frequency.
The product of the force (F) applied at one piston and the length of the lever arm (l) at the axis
of rotation must be equal to the same product for the other lever arm. Therefore, keeping in
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mind that pressure (P) is force (F) divided by surface area (A), the following mathematical
expression describes the combined effect of the ossicular lever and the hydraulic lever:
Pt ⋅ A t ⋅ l m = Ps ⋅ A s ⋅ l i

(2.2-4)

where Pt is the pressure at the TM, At the area of the TM, lm the lever arm associated with the
manubrium of the malleus, Ps is the pressure at the stapes footplate, As the area of the stapes
footplate and li the lever arm associated with the long process of the incus. Equation 2.2-4
may be rearranged so as to have the ratio of the sound pressure at the stapes to the sound
pressure at the TM:
Pt A s l i
=
×
Ps A t l m

(2.2-4b)

The first fraction on the right-hand is referred to as the area ratio and the second term to as
the lever ratio.

At
lm

li

As
Figure II.22: Geometrical position of the different elements of the ossicular lever and the hydraulic
lever. At: area of the TM, As: area of the stapes footplate, lm: lever arm of the malleus (manubrium), li:
lever arm of the incus (long process). Left ear.

The ratio of the impedance at the TM to the impedance at the stapes is:
Zt
P
U
A
U
l
= t × s = s× i × s
Z s U t Ps A t l s U t

(2.2-5)

and considering that the velocity, v, is the product of the lever length, l, and the angular
velocity and therefore that:
vt lm
=
vs li

(2.2-6)
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equation 2.2-5 becomes:
2

Z t ⎛ A s ⎞ ⎛ li ⎞
⎟ ×⎜ ⎟
=⎜
Z s ⎜⎝ A t ⎟⎠ ⎜⎝ l m ⎟⎠

2

(2.2-7)

Since the area of the stapes footplate is less than the area of the TM and the long process of
the incus is shorter than the manubrium of the malleus, the right side of equation 2.2-7 will be
less than 1 and the impedance at the TM will be reduced relative to the impedance at the
stapes footplate. The great impedance difference between air and cochlear fluid is reduced by
the interposition of the ME impedance-matching transformer.
The presented model of the ME is a highly idealized model. In addition to the already
discussed complexity of the catenary lever of the TM and the concept of the effective TM
area, some other complexity factors should be mentioned.
The impedance at the TM and at the cochlea varies with the frequency.
The position of the rotation axis between the malleus and the incus is frequency dependent.
Part of the energy entering the ME is dissipated in internal friction and not transmitted to the
cochlea.
The mass of the ME structures produces inertial effects (tendency to resist changes in speed
or the direction of motion), to overcome a minimal force is required. The greater the change
of speed or direction the greater must be the force.
For the general theory on the ME physiology following sources have been consulted:
[7, 38, 43, 78, 79].

II.2.2.2 Tympanic membrane
The behavior of the TM has been investigated by several researchers. A complete review of
all the findings is beyond the scope of this section. Rather, some general considerations about
the results will be expressed. Investigations of the TM have been performed using different
techniques: Mechanical probe, Mirrors fixed to the surface, Capacitive probe, Holography,
Mössbauer technique.
From all the experiments it may be concluded that the TM shows a complex behavior and the
complexity is higher in the high frequencies.
The TM apparently shows a linear behavior when subjected to a sound pressure level lower
than 90 dB SPL. Above this intensity the stapedius reflex (contraction of the stapedius
muscle) changes the ME geometry. Measurements performed in vitro (therefore without the
stapedius contraction) show a linearity up to 120 dB SPL.
Displacement or velocity of different parts of the TM (umbo, lateral process of the malleus,
manubrium) show a great variation. Because of the different techniques used for the
measurements and the differences in preparing and conserving the specimens it is however
difficult to compare the results obtained by the different authors. Which variations may be
considered as normal physiological variations and which are due to external factors connected
with the measurement set-up? Were all the measured ears normal functioning ears and how
was that checked?
In the last two decades high frequency measurements have become routine because of the
introduction of a new high precision tool. Basically it is an interferometer capable of detecting
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the Doppler–shift in the frequency of light diffusely scattered by a vibrating object, and is
normally referred to as Laser Doppler Vibrometer (LDV). It easily allows to perform
measurements in the high frequency region (up to 100 kHz) so that the behavior of the TM at
the upper frequency of the hearing system can be investigated. Several authors used this
technique for their measurements. However many external factors may have again influenced
the results (preparing and conserving the specimens, using reflective microspheres, powder or
foils, position of the reference microphone, etc.) and they are rarely correctly indicated in the
publication. The different results generally qualitatively agree, while the quantitative values
may be very different (up to 20 dB).

II.2.2.3 Stapes movement
As already mentioned in chapter I, the movement of the stapes is of great interest for the
development of a mathematical model of the ME. All the interactions between the different
components of the ME lead to a particular vibration pattern of the stapes footplate, which may
be considered as the resultant of the whole model. On the other hand the modeling process
may be fulfilled only by simplifying the complex real structure of the ME (geometry, material
description). How would this simplification influence the result of the whole model? Do the
simplifications compromise the efficiency of the model? Only a direct comparison between
the physiological data and the model result can help answering these questions. It is therefore
necessary to have good physiological data on the movement of the stapes footplate.
Despite many publications on measurements of the ME movements, only few and not unique
data for the stapes movements are available.
Gyo et al. [34] used the technique of a Video Measuring System, which required fixing
stainless steel microspheres on the ossicles. The frequency field was limited to 4 kHz.
The other two studies made used of the "new" technique of the Laser Doppler Vibrometry.
Heiland et al. [37] measured three points on a line along the long axis of the stapes footplate
so that rotating movements around the short axis could not be detected. Reflective targets
were placed on the footplate and on the umbo. Asai et al. [6] measured just the center of the
stapes. In this study, reflective targets were applied on the footplate and on the umbo. From
these publications it can be concluded that the stapes motion is complex, showing
translational as well as rotational movement. It is also established that the translational
movement ("piston-like") is dominating and that rotational movement appears in the high
frequency (above 2-3 kHz).

II.2.2.4 Incudo-malleal joint
In the literature this is the only joint among the ossicular chain joints, whose functionality is
controversial. It is evident that modeling the incus-malleus complex as a single rigid body is
completely different from modeling it as two distinct rigid bodies connected by a functional
joint. Several authors have dealt with the physiology of this joint. The results are however not
generally accepted.
Some authors support the theory of a rigid joint under physiological sound pressure excitation
(less than 120 dB SPL) and that movement in the joint itself may be only produced by large
static pressure differences or by the contraction of the tensor tympani. The background of this
theory is that the joint is dedicated to the protection of the inner ear structure from to high
pressure level or from a static pressure difference between the outer and ME (as we may
encounter by flying or diving) [15, 33, 41, 56].
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On the other hand some authors in the past have noticed a functional gliding in the IM-joint
[38, 46].

II.3

Inner ear load

The ME is said to be an impedance-matching transformer between the low air acoustic
impedance and the high fluid acoustic impedance of the cochlea, where the sensory cells are
located. The acoustically "matched" sound produces pressure fluctuations in the cochlear
fluids, which sets into vibration the basilar membrane, the membrane between the two fluid
filled partitions of the cochlea. The resistance of the cochlea may be expressed in form of
acoustic impedance Zc which is the ratio between the footplate volume velocity Us and the
pressure delivered to the cochlear fluid at the oval window Pc:
Zc =

Pc
Us

(2.3-1)

Measuring this quantity is however very difficult since it requires the direct measurement of
the pressure delivered to the cochlear fluid at the oval window. An indirect method is based
upon the assumption that the stapes-annular ligament impedance Zs and the cochlear
impedance Zc can be considered to be in series:
Z sc = Z s + Z c

(2.3-2)

with Zsc as the ratio between the sound pressure acting on the lateral side of the stapes and the
volume velocity of the stapes footplate. Zs may be measured by draining the cochlea so that
the cochlear impedance is removed.
Merchant et al. [58] measured both the Zsc and the Zs in human TBs. The measurements were
based on the following five assumptions:
1. The sound pressure measured at the stapes head is similar as the sound pressure at the
oval window.
2. The sound pressure at the oval window is the effective stimulus to the stapes, which
implies that the sound pressure at the round window or any other input to the cochlea
is negligible.
3. The stapes and the cochlea are a linear system at the stimulus level used for
measurements, so that Zsc is independent of stimulus level.
4. The stapes acts as a rigid piston, so Us is the product of the stapes footplate area and
the velocity of any point on the stapes.
5. The cochlea used in the experiments possess the passive mechanical and acoustical
properties of living cochlea, e.g., they are fluid-filled and the stiffness and mass of the
dominant acousto-mechanical structures have not been altered.
Figure II.23, next page, shows the geometric mean and standard deviation of all Zsc
measurements. The bottom panel shows the number of bones at each frequency for which
stapes velocity data exist. Figure II.24, next page, shows the impedance measured in one
single bones with the inner ear intact and fluid filled and with the inner ear opened and
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drained, and the estimate of Zc that results from the subtraction of Zsc with drained cochlea
(= Zs) from Zsc with intact cochlea.
Figure II.23: Input impedance of the stapes
and cochlea Zsc. Geometric mean (thick line) ±
1 SD (thin lines) of all Zsc measurements. The
standard deviation of |Zsc| is generally a factor
of 1.5 (4 dB) or less across the frequency range.
The bottom panel shows the number of bones at
each frequency for which stapes velocity data
exist. After [58].

Figure II.24: Zsc with the inner ear intact compared to the impedance with the inner ear drained in
one single bone (left), and comparison of the input impedance of the cochlea Zc to Zsc estimated by
subtracting the impedance with the inner ear drained from Zsc. After [58].

As they stated:
"A comparison of Zsc and input Zs at frequencies below about 500 Hz shows that lowfrequency Zsc is determined primarily by the stiffness and resistance of the annular ligament.
The difference between |Zsc| and |Zs| in this frequency range probably reflects both the
impedance of the fluid-filled cochlea and the stiffness of the round-window membrane. The
damped resonance near 3.5 kHz is probably due to the interaction of the annular ligament
stiffness and the mass of the stapes. Above 4 kHz, |Zs| probably reflects the impedance of the
stapes mass (and any residual coupled fluid)." and "The estimate of Zc that results from this
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subtraction (Figure II.24, previous page) is resistance-dominated (the magnitude is
independent of frequency and the angle ∠ Zc ,is near 0) from 100 Hz to 5 kHz. Below 100 Hz,
Zc is stiffness-dominated, due perhaps to the stiffness of the round-window membrane. Above
2 kHz, Zc and Zsc are nearly indistinguishable, which suggests that the contribution of the
stapes and annular ligament to Zsc is negligible at these frequencies. These patterns of
impedance are consistent with the earlier theoretical work."

II.4

Mathematical models

Mathematical models of the ME have been developed mainly to study the ME physiology
and to analyze the effect of a prosthesis on the sound conduction. Some of the ME pathology
can be studied also with mathematical models. The idea is to find a set of mathematical
equations that describes the mechanical function of the sound conduction. With those models
it is possible to exactly analyze different parameters and to find the contribution of each of
them. While experiments on specimen and on patients allow to measure only few points
because of the intrinsic technical measuring difficulties, mathematical models allow to
determine the vibrating pattern of any point on the ossicular chain. Moreover by varying some
parameters it is easily possible to study pathological conditions. The major problem with
mathematical models of biological structures is the correct choice of the parameters. Wrong
parameters could lead to completely wrong results. It is therefore important to check whether
the obtained results are realistic. A very efficient method consists in comparing the results
with measured values in vivo and /or in vitro.
Research combining mathematical models and measurement with LDV has not been reported
except in a very few papers [23, 21]. Other authors [81, 85, 19] reported comparisons between
mathematical models and other measurement methods (MEA: sweep frequency ME analyzer,
3D Doppler interferometry, phase-shift moiré interferometer).
To correctly analyze the vibration system of the ME a 3D model is necessary. The ossicular
chain has in fact spatial movement and also the forces working on the muscles and ligaments
are spatially distributed [22]. The analog mechanical models offer the possibility to extend the
one dimensional model to a 3D model.
A Rigid Body Model [22, 23] or FEM-model [12, 14, 21, 64, 81, 84, 85] could be used to
model a 3D structure. The difference is that the rigid body model allows to study the
movement of rigid structures (like bones under low stress) while the FEM-model allows to
study the internal deformation of the different components (like the TM).
The study of a mechanical behavior of a system is divided in static and dynamical analysis.
Both methods have been used in the modeling of the ME with different purposes.
Dealing with pressure (sound pressure) which is strongly time dependent and with a
periodical solicitation, whose frequency content is higher than the main eigen frequencies of
the structure, static analysis may be performed as a first check of the geometry and of the
stiffness values. In a second step dynamic analysis is performed in order to get information on
the structural behavior under physiological solicitation.
It is possible to divide the study of the human ME in three subprojects for which 3D
mathematical models have been developed: TM area (with or without the malleus), the whole
ossicular chain (with or without the TM) and different kinds of ME prostheses.
As already mentioned, the most interesting subprojects in relation to the present work are the
first two.
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Models of the tympanic membrane

Research on the TM models has been mainly performed by Williams and Lesser in Cardiff
and Dublin [52]. They studied first a two dimensional cross-sectional FEM-model of the
human eardrum and malleus, and analyzed the static displacement of the eardrum and malleus
under uniform load. They based their geometrical model on the data published by Kirikae
[45] who studied 25 normal TMs from Japanese adults and on data from own measurement.
Since the material properties of the TM were not accurately known in vivo, they used material
properties of a similar physiological structure, the periodontal membrane. They allowed the
elastic properties to vary from periphery to umbo in order to simulate the complex geometry
of the fibers. The extension of the Pars Flaccida was also varied (up to a factor 5).
They applied a static load to simulate the effect of sound pressure at 100 dB SPL. From this
work it resulted that the elasticity of the TM is not constant throughout the pars tensa and that
the suspensory ligament of the ossicles are important in maintaining the function of the TM.
In following papers [12, 84, 85] they examined the effect of several TM parameters on the
natural frequencies of a FEM-model of the eardrum. They described the membrane geometry
by a mathematical equation of an offset cone, with sides of varying curvature. They assumed
the matrix material of the membrane (Young's modulus: 40/50x106 Pa) exhibiting a nonHookean behavior, while the collagen fibers (Young's modulus: 10/50x106 Pa) are virtually
linearly elastic. They worked out a modal analysis of their model to obtain the undamped
natural frequencies of the membrane
They concluded that to describe the magnitude of the natural frequencies of the membrane,
geometrical rigidities (membrane and flexural) are sufficient (it is therefore not necessary to
invoke internal stress and strain parameters). The pre-stress in the radial fibers required to
maintain the curvature results to be of 0.55x106 Pa.
They found that the ground substance is essentially non-Hookean while the reinforcing fibers
are very nearly linearly elastic.
An improved method to describe the geometry of the TM has been used by another group of
researchers from Dresden [21]. They started considering that for a precise mechanical analysis
not only the mechanical properties of the different tissue are relevant but also the geometrical
description of the structure. They examined the true surface geometry of a cadaver specimen
of the human eardrum under a laser-scanning microscope. Forty points (85 parameters)
depicted the surface of this cadaver specimen and formed the basis for a finite shell model. To
analyze a realistic acoustical behavior of the eardrum they also simulated the coupling with
the malleus (BEAM44 Element) and its suspension. Material parameters were chosen from the
literature and in some cases they analyzed the effect of varying the parameters. Static and
dynamic analysis were performed; in the static analysis they tested the differences under high
static pressure between geometrical linearity and non linearity. By the dynamical analysis
they found that doubling the values of the Young's modulus (Pars Tensa radial:
20=>40x106 Pa, Pars tensa tangential: 20=>40x106 Pa, Pars Flaccida: 7=>14x106 Pa) shifts
the first 3 frequencies of about 160-330 Hz.

II.4.2

Models of the ossicular chain

Wada and Metoki [80] reported the first 3D FEM-model of a human ME, which included the
ossicular chain configuration and the eardrum. They determined the mechanical properties
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and the boundary conditions by a comparison between the numerical results obtained from the
FEM-analysis and the measurement results of fresh cadavers and patients, which were
obtained by a sweep frequency middle ear analyzer (MEA). They first analyzed the eardrum
and its fixation at the annular ligament. They modeled the eardrum as a thin layer with
uniform density of 1,2x103 Kg/m3, variable thickness from 0.232 mm close to annular
ligament to 0.097 mm at the middle of Pars Tensa in the inferior portion (mean value of 0.132
mm) and an area of 70 mm2. The eardrum was assumed isotropic and its Poisson's ratio was
taken to be 0.3. The boundary condition at the eardrum attachments to the annular ligament
has been assumed to be elastic, consisting of linear springs of stiffness Kw of 4x103 N/m3 per
unit length and torsional springs of stiffness Kt of 1.0x10-3 Nm/m per unit length. The
Young's modulus of the eardrum was fixed at 33.4x106 Pa and the damping ratio of the
eardrum was evaluated to be 0.126. They compared the chosen values with data from the
literature and found that the differences can be large (especially individual difference
measured with MEA). For the ossicular chain geometry they used the values of Kirikae [45]
and own measurements. The Young's modulus of the ossicles was assumed to be uniform and
was taken to be 1.41x106 Pa. The stiffness of the ossicular chain was simplified to be
expressed by the stiffness of the Cochlea which was made up of linear springs of stiffness Ks
of 7.0x102 N/m. The values of the damping ratio of the ossicular chain were chosen identical
to the eardrum. Although the ossicular axis of rotation is supposed not to be fixed they
assumed, for avoiding complexity of the analysis, the axis of rotation to be a fixed straight
line from the anterior process of the malleus, which was supported by the anterior malleal
ligament, to the short process of the incus. The elastic boundary condition at the attachment to
the annular ligament results showed to be appropriate. The assumptions on the ossicular chain
were correct at least in a low frequency range (below 1800 Hz).
Modeling of the ossicular chain has been also done in Stuttgart and Tübingen by Eiber and
Zenner [22, 23, 24]. They investigated a rigid body model of the ME as a part of the sound
transmission system (airborne sound, elastic membranes, fluids). This model was analyzed
both statically and dynamically and the results have been compared with measurements
reported by Hüttenbrink (for the static analysis) [41] and with measurements with LaserDoppler vibrometry made on cadaver specimens. The ossicular geometry has been determined
by using a Raster-electron-microscope and were also compared with the values of Kirikae.
The material properties were taken from the literature [45] and from own measurements. For
the static analysis they simulated an overpressure in the ear canal equivalent to 60 dB SPL.
From the model they calculated the displacement of the umbo, of the proc. lenticularis and of
the head of the stapes, which were afterwards compared with the measurements performed by
Hüttenbrink [41]. For the case of an intact suspenditory system and of a separated m. tensor
tympani the results were in the same range.
For the dynamical analysis a time dependent force is working at the tip of the manubrium (the
umbo). The transfer function between the umbo and the stapes footplate is calculated and then
compared to the same transfer function measured with LDV. The two transfer functions are
qualitatively very similar. The frequency range is limited, from 600 Hz to 6500 Hz (because
of limitations in the measuring system).
An interesting method to evaluate parameters has been used by a group in Dresden [14]. The
quality of a model depends on two factors: the model's structure which determines its basic
capabilities and the proper choice of parameters. Parameter identification is therefore as
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important as the structural design. Geometrical and inertial parameters could be determined
by measurement and calculated with density values from the literature [45].
For the stiffness parameter the uncertainty is bigger and the values can only be validated by
comparing measurement and model predictions. The proposed evaluating method makes use
of the results of dynamical analyses (modal analysis), since the model they used has been
designed to investigate dynamic characteristics. From measurements with a LDV on the TM
they derived FRFs in the form of displacement versus sound pressure for about 100 points at
the eardrum.
On the model side they first evaluated the parameter's sensitivity with the intention to analyze
only those parameters which mostly influence the results. It turned out that the parameters of
the Pars Tensa have the biggest influence. Therefore they analyzed them in more detail. The
idea of different influence of the parameters on the dynamical behavior of the model has been
verified and an evaluating system for the parameters was described.
In another paper, the same authors [12] reported the results of a modal analysis on submodels
of the TM with malleus and ligaments and of the stapes with annular ligament. The geometry
of the eardrum was determined with the help of a scanning laser microscope, the ossicles were
described by microscopy and with values from the literature [45].
The boundary conditions of the TM were defined such that the boundary cannot transmit
bending moments (the TM is simply supported). The annular ligament around the stapes was
modeled with varying dimensions around the circumference and was fully clamped at the
boundary simulating the attachment to the bone. They described the ligament by spatially
distributed elastic properties instead of locally concentrated individual springs. From their
investigations it seems that the human auditory ossicles are elastic bodies, which can be
regarded as rigid only in a restricted frequency range from 0 to 3.5 kHz. Therefore they
restricted the simulation to this frequency range.

II.5

Conclusion

II.5.1

Anatomy

The ME anatomy is well described in the literature. Some minor disputes relate to the malleal
and incudal ligaments.
The anterior malleal ligament is sometimes described as two different ligaments very close
together. While this point may be relevant for the histologicians it is irrelevant for the
development of a mathematical model. Since description of the soft tissue material is very
simplified, this particular anatomical detail can not be in any case modeled.
The description of the lateral and posterior malleal ligaments is not accurate in most of the
anatomical books. For these details, specific anatomical papers have been consulted. Their
description was confirmed by own observations under the operation microscope
(Figure II.19, page 24).
In most anatomical books the stapes is connected to the roof of the tympanic cavity by a
superior incudal ligament. This ligament is however not described in specific anatomical
papers and was also never observed on the different specimens used for our own
measurements (chap. III, page 39).

II.5 Conclusion

II.5.2
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Physiology

The general ME physiology is well described in most of the physiology books and also in
specific publications. Some disagreement exists upon the quantitative values of the
impedance-matching transformer action of the ME. Knowing the exact values is however not
necessary for the development of the mathematical model. On the other hand, the model itself
may be used to estimates these values.
The vibratory pattern of the TM has been investigated by many authors producing a broad
spectrum of results which can however not be used for the fitting of the model. While the
qualitative description is similar in all the publications, the quantitative values, on which the
model fitting has to be based, show too much variation.
Despite the great importance of the stapes in conducting sound energy to the inner ear, few
investigations have been performed on its dynamics. The results show that the stapes
movement is complex with translational and rotational components. However, a complete
quantitative description of its movements has not been reported.
The mobility of the IM-joint is controversial. Some authors describe it as functionally rigid
and some not. Does it only provide a protection for the high sound intensity or static pressure
differences or does it also contribute to the sound transmission?

II.5.3

Mathematical models

The mathematical models published up to now are mainly partial models of the ME, and only
few of them are complete models. Different kinds of simplification have been developed in
order to get a "computable" model. Some of them are supposed to compromise the quality of
the model:
Damping: some of the models do not consider the damping effect in the model because of its
complexity. However, damping in the ME structures is very high. Not considering it will
restrict very much the possible application of the model.
Geometry: because of the objective difficulty in modeling the complex ME geometry some
simplifications have been made (approximate thickness of the TM, position of the different
ligament, relative position of the ossicles) that may in some cases seriously affect the quality
of the model.
Limitation of the possible movement: in all the publications the incudo-malleal complex has
been modeled as a rigid body assuming that the joint between the two ossicles is not
functional under physiological sound pressure. This simplification is surely also due to the
difficulty in modeling its complex geometry. A second simplification concerns the rotation
axis of the incudo-malleal complex. It is modeled as a fixed axis over the whole frequency
range, while in reality the rotation axis position varies with frequency.
Validation of the model: a very important point in modeling biological structures is the
validation of the model. The traditional way consists in comparing the results of the model
with available experimental data. Few authors have performed this check, mainly because of
the lack of experimental data. Dealing with structure bending (TM), the data to be compared
should be the modal parameters, which are easily computed from a mathematical model.
Deriving modal parameters from the measurements is however more difficult and sometimes
not possible, so that validating the TM has very often been avoided. Validation of the model
may also be performed by comparing the mobility of the ossicles (like the stapes footplate)
with experimental data. Unfortunately, experimental data allows practically only a qualitative
comparison because of their great variation of the quantitative values.
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Bending of the ossicles: as reported in one paper as a results of dynamic simulation, it seems
that the human auditory ossicles can be regarded as rigid body only in a restricted frequency
range from 0 to 3.5 kHz. If the ossicles really show bending in the high frequency range, then
they can not be modeled as a rigid body.

II.5.4

Further work

Considering the information from the overview of the state of the art in ME anatomy and
physiology, further work in this field should investigate the following aspects of the ME
physiology:
• the dynamic behavior of the TM, analyzed by means of modal analysis,
• the dynamic behavior of the isolated ossicles, in order to check whether they are
rigid body in the hearing frequency range or not,
• the behavior of the IM-joint under physiological sound pressure,
• the quantitative description of the stapes footplate movement.
These data may be used to validate a mathematical model of the ME.
Considering the information from the overview of the mathematical modeling in ME, further
work in this field should consider:
• high quality of the ME geometry used in the model,
• insert damping in the model, in order to be able to compute a correct frequency
response in the chosen frequency band,
• avoid any limitations in the movement of the model other than those due to the
boundary condition (like fixation to the bony wall of the tympanic cavity),
• validate the model with high quality experimental data.

"For nothing which can be seen or tasted or
touched brings on such distractions, confusions,
and excitements, as take possession of the soul
when certain crashing, clashing and roaring noises
assail the hearing."
Plutarch

III

SELECTED ASPECTS OF MIDDLE EAR ANATOMY AND
PHYSIOLOGY

III.1

Overview

In the previous chapter an extensive review of the present status of the knowledge in ME
anatomy and physiology has been presented. It has been emphasized that some details of the
ME physiology are still controversial or have not been investigated with sufficient accuracy.
Given that the extremely small structures of the ME are well hidden within the TB and are
close to other important structures, that specific instruments are required due to the small
dimensions of the ME structures, and that high performance tools, which have been available
only in the last decades, are necessary to investigate the mechanical functionality of the ME,
it is not surprising that some questions regarding the ME physiology remain unanswered.
This chapter focuses on a selection of these unanswered or controversial anatomical and
physiological problems. Some aspects of the sound conduction through the ME were carefully
investigated by analyzing single elements or the whole ossicular chain. The underlying idea is
to better understand the physical problem that needs to be transposed into the mathematical
model so that all the information relevant for the sound-conduction can be considered in the
development of the virtual model.
It is important to note that the collected information is not intended to be the basis for a kind
of general theory on the ME mechanics. It is strictly related to the modeling process and
therefore essential for the mathematical model development. The behavior of some ME
components was dynamically analyzed with the specific objective of gaining information in
order to model them. Nevertheless, some results of this investigation also help to better
understand how the ME functions and to confirm or correct some of the results already
published by other authors.
The collected data can be divided into anatomical and physiological data.
Anatomical investigations on the isolated ME ossicles were performed with the intention to
confirm existing old data about density and volume.
Physiological data were collected in order to understand the dynamical behavior of the TM, of
the IM-joint, of the stapes and of the isolated ossicles.
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III.2

Middle ear anatomy: ossicles

III.2.1 Material and method
III.2.1.1 Specimen
Two kinds of specimens were measured: wet and dry specimens.
Wet specimens: the ossicles were extracted from fresh TBs and measured within 48 hours
post mortem. During this time they were preserved in saline solution (9 %) at 5°C temperature
to avoid drying effects. Dry specimens: the ossicles were chemically dehydrated with ethanol
and contained therefore no water. The dehydration process lasted several days and consisted
of different baths in alcohol solution at different concentrations (Table III.1).
alcohol
bath
concentration
duration
70%
weeks
80%
> 72 hours
96%
48 hours
100%
48 hours
Table III.1: Dehydration process.

Before the dehydration process every ossicle was put in a bath of 70 % alcohol solution for a
minimal period of one week.
Several ossicles were used for this study. They were named after the TBs they came from
(e.g.: TB23, TB24,....) or with a generic COL for dehydrated ossicles coming from our
temporal bone collection (no declaration about the origin of the ossicles).
ossicles from specimen
malleus
incus
stapes
code
ear
sex
age
vol. wet dry vol. wet dry vol. wet dry
TB22
right female
83
X
X
X
X
X
X
TB25
right female
82
X
X
X
X
TB26
right
male
52
X
X
X
X
X
X
TB27
right female
72
X
X
TB28
right
male
76
X
X
X
X
X
X
TB29
right female
69
X
X
X
TB30
right
male
79
X
X
X
X
X
X
X
X
X
TB31
right female
79
X
X
X
X
X
X
X
X
X
TB32
right female
72
X
X
X
X
X
X
X
X
X
TB36
right
male
49
X
X
X
X
X
X
X
X
X
COL
X
X
X
COL
X
X
X
COL
X
X
X
COL
X
X
COL
X
X
COL
X
X
COL
X
X
COL
X
X
COL
X
COL
X
Table III.2: Overview of the ossicles used for the different measurements.
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Some ossicles were used for all measurements and others for only a restricted set of
measurements. Volume measurement was performed for only 5 sets of ossicles because of the
very long time needed for every single measurement ( 4-6 hours for the µCT scan and about
the same time for the data post processing). Wet weight measurement were performed for 13
sets of ossicles. Dry weight measurement were performed for 13 sets of ossicles and for 3
malleus, 10 incus and 8 stapes from the internal collection. The 5 sets used for the volume
measurement were also used for the wet and the dry weight measurement, the 13 set used for
wet weight measurement were also used for dry weight measurement (Table III.2, previous
page).
Apart from the 21 ossicles of the collection with an unknown origin (age, sex and ear), all the
ossicles came from the right ear (6 female and 4 male). The mean age was 71 years with a SD
of 11. Because of the small number of ossicles analyzed and the relatively uniform high age it
was not possible to conclude anything about the variation of mass or volume with age.

III.2.1.2 Volume
The volume measurement was performed using a special µCT device, which is based on the
conventional CT-principles but provides a finer resolution (microscopic). The device used
was a µCT 20 (µCT 20, SCANCO Medical AG, Auenring 6-8, 8303 Bassersdorf,
Switzerland) with a maximal nominal resolution of 8 µm (pixel size). The isolated ossicles
were measured with a nominal resolution between 13 and 17 µm, depending on the size of the
specimen. To reduce the measuring time the three ossicles were sometimes measured
together, augmenting the total specimen size and thus reducing the maximal nominal
resolution (this explains the variation of the nominal resolution used). The measurement time
is directly related to the size of the specimen. The scan of every slice took up to a maximum
of 120 sec. and having on average 200 slices the measurement time was about 6 hours for
every specimen. The dehydrated ossicles were fixed with paraffin wax to avoid them to
vibrate during the CT-scan (Figure III.1) and inserted into the sample holder.

Figure III.1: Typical micro-CT specimen:
the three ossicles were fixed with paraffin
wax.

Figure III.2: µCT-slice through the
specimen. The contours, white lines, were
semi-automatically detected.

From the two dimensional pictures produced by the µCT (one for every measured slice) the
contours of the ME ossicles were semi-automatically detected (Figure III.2). From these

42

III - Selected Aspects of Middle Ear Anatomy and Physiology

contours a 3D object was reconstructed, digitalizing thus the volume of the ossicles. The
digital volume consists of several digital volume elements, the voxels. The sizes of these base
volume units is defined by the resolution used for the scan process and ranges from 13x13x13
to 17x17x17 µm3.
Counting the numbers of voxel used for the 3D description of every ossicle and knowing their
spatial resolution it was then possible to derive the total volume of the measured ossicles.

III.2.1.3 Weight
The weight of the isolated ossicles was measured with an analytical balance (Mettler AE100
Analytical Balance) with a precision of 0.1 mg.
Every specimen was measured at least five times and the average weight was then used as the
specimen weight.
In the case of measurement with fresh specimens the superficial water drops were removed
using a soft cleaning paper, after having extracted the single ossicle from the conserving
saline solution.

III.2.2 Results
III.2.2.1 Volume
Volume measurements were performed for 4 malleus, 4 incus and 5 stapes from 5 different
fresh TBs (Table III.3).
Because of the fine resolution used for scanning the ossicles it was possible to partially see
the internal microscopic channels (blood vessels, lymphatic channels) and the centrally
located marrow spaces of the incus and malleus and thus to estimate their volume over the
total ossicle volume. No internal cavities were found in the stapes.
It should be pointed out that the fine resolution used for the scanning was not fine enough to
capture all the internal microscopic channels (< 10 µm) so that the cavity volume was slightly
underestimated. In the following table the results for all the measured ossicles are listed.
VOLUME
malleus [mm3]
incus [mm3]
stapes [mm3]
bone
code
total
bone
cavity
total
bone
cavity
TB29
1.5312
TB30
11.4590 11.1805
2.4%
15.5845 14.4592
7.2 %
1.4519
TB31
15.0559 14.4371
4.1%
16.8096 15.3522
8.7 %
1.5511
TB32
14.8027 14.0093
5.3%
17.5097 15.9936
8.7 %
1.4999
TB36
11.6774 11.0036
5.7%
14.1421 13.1324
7.1 %
1.6839
MV
13.25
12.66
4.4%
16.01
14.73
7.9 %
1.54
SD
1.68
1.57
1.28
1.07
0.08
Table III.3: Measured volume for every ossicle, Mean Value (MV) and Standard Deviation (SD).

In the following two figures the 3D reconstruction of the malleus and incus with their internal
microscopic channels are shown.

III.2 - Middle ear anatomy: ossicles

43

Because of the resolution problem the internal channels were only partially detected (scanning
resolution was 13µm), which is especially evident at the manubrium of the malleus, where
none of the channels were detected.

Figure III.3: Malleus with internal channels, 3D image from µCT.

Figure III.4: Incus with internal channels, 3D image from µCT.
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III.2.2.2 Weight
For a first group of ME ossicles the weight was measured before and after the dehydration
process.
The first step was to measure their weight in their fresh and therefore wet state (as they were
supposed to be in vivo).
The ossicles had some fluid in the porous surface and contained some fluids.
The dehydration process removed all the superficial and internal fluids. After having
dehydrated all the ossicles of this group the weight was measured again. Table III.4 shows
the results and the percentage of the lost weight (superficial and internal fluids) over the total
wet weight.

WEIGHT
code
TB22
TB25
TB26
TB27
TB29
TB30
TB31
TB32
TB36
MV
SD

wet
32
27.4
23.5
30.3
30.8
24.1
28.0
3.6

malleus [mg]
dehyd w/de %
21.8
7.2
28.3
6.6
28.7
7.0
22.4
7.1
25.3
7.00
3.7
0.27

wet
34.1
34.7
31.4
30.8
33.7
35.3
28.3
32.8
2.4

incus [mg]
dehyd w/de %
31.7
7.0
32.3
6.9
28.6
7.1
30.0
11.0
32.8
7.1
26.6
6.0
30.6
7.30
2.3
1.71

wet
4.2
4.1
3.3
3.8
2.9
2.8
3
2.9
3.6
3.4
0.5

stapes [mg]
dehyd w/de %
3.3
21.4
3.5
14.6
2.8
15.2
3.4
10.5
2.2
24.1
2.2
21.4
2.4
20.0
2.4
17.2
2.7
25.0
2.8
18.8
0.5
4.79

Table III.4: Wet and dehydrated weight of different ossicles and percentage of the lost weight over total weight.

The percentage of lost weight for the incus and for the malleus was very stable (small SD).
The high percentage of lost weight for the stapes and its high SD value are due to the small
weight of the stapes and to the limited balance sensitivity, so that small changes in the stapes
weight resulted in high percentage variation.
The fluid content of the stapes vs. malleus and incus was about 3 time greater. This was
probably caused by the geometrical structure of the ossicles.
The surface to volume ratio of the stapes is obviously greater than by the other ossicles so that
there is relatively more superficial water on the stapes that get lost during dehydration.
For a second group of ossicles (from the internal collection) only the dehydrated weight could
be measured. The wet weight was then reconstructed using the previous calculated percentage
of the dehydrated weight over the wet weight, so that also the ossicles from the collection
could be used for the wet weight calculation, enlarging thus the samples group. Table III.5,
next page, shows the wet weight for all the considered ossicles, the MV and the SD.
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WEIGHT
malleus [mg]
incus [mg]
stapes [mg]
code
wet
wet
wet
TB22
32
34.1
4.2
TB25
34.7
4.1
TB26
27.4
31.4
3.3
TB27
3.8
TB28
32.4
3.4
TB29
23.5
34.2
TB30
30.3
30.8
2.8
TB31
30.8
33.7
3
TB32
24.1
35.3
2.9
TB36
31.3
28.3
3.6
COL
29.5
35.1
2.9
COL
24.3
32.6
3.3
COL
29.1
3.8
COL
24.5
2.5
COL
29.6
2.9
COL
27.3
2.7
COL
37.8
3
COL
29.6
4.6
COL
36.2
COL
33.2
MV
28.1
32.1
3.3
SD
3.2
3.4
0.6
Table III.5: Wet weight of the different ossicles, Mean Value (MV) and
Standard Deviation (SD).

III.2.3 Discussion and conclusion
III.2.3.1 Volume
The volumes of the three ME ossicles were calculated with the help of high performance
µCT-technique. The resolution was good enough to also see part of the microscopic channels
inside the malleus and the incus. The channel dimensions in the stapes are below the machine
resolution so that they could not be captured. In the literature no publication neither about the
ossicles volume nor about the relationship between the internal cavity and the total volume
specific for ME ossicles was found. In [18] is reported that approximately 10% of the total
volume of general cortical bone consists in soft tissue. The marrow space, blood vessels and
lymphatic channels are part of these 10%. The values found are 4.4% of the total volume for
the malleus and 7.9% of the total volume for the incus (Table III.6), which is in agreement
with the general values for cortical bone. Due to the used µCT resolution part of the blood
vessels and of the lymphatic channels and other small cavities could not be detected so that
the total internal cavity volume was underestimated.

VOLUME
MV
SD

malleus [mm3]
total
bone
cavity
13.25 12.66
4.4%
1.68
1.57
-

incus [mm3]
total
bone
cavity
16.01 14.73
7.9 %
1.28
1.07
-

stapes [mm3]
bone
1.54
0.08

Table III.6: Summary of the calculate volume for the three ME ossicles.

III - Selected Aspects of Middle Ear Anatomy and Physiology

46

It is difficult to state anything about the precision of the performed measurement. The critical
point is the surface of the ossicles, where it must be decided whether the voxel has to be
considered as bone or not (a special threshold value was set). During this process a smaller or
bigger volume could be artificially created. The total precision was therefore proportional to
the number of superficial voxels, which is unknown. Qualitatively it can be stated that the
precision is greater for the incus and malleus than by the stapes, because of their lower surface
to volume ratio. On the other hand it should be considered that the nominal scanning
resolution was about 15 µm, 2 order of magnitude smaller than the dimension of the ossicles
(mm).

III.2.3.2 Weight
Measurements of ossicles weight were performed by few authors. The main work was
performed by Kirikae [46]. He measured the mass of the three ossicles for a selection of 1315
pieces over a wide age spectrum. Unfortunately there is no information about the origin
(probably from TBs of Japanese cadavers). The ossicles were apparently not fixed and wet:
"… sufficient attention was given to keep the ossicles moist and prevention of putrefaction".
Stuhlman measured the weight of the three ossicles from "nine normal adult specimens",
again no information is given on the state of the measured ossicles [77].
Nummela measured the weight of the ossicles from "four formaline fixated corpses. The
ossicles were subsequently […] boiled, bleached and dried" [62].
Oschman measured the weight of the malleus from 122 pieces (divided by race, sex and side
of origin, left or right). The ossicles "were removed […] from macerated and defatted skulls".
He found a statistical difference in the malleus weight from Negroid compared to Caucasoid.
Finally Howell in his Text-book of physiology [39] reported the weight of the ossicles
without SD nor information on the method used to measure the weight (how many ossicles
were used and what was their state?). Table III.7 summarizes the different results.

WEIGHT
This study MV
SD

malleus [mg]
28.00
3.29

incus [mg]
32.77
2.25

stapes [mg]
3.40
0.45

Kirikae

MV
SD

24.91
0.61

27.39
1.03

3.38
0.48

Stuhlman

MV
SD

22.9
-

27.5
2.5

2.5
0.5

Nummela

MV
SD

28.5
-

33.6
2.5

2.53
0.5

Oschman

MV
SD

22.0
-

-

-

Howell

MV
23
25
3
SD
Table III.7: Ossicles weight from different authors, MV: mean Value,
SD: Standard Deviation.
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Some differences between this study and the measurements performed by the other authors
exists (malleus: up to 18%, incus: up to 19%, stapes: up to 36%). They can be explained by
taking into account the possible different origins of the ossicles (the low weight values found
by Kirikae may be due to morphological differences, as found by Oschman between Negroid
and Caucasoid) and the different states of the ossicles when weighted (fresh, fixed, wet, dry,
dehydrate). The differences are particular great for the stapes. Considering that part of the
stapes footplate is cartilaginous (see section II.2.1.3, "Ossicles", page 17) some authors may
have inadvertently removed it during the ossicles treatment, what would explain their lower
values.

III.2.3.3 Density
Having calculated the volume and the weight of the three ossicles it was easy to compute their
density. Among the four authors previously mentioned only two also performed density
measurement.
Kirikae: "by suspending in water with a nylon thread (…) from he beam of the balance, we
calculated its volume by means of buoyancy", and from the measured weight and volume, he
calculated the density. For the volume measurement he used 72 malleus and 82 incus from
Japanese cadavers (so that it may be assumed that also the 1315 ossicles used for the weight
measurement are from Japanese). The stapes volume could not be measured: "[…] stapes
[…], but owing to the peculiar structure and large variation of shape of each, their respective
volume could not be calculated by means of buoyancy".
Nummela: "A convenient method for determining ossicular densities is to determine the
density […] of a mixture of suitably dense solvents […] in which a particular ossicle remains
freely immersed. Measuring the densities of […], human, […] ossicles I got values between
2.0 and 2.3,…". Unfortunately they did not clearly relate specific values to the different
ossicles, so that it is impossible to know if they also measured the density of the stapes.
Table III.8 summarizes the results obtained by the different authors.

DENSITY

malleus
[mg/mm3]

incus
[mg/mm3]

stapes
[mg/mm3]

This study

MV
SD

2.15
0.05

2.17
0.04

1.97
0.10

Kirikae

MV
SD

2.28
0.60

2.25
0.17

-

Nummela

MV
2.0 – 2.3
SD
Table III.8: Ossicles density for different authors, MV: mean Value,
SD: Standard Deviation.

The lower stapes density may be due to the fact that part of the stapes is made of cartilage
(Figure II.10, page 20) which has a lower density than cortical bone, i.e. 1.05 mg/mm3 [80],
so that the mean density of the mixed structure is lower than the bone density.
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III.3

Middle ear physiology

The purpose of the physiological investigation is to describe the behavior of some ME
elements, when loaded with a physiological pressure or vibration. This chapter focuses on
some unanswered questions with the intention to better define the physical problem that has to
be modeled and with the intention to collect reference measurements. These reference
measurements will be used to check the quality of the mathematical model and to adjust the
various unknown material parameters.

Middle Ear Space
Tympanic
Membrane (a)

Ossicles (c)
Stapes (d)

IM-Joint (b)
Figure III.5: Schematic description of the ME space with the
different elements.

The dynamical behavior of the four following elements was analyzed:
a. TM: the TM is the entryway to the ME. The sound energy is transformed into
mechanical vibrations and forwarded to the sensory cells in the cochlea through the
ME ossicular lever system. The dynamical behavior of the TM determines therefore
the percentage of sound energy entering the ME system.
b. IM-joint: in the literature the IM-joint is described as being rigid under physiological
sound pressure lower than 120 dB SPL [49], "… large non-physiological sound
pressures are needed in order to produce movement in the joint between malleus and
incus" [4]. The IM-joint is said to show an elastic behavior in response to the forces
exerted by the tensor tympani muscles or by the stapedius muscles [56]. Its acoustic
function (rigid) must thus be separated from the static behavior (gliding motion) [77].
In case that the joint is really rigid when subjected to an acoustic excitation the IMcomplex may be modeled as a continuous rigid body and the difficulties in modeling
an elastic joint may be avoided. This hypothesis must be verified.
c. Ossicles: do the isolated ossicles act as a rigid body or do they show some bending
within the audible frequency range?
In the latter case the energy entering the ME would go partly dissipated in internal
bending friction of the ossicles reducing the amount of energy reaching the cochlea.
Such an energy dissipation was described in a publication showing a partial model of
the ME. Discussing the simulation results the authors stated that: "… the ossicles can
be treated as a rigid bodies only in a restricted frequency range from 0 to 3.5 kHz"
[12]. Dynamic investigations should give an answer to this question.
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d. Stapes: the stapes footplate is the connection element between the ME and the inner
ear. Its dynamical behavior is the result of all the transformations that occur to the
energy-flow at the different frequencies. From the few publications on this topic [6,
34, 37] it can be concluded that the stapes motion is complex, showing translational
(piston like) movement as well as rotational (rocking) movements around both the
long and the short axes of the footplate. The quantitative amount of the three
movements for the different frequencies was investigated.

III.3.1 Material and measurement setup
III.3.1.1 Scanning Laser Doppler Velocimeter
In the past different techniques were used to study the dynamical behavior of the ME
structures in response to acoustic excitation (Mössbauer technique, electronic speckle pattern
analysis, holographic vibration analysis, video stroboscopy). All of them showed different
kinds of limitations (limited frequency band, no phase information, intrusive measurement).
In the last two decades the use of LDV has become a standard for vibration measurement in
the ME. The main advantage is its non-intrusive nature of operation, especially indicated
when working with small dimensions where every contact with the structure may affect the
results or produce damages.
The basic LDV transducer is a device which is capable of detecting the instantaneous velocity
of the surface of a structure. The velocity measurement is made by directing a beam of laser
light at the target point and measuring the Doppler-shifted wavelength of the reflected light,
which is returned from the moving surface, using an interferometer. The more sophisticated
SLDV have an incorporated dynamic feature in the location mechanism. This means that it is
possible to start a scanning process which moves the beam from one measurement point to the
next in a controlled way. This feature allows to perform measurements on several points in
relative short time (the switch from one target point to the next lasts a fraction of a second).
The device used for these investigations is the SLDV PSV-200 (PSV-200, Polytec GmbH,
76337 Waldbronn, Germany) Figure III.6, next page, shows schematically the different
components. It consists of:
•

MicroScan Unit (OFV-048) with a built in sensor head (OFV-303), a scanning unit
(OFV-040), a 24 x digital zoom video (VTC-24) camera and ring light for illumination
offering high optical sensitivity (no need for reflective enhancement of the surface), a very
fine spatial resolution (down to 5 µm) and a short switching time from one measurement
point to the next (1 ms),

•

Scanner Controller (OFV-042) for synchronizing the scanning movement with the
velocity measurement,

•

Vibrometer Controller (OFV 3001 SF) with two built in velocity decoder modules, antialiasing phase matched filters (for vibrometer and reference channels) and high resolution
FFT with up to 3200 lines resolution over a wide frequency band (0-250 kHz) for a very
fine velocity decoding,

•

PSV 6.14 software running an a PC with Windows NT to set and control the vibration
measurement. It is divided into an Acquisition Mode and a Presentation Mode for a first
analysis of the results.
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VTC-24
VIDEO

OFV-303
SENSOR HEAD

VIDEOINTERFACE

OFV-3001 SF
VIBROMETER
CONTROLLER

Live Video

OFV-40
Scanning
Head

Laser
Beam

OFV-042
SCANNER
CONTROLLER

Presentation Mode
PSV-200

Acquisition
Mode
Surface Scan

Data Management System

Data Export

Windows NT
Workstation
Data Animation

Figure III.6: Schematic representation of the SLDV device. Black boxes: data acquisition,
Gray boxes: data pre-processing, white boxes: data post processing.

The vibration velocity of a point is determined by measuring the change in frequency of the
back-scattered laser light (only a tiny amount of light needs to be reflected). The laser is
scanned over the test surface using mirrors controlled by a digital data management system.
The analog velocity output from the vibrometer controller, in addition to a reference signal, is
digitized, processed and displayed as spectra.
A reference signal is required to determine the phase, for triggering data acquisition and
calculating functions such as FRF, transfer functions and coherence. The Acquired data can
be displayed using the Presentation Mode and transferred as a Universal Format File (UFF) to
other analysis programs. The microscan unit allows to work on tiny structures without
attaching any transducer to the structure and with a very high spatial resolution (5 µm) in very
short time.
The PSV-200 incorporates an interactive video system which produces a live video image
with visible laser enabling the user to position the scan head and laser for data acquisition.
Within the Acquisition Mode it is possible to align the laser and video coordinates system as
well as to control the laser focusing on the measuring surface. Scanning region are defined on
the surface using graphical tools; all objects are positioned within a rectangular background
grid of up to 512x512 points. Complex FFT spectra are stored for vibrometer and reference
channel. To maximize data quality, the laser pauses momentarily for every scan point. The
measured data quality is determined by measuring the intensity of backscattered light at every
scan point or by a special feature (Signal Enhancement mode), consisting in a comparison
between the average signal to noise ratio (SNR) of the surface and the SNR at each point and
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an automatic re-scan of the point with too low SNR. Table III.9 summarizes the main
characteristics of the PSV-200.
type
wavelength
optical power
Brewster angle
interferometer: type
laser:

frequency:
resolution:
mirrors:
geometry:

range
velocity
spatial
FFT
repositioning time
max # points

Helium Neon
λ=632.8 nm
≤ 1 mW
56°
Heterodyne
0-250 kHz
0.5 µm/s ± 1%
5 µm
3200 lines
10 ms
512x512

Table III.9: Main characteristics of the SLDV PSV 200 device.

III.3.1.2 Specimen
In order to perform all four kind of measurements (at the TM, at the IM-joint, at the isolated
ossicles and at the stapes footplate) several fresh TBs were used. The bones were labeled with
TB and an identification number. Table III.10 shows which specimen was used for what kind
of measurement.
ossicles from specimen
tympanic
isolated
stapes
IM-joint
membrane
ossicles
footplate
code
ear
sex
age
TB3
left
male
70
X
X
TB4
right
male
74
X
TB5
right
male
77
X
TB9
right female
72
X
TB14
right female
73
X
TB15
left
male
67
X
TB16
left
female
83
X
TB17
left
male
62
X
X
TB19
right female
40
X
TB20
right
male
62
X
TB22
right female
83
TB23
left
female
70
X
TB24
right
male
76
X
TB25
right female
82
X
X
X
TB26
right
male
52
X
X
TB27
right female
72
X
TB28
right
male
77
X
X
TB29
right female
69
X
TB30
right
male
79
X
X
Table III.10: Overview of the TBs used for the different measurements.

Since all measurements required wide opening to the ME and lasted hours they could not be
performed in vivo. All the measurements were thus performed on fresh TBs extracted from
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human cadavers. The main question was then to know how the mechanical behavior of MEs
from cadavers differs from the behavior of living MEs. Immediately after death biological
deterioration of the tissue starts. The rapid post-mortem changes (in the first hours post
mortem) may not be avoided because of the delay between death and extraction. They are
however supposed to have small effects on the mechanics of the ME [69]. Due to their low
metabolic rate, the elastic fibers of the TM and the ligaments are supposed not to change
shortly after death [46]. Rosowski [69] showed that the "… in vitro input impedances […] are
indistinguishable from the available in vivo measurements in normal ears …" so that it may
be assumed that the fresh extracted MEs are representative for the mechanics in living MEs.
Furthermore from a pragmatic point of view it must be pointed out that since measurements in
vivo may not be performed, measurements in vitro on fresh extracted TBs are the only
possibility to get some information on the dynamic behavior of the ME.
Exsiccation of the ME structures is the major problem, especially for the soft tissues (TM and
ligaments). The closed ME space contains air with high humidity, so that special care is
required when opening the otic capsule in order to avoid a fast drying process.
Another point to consider is the temperature at which the measurements are performed. The
elastic modulus of a solid varies with the temperature and if the temperature of the in vitro
measurement differs significantly from the in vivo temperature the results may be affected.
The influence of the temperature in the ME has been considered only by Kauf [44]. He
measured the ME transfer function and noticed that the three main resonances moved to
higher frequencies and that their amplitudes also increased when decreasing the temperature
and the humidity ("...die Verschiebung der drei signifikanten Überhöhungen zu höheren
Frequenzwerten und grösseren Amplituden..."). It is however not possible to separate the
effect of temperature changes from the effect of the humidity changes, both varying at the
same time. Some statements may be made considering studies performed on other ligaments
in the body (knee). They stated that "the ligament reflects increasing stiffness of cyclic
loading as the temperature declines" and that "the temperature must be reported and
controlled, as it can have profound effects on the soft tissue behavior." [86]. Akenson [2]
found that a bone-ligament-bone preparation tested cyclically at 21°C shows 30% greater
peak loads than when tested at 37°C. It may thus been concluded that the measurements
performed in vitro at a lower temperature (room temperature) may show a slightly different
behavior (i.e. smaller displacements) than in vivo.
Because of all these problems the bones were drilled and measured directly after removal
from the cadaver within the first 24 hours post-mortem. During the drilling they were
continuously kept moist with 0.9% physiologic saline solution. The deterioration of the
isolated ossicles was estimated to be slower compared to that of the soft tissues. Therefore the
measurements on the isolated ossicles were usually performed within 48 hours post-mortem
and the ossicles were stored over night in saline solution at 5°C.
Special care was given to the isolated ossicles. Because of their small dimensions the drying
process lasts minutes and is faster than the time required for the measurements. Therefore a
climate device was developed, which produced a continuous wet (ca. 100% humidity) and
warm (ca. 36°C) air flow. The isolated ossicles were then placed in this conservative air flow
for the whole measurement time. Unfortunately the same device could not be used for the
measurements at the TB because of water-drops deposition in the tympanic cavity due to
condensation. These water-drops would have induced a fast soft tissue dehydration via
osmotic pressure. Measurements performed at the TB were thus performed at room
temperature, i.e. at about 22°C.
The humidity was preserved by winding the TB with a wet towel and continuously spraying it
with physiologic saline solution.
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The fine structures of the ME (TM, ossicles, ligaments) could not be directly moistened
during measurement so that the dehydration process could not be stopped. It could only be
slowed down. For this reason the maximal time for every measurement was fixed to 20
minutes. (see sec III.3.3.2, "Steady-state condition control experiment", page 76).

III.3.1.3 Temporal bone preparation
The TBs were fixed in a TB holder and prepared under a surgical microscope (Figure III.7).
In a first check the normal microscopic anatomy and the integrity of the otic capsule were
verified by visual inspection.

Figure III.7: Temporal bone holder used
during the preparation.

L

Figure III.8: Details of the TM through
the metal chamber.

m

Figure III.9: Setup for measurement with
acoustic
excitation.
L: Loudspeaker
m: microphone.

Figure III.10: Goniometer used to hold
the temporal bone during the measurement.

The external ear canal was removed through canalplasty (anterior canal wall carefully drilled
down to a remaining rim of 2 mm above the TM) and replaced by a two-piece metal chamber
(Figure III.8 and III.9), closed on the top with transparent glass allowing perpendicular sight
to the TM. It must be pointed out that the covering glass was placed such as to form an angle
of 56° against the laser beam (Figure III.13, page 55). This angle corresponds to the Brewster
angle for the used laser type (56°), the angle at which the polarized light of the laser beam is
transmitted without reflection loss through the metal chamber window.
The new metallic chamber was fixed with general purpose acrylic resin (TRAD, Unifast,
Leuven, Belgium) to the TB.
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To get access to the ME cavity an infero-medial tympanotomy was performed. The mobility
of the ossicle chain was checked by palpation to exclude any fixation and the integrity of the
ME space was visually checked. The possibly present fluid was removed and the possible
static pressure difference compensated before sealing the otic capsule with the acrylic resin.
The access to the base of the stapes footplate was reached after a medial vestibulotomy
(opening of the vestibulum from medial along the internal auditory canal. Figure III.11).
To get access to the IM-joint the cavity was opened by a posterior-lateral antrotomy to give
access to the joint from a posterior-lateral side (Figure III.12).

Figure III.11: Medial view of the stapes
footplate, through an opening into the
vestibulum. Modified after Sobotta.

Figure III.12: Posterior-lateral view of the
IM-joint. The tympanic cavity is opened by a
posterior-lateral antrotomy. Modified after
Sobotta.

During the measurement the TBs were fixed in a goniometer which allowed to easily position
the surface to be measured under the laser beam (Figure III.10, previous page).
Although the SLDV sensitivity was high enough to work without any additional enhancement
of the target reflectivity, pure silver powder (Sigma-Aldrich Chemie, Steinheim, Germany)
was gently blown onto the measurement surface. The powder consists of 99.9% pure silver
particles with a diameter of 2-3.5 µm, the total weight of the silver layer is about 0.1 mg for
measurements performed at TM and less than 0.1 mg for the measurements performed at the
ossicles.
The silver powder allowed to reduce the duration of every measurement (lower number of
averaging was required to filter the background noise in order get an acceptable SNR).

III.3.1.4 Acoustic excitation
For the analysis of the TM, of the IM-joint and of the stapes the ME was acoustically excited.
A microphone (ER-7C, Etymotics Research, Elk, Grove Village, IL, USA) and a loudspeaker
(CI 2960, Knowles Electronics, Itasca, IL, USA) were placed in the metallic chamber, the
microphone close to the TM (fixed 1 mm from the annulus), the receiver at the top of the
chamber (Figure III.13, next page).
A sound field was delivered to the TM through the Knowles-loudspeaker and controlled over
the ER-7C microphone.
A closed volume (~3 cm3) for the acoustic excitation was necessary in order to get the needed
power at the low frequencies (below 500 Hz) and to avoid possible interferences from
external noise sources (e.g.: computer ventilator) for measurements at low sound levels
(60-80 dB SPL).
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The control microphone was fixed close to the TM so that the captured sound (amplitude and
phase) was the same that excited the TM. To generate the sound signal (multisine or periodic
chirp) an external excitation source for producing highly efficient excitation waveforms with
an adjustable output from 0 to ±10 Volts was used (function generator / arbitrary waveform
generator HP 33120A, Hewlett and Packard) and controlled by the PSV-200 software. An
external amplifier (A50, Revox AG, Regensdorf, Switzerland) was inserted between the
signal generator and the loudspeaker in order to get enough output power and to fine tune the
sound level.
Figure III.13: Details of the metal chamber. It
consisted of two metal pieces (m1, m2) connected by a
bayonet mount. The metal chamber was fixed to the TB
with acrylic resin. The insertion of the Knowlesloudspeaker (Kl) in the upper part and the insertion of
the silicon tube (st) of the ER-7C microphone at the
base of the chamber, near the TM are shown. It is also
possible to notice the 56° angle between the cover glass
and the vertical laser beam. This angle provides the
best transmission of the laser light through the glass
window.

56°

Kl

m1

st

m2

Sound Pressure Level [dB]

Two different sound signals were used: a stepped multisine (Figure III.14) and a periodic
chirp signal (Figure III.15, next page). Due to the microphone limits ( see sec III.3.1.7,
"Resolution and error", page 58) the frequency band was chosen to be 200-10000 Hz,
covering the frequency region of interest as defined in sec I.4.2.2 ("Characteristics of the
model", page 8). The generated multisine signal contained 44 frequencies with four different
frequency steps (100 Hz step between 200-1800 Hz, 200 Hz step between 1800-500 Hz,
300 Hz step between 5000-5600 Hz and 500 Hz step between 6000-10000 Hz).

125

100 Hz

200 Hz

300 Hz

500 Hz

100
75
50
0

2500

5000
Frequency [Hz]

7500

10000

Figure III.14: Typical measurement of the generated multisine signal. The 44
frequencies (at 90 dB SPL) and the four resolution regions are shown. Due to the
FFT resolution intermediate frequencies above 1800 Hz were also measured. The
amplitude of the actual excited frequencies (90 dB SPL) are usually hihgher than the
additional intermediate measured frequencies by 30 dB.
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Sound Pressure Level [dB]

The generated periodic chirp was limited up to 4500 Hz because of intrinsic limitations of the
measurements (see sec III.3.4.1, "Tympanic membrane vibration pattern", page 79). The
frequency band was subdivided into 2 fields: 200-2500 Hz and 2000-4500 Hz, and the
frequency resolution was 3.125 Hz. These two fields had a common frequency range
(2000-2500 Hz). It was noticed that measurements performed near the upper limit of the
frequency field showed usually poor quality, therefore it was chosen to start the second
frequency field 500 Hz lower than the upper limit of the first one and to discard the
measurement results of the last 500 Hz of the first frequency field.
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1st field
200-2500Hz

100
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50
0

2nd field
200-2500Hz

2500

5000
Frequency [Hz]
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Figure III.15: Typical periodic chirp signal. The signal sweeps over the frequency
field with a resolution of 3.125 Hz. The two frequency fields are shown.

The stepped multisinus was generated over an external calibration software from Polyterc
(HLV 1.01), which allowed to generate a signal with equal sound level (in dB SPL) for every
considered frequency. The control over the generated signal was performed through the
ER-7C microphone placed near the TM.
The periodic chirp signal was a frequency sweep signal, wose length was synchronized with
the FFT time window used for the signal processing, so that no leakage occurred and no
windowing was needed.

III.3.1.5 Mechanical excitation
For the measurements performed at the isolated ossicles the acoustic excitation over the TM
was obviously not possible. The isolated ossicles were therefore glued with cyan-acrylate to a
tiny metal tip attached to a piezoelectric transducer (2 Piezoxide Discs, DSC10/1-PX5-N,
Philips Component, Megatron AG, Grabenstrasse 9, 8952 Schlieren, Switzerland) which
provided translational excitation along a single axis (Figure III.16 and III.17, next page).
The signal sent to the transducer was a periodic chirp in a wide frequency band, 2-70 kHz and
with a frequency resolution of 15.63 Hz and was subdivided into 4 fields (2-7 kHz, 6-20 kHz,
15-45 kHz, 40-70 kHz). The signal sent to the piezoelectric transducer had a constant
amplitude of 200 mV for the first two frequency fields and of 100 mV for the last two
frequency fields. Due to the vibration characteristic of the ossicles a 200 mV input signal for
the last two frequency fields would have produced a too high displacement amplitude which
would have exceeded the linear range of the SLDV. From the other hand using a 100 mV
input signal for the two first frequency fields would have produced a too small displacement
amplitude.
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Figure III.16: Exciter setup: piezoelectric
transducer and tiny metal tip used for exciting
the isolated ossicles.

Figure III.17: Details of the fixation: the
ossicles were glued with cyan-acrylate to the
tiny metal tip.

Displacement [dB]

The piezoelectric transducer did not have a flat frequency response over the chosen frequency
band and thus also the displacement amplitude used to stimulate the ossicles was not flat
(Figure III.18). The different voltages used for the four frequency fields are evident in the
displacement amplitude between 15 kHz and 20 kHz, where the displacement generated using
100 mV is about 6 dB smaller than the displacement generated with 200 mV (in a dB-scale
doubling the value results in an increment of 6 dB). Also in this case an overlapping in
frequency (1 kHz or 5 kHz) for the different measurement fields was preferred (poor quality
measurement near the upper limit of the frequency field).

20 1st field
10

3d field
15-45kHz

2-7kHz

4th field
40-70kHz

0
-10

2nd field
6-20kHz

-20
2000

25000
50000
Frequency [Hz]
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Figure III.18: Typical displacement amplitude in dB (0 dB=1µm) for the tiny metal
tip fixed to the piezoelectric transducer used to stimulate the isolated ossicle. The four
frequency fields are shown.

III.3.1.6 Correction of the phase shift
The phase information was required by the modal analysis algorithms (see sec III.3.2.1,
"Modal analysis", page 60). They estimate the different modal parameters on the basis of the
relative phase difference between the input data (reference signal) and the output data (SLDV
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signal). Due to the measuring technique and to the used hardware, both the input and output
signal may contain a measuring artifact in the form of a phase shift that must be corrected.
The phase shift of the output data originates from the SLDV velocity decoder (in the
vibrometer controller), which acted as a constant time delay system causing the phase shift to
be strictly proportional to the frequency. The phase shift of the input data is due to the silicon
tube of the microphone, through which the sound waves must travel prior to reaching the
microphone membrane, causing a frequency proportional phase to be added to the sound
signal. Furthermore the electrical circuit of the microphone and external amplifier also add a
constant phase shift.
The measurement data produced using the acoustic excitation had to be corrected for both the
input and the output phase shifts, while the measurement data produced using the mechanical
excitation needed to be corrected for the output phase shift only. The phase shift of the output
data is documented in the SLDV handbook and depends on the selected sensitivity range of
the decoder (10 or 25 mm/s/V), while the phase shift of the input was experimentally
measured (Table III.11).

output phase shift
(SLDV Velocity Decoder)
input phase shift
(ER-7C Microphone)

sensitivity range

phase shift

10 mm/s/V

-1.8°/kHz

25 mm/s/V

-1.7°/kHz

ϕ(f ) = 0.11 × f + 166.48
f: frequency in Hz

Table III.11: Measuring phase shift at the output and input signal.

III.3.1.7 Resolution and error
• SLDV: the resolution of the SLDV depends on the sensitivity range chosen for the
velocity decoder. The sensitivity ranges used were 25 mm/s/V with a resolution of 2 µm/s
and 10 mm/s/V with a resolution of 0.5 µm/s. The resolution is defined as the signal
amplitude at which the SNR is 0 dB in a 10 Hz spectral resolution bandwidth. The
calibration accuracy for the chosen decoder sensitivity is ± 1% of the rms value.

Displacement [pm]

1.E+06
1.E+05
1.E+04

90 dB
70 dB

1.E+03
1.E+02

55 dB

1.E+01
1.E+00
100

SLVD resolution (2µm/s)
1'000

Frequency [Hz]

10'000

Figure III.19: Resolution range of the velocity decoder (gray line)
and umbo displacement for three different excitation level: 55, 70,
90 dB SPL.
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Figure III.19, previous page, shows the resolution of the velocity decoder over
frequencies and the umbo displacement for different excitation levels (55, 70, 90 dB
SPL).The resolution being constant in the velocity domain, its value in the displacement
domain turns out to be frequency dependent.
•

ER-7C Microphone: The lower frequency limit is 200 Hz and the higher frequency limit
is 10000 Hz. The calibration accuracy is ± 2.5 dB between 200 and 10000 Hz. The
frequency response is flat equalized by the built-in network. A built-in calibrator provides
a tone of 94 dB SPL at 1 kHz. Figure III.20 shows the calibration curve.

[dB SPL]
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80
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74
72

100

1000

10000
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Figure III.20: Calibration curve of the ER-7C Microphone to an excitation of
84 dB SPL. The frequency response is flat equalized by the built-in network.

For the measurement performed with an acoustic excitation the measurement results were
normalized to a chosen excitation level. As a reference the signal from the ER-7C
microphone was used. The precision of the normalization was therefore influenced by the
calibration accuracy of the microphone.

III.3.1.8 Analysis software
The data pre-processing is performed by the PSV 6.14 software. This software is divided into
two separate user modes: Acquisition Mode and Presentation Mode.
In the Acquisition Mode FFT is performed and FFT lines are stored for every measurement
point. Different functions can be displayed such as magnitude, phase, FRF, coherence and
rms level for all scanned points at any selected frequency or frequency band (time signals can
also be stored for all scanned points). It is therefore possible to live check whether the quality
of the measurement data is acceptable or not and decide whether it is necessary to restart the
measurement with different settings (higher sound pressure level, smaller frequency band, ...).
Within the Presentation Mode a first check of the measured data can be performed using one
of the different possible view modes: Area View Mode (3D mesh, a display with isolines
values or color map), Single Point View Mode (with analyzer window displaying measured
frequency spectrum at individual measurement points) or Profile View Mode (visualization of
the vibration behavior in any plane perpendicular to the measurement plane). It is also
possible to save the measurement data in UFF to be exported to special software for modal
analysis.
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Post processing of the data is performed using MATLAB® Version 6.1.0.450 Release 12.1
(The MathWorks, Inc., 3 Apple Hill Drive, Natick, Ma 01760-2098 USA) and with a thirdparty toolbox, The Structural Dynamic Toolbox (SDTools, 52 Rue Vergniaud, 75013 Paris
France), which enhances the MATLAB® core capabilities in control and signal processing.
This toolbox allows experimental modal analysis in the frequency domain. Identification
functions include treatment of multiple input multiple output (MIMO) models, multiple
modes, real and complex modes, reciprocity, non-proportional damping models, as well as
transformations between pole/residue, state-space, second-order mass, damping, stiffness, or
polynomial forms. A user friendly graphical interface easily generates Bode plots, Nyquist
plots, Multivariate Mode Indicator Function (MMIF), complex residue phase spread, pole
location, etc.

III.3.2 Methods and data analysis
For the four kinds of measurements three different methods and data analyses were used:
modal analysis, rigid body dynamics and phase shift analysis.
Modal analysis was used to analyze the dynamic properties of the TM with different states of
the ossicles chain and to analyze the dynamic properties of the isolated ossicles. The stapes
footplate movement was investigated using the mechanical theory for rigid bodies and the
IM-joint mobility has been analyzed by measuring the phase shift between the two ossicles.

III.3.2.1 Modal analysis
Experimental modal analysis is the process of determining the modal parameters (frequencies,
damping factors, modal vectors and modal scaling) of a linear and time invariant system.
Though modal parameters completely describe the vibrational system characteristics, it is
important to remember that most vibration and acoustic problems are a function of both the
forcing functions and the system characteristics described by modal parameters.
Four basic assumptions are made in order to perform experimental modal analysis:
1. The structure is assumed to be linear: the superposition principle can be used to
calculate the response of the structure to any combination of forces, simultaneously
applied. The response is the sum of the individual responses to each of the forces
acting alone.
2. The structure is time invariant: the different parameters that are to be determined are
constant over time.
3. The structure obeys Maxwell's reciprocity theorem: Maxwell's reciprocity theorem
implies the following: if one measures the FRF between points p and q by exciting at p
and measuring the response at q, the same FRF will be measured by exciting at q and
measuring the response at p.
4. The structure is observable: the system characteristics that affect the dynamics can be
measured and the measured data contains enough information to describe the dynamic
behavior of the whole structure. This means that the laser beam must get access to
different regions of the structure but also that the frequency field and frequency
resolution are correctly chosen. In case of measurements at the TM special care must
be taken in order to get a sufficient access to the annular ligament and to the pars
flaccida which are usually covered with bone. For measurements at isolated ossicles
the surface to be measured must be carefully chosen, to be sure that all the
modeshapes may be detected.
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Some other assumptions can be made regarding the structure being analyzed. Of interest in
case of measurements with only one input (like when using acoustic excitation) is the
assumption made relative to repeated roots.
Repeated roots occur where two (or more) different modes will have the same natural
frequency. To be able to detect repeated roots one needs at least as many different inputs as
the number of repeated roots. Using only one input, the detected modeshape will be a linear
combination of all the modeshapes having the same natural frequency.
The assumption is therefore that no repeated roots exist and that for every natural frequency
there is only one modeshape.
It must be noted that when dealing with measurements on real structures the assumptions are
usually not perfectly achieved. Most of the assumptions can however be experimentally
evaluated so that their approximate correctness may be tested (see sec. III.3.3 "Control
Experiments, page 74).
The process of determining modal parameters from experimental data may be divided into the
following 4 phases: 1. Modal analysis theory, 2. Experimental modal analysis methods, 3.
Modal data acquisition, 4. Modal data validation.
1. Modal analysis theory: is the part of the classic vibration theory that theoretically
explains the existence of natural frequencies, damping factor and modeshapes for linear
systems (for lumped as well as for continuous models).The classical vibration theory also
includes real normal modes as well as complex modes.
A short review of the modal analysis theory based on the single degree of freedom (SDOF)
system is presented hereafter. Modal analysis theory may be explained on the basis of the
SDOF system if one considers that the multiple degree of freedom (MDOF) case can be
viewed as a linear superposition of SDOF systems.
Equation of motion, SDOF:
The general equation of motion for a SDOF system is:
m&x&( t ) + cx& ( t ) + kx ( t ) = f ( t )

(3.2-1)

where:
m: mass constant, in [kg]
c: damping constant, in [kg/s]
k: stiffness constant, in [N/m]
ω n = k / m : undamped natural frequency in [rad/s]
f(t): forcing function, in [N]
The total solution of (3.2-1) involves two parts:
x(t ) = x h (t ) + x p (t )

where:
xh(t): transient portion
xp(t): steady state portion

(3.2-2)
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By setting f(t) = 0, the homogeneous form of equation (3.2-1) can be solved. The solution
can be assumed to be of the form x(t) = Xest, with s as the complex constant to be
determined. Inserting x(t) into the homogeneous form of (3.2-1), and excluding the trivial
solution x(t) = 0, yields:
ms 2 + cs + k = 0

(3.2-3)

where:
s: complex-valued frequency variable (Laplace variable)
Equation (3.2-3) is the characteristic equation of the system, whose roots λ1 and λ2 are:
2

λ 1, 2

c
k
⎛ c ⎞
=−
± ⎜
⎟ −
2m
m
⎝ 2m ⎠

(3.2-4)

thus the solution of the homogeneous form of (3.2-1) is:
x h ( t ) = X 1 e λ1 t + X 2 e λ 2 t

(3.2-5)

where X1 and X2 are constants determined from the initial conditions imposed on the
system at t = 0. The particular solution (steady state portion) is a function with the same
form of the forcing function. Critical damping ccr is the damping that reduces the radical of
the characteristic equation (3.2-4) to zero:
c cr = 2m k / m = 2mωn

(3.2-6)

The non-dimensional number ζ is the damping ratio (damping over critical damping):
ζ=

c
c
=
c cr 2mω n

(3.2-7)

The damping ratio can be used to characterize the three types of solutions to the
characteristic equation and thus to classify the SDOF system. The roots given by equation
(3.2-4) can be rewritten as:
λ 1, 2 = −ζω n ± ω n ζ 2 − 1

(3.2-8)

System classification, SDOF:
The damping ratio ζ determines whether the roots are complex or real, determining the
nature of the response of the SDOF system. Three cases are possible:
overdamped system: ζ > 1
critically damped system: ζ = 1
underdamped system: ζ < 1
Real structures are usually underdamped (damping ratio rarely greater than 10%), unless
active damping system is present. The system ME is also underdamped (no active damping
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has been identified under physiological sound pressure). Underdamped systems are thus
discussed hereafter.
The roots of the characteristic equation for an underdamped system results in a complex
conjugate pair of roots:
λ 1 = −ζω n + j 1 − ζ 2

λ∗1 = −ζω n − j 1 − ζ 2

(3.2-9)

which can be written as:
λ∗1 = σ − jω d

λ 1 = σ + jω d

(3.2-10)

where:
σ: damping factor, the real part of the root of the characteristic equation, in [rad/s]
ω d = ω n 1 − ζ 2 : damped natural frequency, in [rad/s]
λ 1 , λ*1 : complex conjugate pair of the roots, eigenvalues

The complex roots of the characteristic equation are also called modal frequencies.
Frequency response function, SDOF:
An equivalent equation of motion for Equation (3.2-1) can be determined for the frequency
domain:

[− mω

2

]

+ jcω + k ⋅ X(ω) = F(ω)

(3.2-11)

which can be written as:
X(ω) = H(ω) ⋅ F(ω)

(3.2-12)

where:
H(ω) =

1
− mω + jcω + k

(3.2-13a)

2

H(ω) is the FRF of the system. The FRF relates the Fourier transform of the system input
to the Fourier transform of the system response.
The FRF can be written as:
H(ω) =

1m

( jω − λ1 ) ⋅ (jω − λ*1 )

=

A
A*
+
( jω − λ1 ) jω − λ*1

(

)

(3.2-13b)

where:
the constants A and A* are the residues of the transfer function
Equation (3.2-13b) says that the value of the transfer function for a SDOF system at a
particular frequency (ω) is a function of damping (σ) and damped natural frequency (ωd).
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Extension to MDOF:
In order to use the FRF equation for MDOF systems the equation (3.2-13a) must be
slightly extended. The input f(t) and the output x(t) may be located at two different points p
and q and the modal coefficient information ψ of both the input and output are represented
in the FRF. It has been previously mentioned that in case of linearity the MDOF-system
can be viewed as linear superposition of SDOF-systems, thus the FRF of a MDOF can be
expressed as sum of the different SDOF, indicated by the subscript r:
H pq (ω) =

X q (ω)
Fp (ω)

=

ψ qr ⋅ ψ pr

∞

∑−m ω
r =1

r

2

+ jc r ω + k r

=

∞

[A ]

∑ jω − λ
r =1

pqr

+

r

[A ]
∗
pqr

jω − λ∗r

(3.2-14)

where Apqr and A ∗pqr are the residues. They are the product of the modal deformations at
the input q and the response with p degrees of freedom and a modal scaling factor
for mode r.
Note that:

{ψ}r

⎧ ψ 1r ⎫
⎪
⎪
⎪ψ 2 r ⎪
=⎨
⎬
⎪ M ⎪
⎪⎩ψ nr ⎪⎭

(3.2-15)

is the modal vector, also called eigenvector, describing the relative position of the different
points (1,2,...n) on the measured structure for the mode r. The modal vector describes the
geometrical modeshape of the structure for the given mode r. Note also that mr, cr and kr
are the modal mass, damping and stiffness parameters and not the physical mass, damping
and stiffness parameters.
Table III.12 gives a summary of the mathematical notation for the vibration theory and for
modal analysis used in this work.
SYMBOLIC NOTATION

ω

circular frequency, in [rad/s]

ωnr

undamped natural frequency for mode r, in [rad/s]

ζr

damping ratio for mode r, dimensionless [-], often given in [%]

σ r = −ζ r ω nr

ω dr = ω nr 1 − ζ r
λ r = σ r + jω dr

λ ∗r = σ r − jω dr

Hpq(ω)

{ψ}r

PHYSICAL MEANING

damping factor, in [rad/s]
2

damped natural frequency for mode r, in [rad/s]
eigenvalues or complex roots of the characteristic equation, for mode r,
with:
damping factor σr and
the damped natural frequency ωnr
FRF for response at location p, reference location q
scaled complex modal vector for mode r (determines its modeshape), or
eigenvector

Table III.12: Mathematical notation for the vibration theory and modal analysis used in this work.
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2. Experimental modal analysis methods: they involve the theoretical relationship between
the classic vibration theory and the measured quantities. These measured quantities are raw
input and output data in the frequency domain and are processed in the form of FRFs.
For the measurements at the TM the excitation is provided by a sound pressure. Despite the
fact that every point on the membrane surface is excited at the same time the measured
FRFs are considered to be of the Single Input Multiple Output (SIMO) type. The reference
signal used to build the FRFs is in fact not the acoustic stimulus exciting every point on the
membrane but the sound signal measured at a specific point near the membrane. The
transfer function considers therefore also the airpath through which the sound waves must
travel prior to reaching the TM. Because of the particular form of the metal chamber, every
point on the membrane is excited with the same pressure and the same phase. This
particularity allows to use as reference signal the sound pressure measured at a specific
point near the membrane without the need to correct the phase according to the length of
the airpath. The excitation is measured at only one point and the input signal is therefore
singular.
The output signal is measured at several points on the TM surface so that the output is
considered to be of the multiple form.
For the measurements at the isolated ossicles there is only one excitation point (single
input) and several measurement points (multiple output).
The FRFs are used as input data to the modal parameter estimation algorithms of the
Structural Dynamic Toolbox (SDT) which estimate modal parameters using a frequency
domain model. From the PSV 6.14 software spectra of the single input and of the multiple
output are exported via UFF to MATLAB® where they are preprocessed in order to obtain
the required FRFs for the SDT toolbox.
The preprocessing corrects the measured phase shift of the input (in case of acoustic
excitation) and output signals, transforms the velocity output values in displacement values
and in case of very noisy measurement allows to reduce noise by averaging the data.
3. Modal data acquisition: deals with the practical aspects of acquiring the data. All the
processes of modal data acquisition were performed by the PSV 6.14 software in tight
connection with the dedicated hardware of the PSV-200 device.
The first step is the conversion of the analog signal into a corresponding sequence of
digital values; special built-in anti-aliasing phase matched filters on both the vibrometer
and reference channels suppress alias effects.
The second step is the transformation from the time domain to the frequency domain. In
modern data acquisition systems the basis for the formulation of any frequency domain
function is the fast Fourier transform algorithm (FFT). The FFT is based upon the main
assumption that the signal must be a totally observed transient with respect to the time
period of observation, if this is not true, the signal must be composed only of harmonics of
the time period of observation. Violation of this assumption produce a "leakage" error, the
classical source of noise when using FFT for computing frequency domain measurements.
To avoid leakage error the stimulating signal was chosen to be periodic within the time
period of observation, the PSV 6.14 software allows to generate a periodic chirp, which is
a rapid sine sweep signal exactly within a single observation period in the analyzer
bandwidth.
High resolution FFT in a wide frequency range is available within the PSV 6.14 software.
Due to the different frequency bands used for the measurements at the TM and at the
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isolated ossicles, two different frequency resolutions were chosen: 3.125 Hz for the TM
measurements and 15.63 Hz for the isolated ossicles.
The third step consists in minimizing the non-coherent noise in the measurement process.
This noise is due to electrical noise on the transducer signal and to unmeasured excitation
sources, which are non-coherent with respect to the measured input signal. Within the PSV
6.14 software complex averaging is implemented. With complex averaging N real parts
and N imaginary parts are added by N measurement values and divided by N (in the
frequency range). The number of averages depends on the quality of the measured signal.
To estimate the degree of noise contamination in a measurement, and therefore the quality
of the measurement, the coherence function is used. This function indicates the degree of
causality in a FRF. When the value of the coherence function is zero the output is caused
totally by sources other than the measured input, otherwise when the value of the
coherence function is one, the measured response is caused totally by the measured input.
A poor coherence value can be therefore improved by taking a greater number of averages,
but this is only possible if the reason for the low coherence is random noise which can be
averaged out over a period of time.
Modal parameter identification: it is the process of estimating a parametric model that
accurately represents measured data. A parametric model is composed by the
complex-valued modal frequencies, λr (the natural frequency and the damping factor), the
complex-valued modal vectors, ψr (the relative displacement of all parts of the system).
Additionally also the residue vectors, Ar are estimated. These residuals are a function of
each measured FRF and not global properties of the FRF-matrix and are real valued.
Furthermore the contribution of the out-of-band modes is approximated in high frequency
residual correction (residual inertia, the RIpq) and low frequency residual correction
(residual flexibility, RFpq(ω)) and stored in residue vector. These residual terms are
therefore components of the residue vector and approximate the effect of the out-of-band
modes. From the measured FRF the different modal parameters can be estimated. The
assumption for the modal parameter estimation is that the model of the system is known to
be in the form of modal parameters and therefore that the experimental data can be
represented in form of a modal model with temporal (frequency) and spatial information
(DOF).
The parameters are estimated using estimation algorithms from the SDT , with the
measured data in form of FRFs. The main steps of the estimation process are:
1. Finding the initial poles estimation (i.e. the model order), adding missing poles
and remove computational poles.
2. Estimating residues and residual terms for a given set of poles; special quality
and error plots help in evaluating the quality of the fit near each pole.
3. Optimizing poles and residues of the current model using a broad or narrow
band update.
For the modal parameter identification, complex modal vector and therefore nonproportional damping is assumed. A complex modal vector represents a mode of vibration
where the points tested do not pass through their equilibrium position at the same time. The
real mode may be interpreted as a standing wave, whereas the complex mode as a traveling
wave. It must be noted that in the case of modeshapes, the use of the word "complex"
refers to a mathematical complexity and not to a geometrical complexity of the
deformation patterns.
Determining the correct model order is the prime concern in estimating the parametric
model. In case of modes closely spaced in frequency simple techniques such as counting
the number of peaks of the spectrum of the FRFs or of the sum of the square of the FRFs
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imaginary part (SumI) does not provide an accurately estimated model order. Mode
Indication Functions (MIFs) are special functions that seek to combine data from several
input/output of a SIMO transfer function in a single response that gives the user a visual
indication of pole locations and therefore of pole numbers. For the analysis the
Multivariate MIF (MMIF) and the Complex MIF (CMIF) were used together with the
SumI and the FRFs. Special attention was given to the CMIF because of its ability to
identify the proper number of modal frequencies, particularly when they are closely spaced
modal frequencies.

Amplitude[m/Pa]
(m/Pa)
Amplitude

4. Modal data validation: consists in the validation of the estimated model. Three different
procedures were used: Comparison of the synthesized FRFs from the modal model with
the measured FRFs, visual verification (Animation) and a particular form of the MAC.
The comparison of the FRFs was used to check whether the estimated poles number was
enough to mathematically describe the structure, causing thus the synthesized and
measured FRFs to be equivalent (Figure III.21).
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Figure III.21: FRF of a measured
point. The dotted black line is the
mathematic reconstruction of the
FRF based on the estimated modal
model, the grey line is the
measured FRF, dashed vertical
lines show the poles position (fn
and ζ). The reconstructed FRF is
"equivalent" to the measured one,
the chosen number of poles is thus
enough to mathematically describe
the structure and the estimated
poles position and damping ratios
are correct.

The visual verification allows to evaluate the overall modeshape, its modal complexity and
the behavior of the different measured geometrical point.
The MAC procedure is based upon the modal vector orthogonality, which states that two
different modal vectors that are mass weighted are orthogonal (cross orthogonality):
For r ≠ s:

{ψ}Tr [m]{ψ}s = 0

(3.2-16)

For r = s:

{ψ}Tr [m]{ψ}s = m r

(3.2-17)

The MAC is defined as a scalar constant (even if the modeshape data are complex):

{ψ}sT {ψ}r
MAC(r, s) =
{ψ}sT {ψ}s {ψ}Tr {ψ}r
2

(3.2-18)
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It must be pointed out that the MAC measures the shape correlation but without any
reference to scaling of each vector (the weighting mass is not present in (3.2-18)). This
makes the MAC easy to use (the weighting mass does not need to be known) but also
limits its applicability.
The particular form of the MAC used to check the correlation of the different estimated
modal vectors is the Auto-MAC, in which the estimated modal vectors are correlated with
themselves. Given a set of estimated modes the Auto-MAC will be presented in the form
of a correlation matrix. The result will be a diagonal matrix filled with value 1, i.e. a 100%
correlation between each identical mode, and filled with value 0 for all other cross
correlations. However a zero cross correlation is experimentally rarely achieved, so that the
boundaries for "acceptable" and "non" correlations are extended to 80% and 20%
(Figure III.22).
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Figure III.22: Auto-MAC: correlation matrix for the 6 first modal vectors. Correlation
of two identical modal vectors is 100%, while cross correlations values tend towards 0%
(experimentally rarely achieved).

The Auto-MAC is therefore used to check whether the estimated modes are real orthogonal
modes or whether some cross correlations exist. In the latter case the cross correlating
modal vectors must be carefully analyzed to identify the "false" one that has to be
eliminated.
For the modal analysis theory the following sources have been consulted: [20, 25, 42, 66, 67].
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III.3.2.2 Rigid body dynamics
A particular technique based upon the rigid body motion theory has been developed for the
analysis of the stapes movement. The main objective was to derive quantitative values
describing the complex movement of the stapes footplate, with drained cochlea. The idea is to
get information on the stapes movement without the cochlear load and use this information to
calibrate the virtual model of the ME.
To locate and orient a free rigid body, six degrees of freedom (DOFs) are required. In case of
kinematic restrictions this number may be reduced. The stapes footplate is inserted in the oval
niche and fixed to the niche-wall through the stapedio-vestibular joint (Figure II.14,
page 70); this boundary condition limits the DOFs to only three, two rotational (around the
main axes of the stapes footplate) and one translational in the Z-direction (Figure III.23).
Z
Z
vz
ωz
vz

ωy

ωx
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vy

ωx
Y

X
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ωy
Y

Figure III.23: The six DOFs for a general rigid body (left) and the three DOFs for the stapes
footplate when inserted in the oval niche (right).

The stapes is considered as a rigid body so that the stapes footplate movement can be
extended to the movement of the whole stapes. The three components of the movement along
the three DOFs must be detected. The position of a rigid body is described using its
movement velocity according to:
r r
r r
v = vt + ω× r

(3.2-19a)

⎧v x ⎫ ⎧v tx ⎫ ⎡ω y ⋅ rz − ω z ⋅ ry ⎤
⎥
⎪ ⎪ ⎪ ⎪ ⎢
⎨v y ⎬ = ⎨v ty ⎬ + ⎢ω z ⋅ rx − ω x ⋅ rz ⎥
⎪ ⎪ ⎪ ⎪ ⎢ω ⋅ r − ω ⋅ r ⎥
y
x⎦
⎩v z ⎭ ⎩v tz ⎭ ⎣ x y

(3.2-19b)

where vx, vy, vz are the total velocity components along the XYZ-axis, vtx, vty, vtz are
translational velocity components, ωx, ωy, ωz are the rotational velocity components around
the XYZ-axis and rx, ry, rz are the position coordinates in the XYZ-system.
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Because of the kinematic restrictions and assuming that the stapes footplate lies in a plane
with rz = 0 the system (3.2-19b) reduces to:
v z = v tz + (ω x ⋅ ry − ω y ⋅ rx )

(3.2-20)

with the three velocity components vtz, ωx and ωy as independent unknowns.
A three-equations system is therefore required:
⎧v z P1 = v tz P1 + ω x ⋅ ry P1 − ω y ⋅ rx P1
⎪
⎨v z P 2 = v tz P 2 + ω x ⋅ ry P 2 − ω y ⋅ rx P 2
⎪
⎩v z P3 = v tz P3 + ω x ⋅ ry P3 − ω y ⋅ rx P3

(3.2-21)

It is thus evident that the total Z-velocity of at least three points (P1, P2, P3) on the stapes
footplate and their coordinates are required to solve the system (3.2-21).
It must be noted that equation (3.2-20) may be applied as long as vtz and (ωx · ry – ωy · rx) are
oriented in the same direction as vz, what is approximately true if the maximal rotation angles,
γ, around the X- and Y-axis are small enough so that cos γ ≈ 1, as illustrated in Figure III.24.

vz=veff ·cos γ

Z

rx

γ

vveff = ωωy y⋅ rx rx
eff

·

γ

ωy

D1
D
X

r
vvzz rveff
v eff
γ
rx

ωy

Figure III.24: The stapes rotation around the Y-axis is shown (right). Detail D (left) shows the
different velocities. The maximal rotational angle γ should be small, so that cos γ ≈ 1 and therefore
v z ≈ v eff , only in this case the velocity decomposition from the system of equations (3.2-21) delivers
true velocity components.

The stapes footplate surface is approximated with an ellipse, whose main axes are used as the
rotational X- and Y-axis, so that they are in a good approximation also with the main stapes
footplate axes (Figure III.23, previous page).
The velocity vz of different points on the stapes footplate surface is detected using SLDV.
Although theoretically the velocities of three points would be enough to solve the system of
equations (3.2-21), more than sixty points are measured. The main reason for this "oversampling" is the need for redundant information so that any low qualitative single point
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measurement may be out-filtered. Typically low quality measurements are due to low signals
of the back-scattered laser light. The quality is evaluated using the coherence function,
described above, and by visual check of the 3D animations (eliminating those points whose
movement is "out of plane"). After this process the number of useful points is reduced to
about thirty.
r
A second possible error source lies in the way the position vectors ( r ) of the different points
are derived. A digital image of the stapes footplate with the measurement mesh is overlaid to
the approximation ellipse (Figure III.25) and the coordinates of every point are manually
read. Small inevitable errors in reading the points coordinates may influence the velocity
decomposition, especially when the points are close to the rotation axis. Assuming that these
reading errors are non-systematic, they may be filtered out by averaging.
Figure III.25: The measurement mesh is overlaid to
the approximation ellipse for the detection of the
coordinates of the different measurement points. For
example the point Pn has coordinates rxPn and ryPn.

Y

rxPn

X

Pn

ryPn

Using more than the three required points for solving (3.2-21) leads to an overdetermined
system of equations of the following form:
⎧ v z P1 = v tz + ω x ⋅ ry P1 − ω y ⋅ rx P1
⎪
⎪ v z P 2 = v tz + ω x ⋅ ry P 2 − ω y ⋅ rx P 2
⎨
M
M
M
⎪ M
⎪v Pn = v + ω ⋅ r Pn − ω ⋅ r Pn
tz
x
y
y
x
⎩ z

(3.2-22a)

r
r
v z = G • v eff

(3.2-22b)

where:
G : the matrix containing the geometrical information of the used points

⎡ v z P1 ⎤ ⎡1 ry P1 − rx P1 ⎤
⎢ v P 2⎥ ⎢1 r P 2 − r P 2⎥ ⎡ v tz ⎤
y
x
⎥ ⋅ ⎢ω ⎥
⎢ z ⎥=⎢
⎢ M ⎥ ⎢M
M
M ⎥ ⎢ x⎥
⎥ ⎢⎣ω y ⎥⎦
⎢
⎥ ⎢
⎣ v z Pn ⎦ ⎢⎣1 ry Pn − rx Pn ⎥⎦

(3.2-22c)

This overdetermined system of simultaneous linear equations is solved using the least square
fit, which minimizes the sum of the squares of the deviation of the measured data from the
mathematical model given in (3.2-20) (minimizes the norm of vz-G·veff).
For the analysis of the stapes movement fixed frequency values were used (Figure III.14,
page 55) so that one system of equations had to be solved for each of them.
To check whether the number of points is enough in order to get a stable solution from the
system (3.2-22), a plot showing the three values vtz, ωx, ωy, as a function of the number of
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points is used. From this plot it is possible to analyze the convergence and the stability of the
solution. Figure III.26, shows a typical plot for ωx for frequencies above 3 kHz.
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Figure III.26: Convergence
plot of the ωx-value as a
function of the number of
points used. Typically when
using information of more
than 15 points the values from
system (3.2-8) are stable.
Every line represents the
convergence for a specific
frequency (in the plot the
convergence lines for the 12
Frequencies above 3 kHz are
shown).

III.3.2.3 Phase shift analysis
The information on the behavior of a vibrating body (rigid body or not) is contained in the
phase part of the velocities of different points on the body. Two different methods are used to
display this phase information: 3D-animation of a surface over the IM-joint and phasors
method.
3D-animation. With the SLDV the velocities of several points on the IM-joint surface
were measured. Part of these points lie on the malleus and part on the incus. The surface
described by all these points (Figure III.27) contained therefore phase information from
the malleus and from the incus.

M

MSL

I

Figure III.27: Postero-superior view of the IM-joint (I: incus, M: malleus, MSL: superior
ligament of the malleus). The measurement surface defined by the single points (left) lies on the
malleus, white points, and on the incus, black points. The highlighted points (left) show a typical
set of point for the analysis with the phasors method.

In case of a rigid IM-joint the malleus-incus complex behaves as a rigid body and in the
3D-animation a rigid oscillating surface would be shown, while in case of a functional
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IM-joint the oscillating surface would show bending in correspondence of the joint caused
by the phase shift between the malleus and the incus oscillation.
Phasors method. The velocity value of the measured point contains the information on the
amplitude of the vibration (V) and on the phase angle (φ) of the vibration and is usually
expressed in form of a complex amplitude ( V ):
V = V ⋅ e jϕ

(3.2-23)
r

so that the vibrating velocity, v( t ) , is expressed as:
r
v ( t ) = V ⋅ e jωt = V ⋅ e j( ωt + ϕ )

(3.2-24)

The complex amplitude can be graphically displayed in a Gaussian plane in the form of a
phasor (Figure III.28), so that the length of the phasor represents the amplitude of the
vibration and the angle between the phasor and the real axis represents the phase angle of
the vibration. Harmonic vibrations of ther same frequency but different in amplitude and
r
phase (representing e.g. translational, t ( t ) , and rotational, r ( t ) , movement) can be
vectorially added in the Gaussian plane to form the phasor that represents the
superimposition of the vibrations. The measured velocity is therefore the resultant of all the
movement components to which the body is subjected. In case of a rigid body the phasors
of a series of points lying on a straight line (Figure III.28) for a chosen frequency will also
lie on a straight line in the Gaussian plane. Therefore a series of points from a line crossing
the IM-joint are displayed as a single straight line if the joint is fix or with two noncollinear lines if the joint is functional.
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Figure III.28: Left bottom: Representation of the harmonic vibrations superimposition,
r
r
r
v (t) is the superimposition of t (t) and r (t) . Right: Phasor representation of the velocity
of a rigid body (incus at various position along the short process, picture in the upper left
corner) at two different frequencies. All the phasors of the same frequency are aligned as
expected.
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III.3.3 Control experiments
The control experiments are performed in order to:
• check whether the measurement set-up itself does not affect the measurement results,
• check that the assumptions made for the modal analysis, page 60, are at least
approximately achieved.
To the first group of the control experiments belong the silver powder control experiment and
the steady-state condition control experiment. The first one checks the effect of the reflective
silver powder on the structure dynamic, the second one checks that in modal analysis
measurements the steady-state response of the structure is actually measured.
It was previously mentioned that "when dealing with measurements on real structures the
modal analysis assumptions are not perfectly achieved. Most of the assumptions can however
be experimentally evaluated so that their approximate correctness may be tested", page 61.
The four basic assumption of the modal analysis are:
1.
2.
3.
4.

The structure is assumed to be linear.
The structure is time invariant.
The structure obeys Maxwell's reciprocity theorem.
The structure is observable.

Two control experiments allow to check the first two assumptions:
linearity control experiment, for the first assumption and first resonance survey control
experiment, for the second assumption. In the latter control experiment the frequency
position of the first resonance is surveyed during the whole scan time in order to detect any
possible time-variance. It must be noted that although the in vivo ME structures are time
invariant (ignoring the long time variance due to aging), the in vitro specimens may undergo
post-mortem changes (in particular dehydration), which may affect the measurements.
Unfortunately the last two assumptions may not be experimentally checked.
The third assumption requires the structure to be excited in at least two different points, which
is impossible in these case of acoustic excitation. In the case of mechanical excitation,
although theoretically possible, it was impossible for technical reasons (difficulties in fixing
the ossicle to the exciter).
The fourth assumption is more a "philosophical" assumption: observing only a part of the
structure or its bending in only one direction, is it possible to extend the results to the whole
structure? The answer to this question is of course not unique. Depending on which part of the
structure is measured extending the results to the whole structure may be correct or not.
When measuring the TM bending in the lateral-medial direction, it is surely possible to extend
the results to the whole TM (bending occurs indeed only in this direction). Measurements at
the isolated ossicles are with respect to this assumption more delicate, because of their 3D
structure. The surface to be measured must therefore be carefully chosen, in order to capture
all the modeshapes.
Hereafter the linearity control experiment, the steady-state condition control experiment, the
first resonance survey control experiment and finally the powder control experiment are
presented.
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III.3.3.1 Linearity control experiment
The ME is commonly believed to be linear. Non-linearity may be introduced by the
contraction of the two ME muscles, which are usually relaxed and are designed to work only
under special circumstances (e.g.: the stapedius muscle is contracted when stimulating the ME
with a high sound level, above 90 dB [60]).
The contraction of these muscles changes the relative position of the ossicles, so that the
structure itself is modified, and thus its response to the excitation. This changing in the
response may be considered as a geometrical non-linearity in contrast to the classical nonlinearity, which is due to specific non-linear material properties. This geometrical nonlinearity does not appear under physiological sound excitation and the ME is therefore
considered to be linear.
Non-linearity may also be a consequence of the non-linearity in the inner ear (from the active
amplification mechanism) which is reflected in the ME response. The cochlea active
mechanism does not however work in vitro, so that its non-linearity source may be
disregarded.
A consequence of the superposition principle, on which the linearity assumption is based, is
that if a given load is doubled, the resulting deflection amplitude is also doubled. This
consequence is usually used for checking for the existence of non-linearity. Measurements are
repeated a number of times using different levels of excitation each time.
To test the linearity assumption the TM was excited with sound at different intensities and the
displacement of one specific point (umbo) was measured (Figure III.29). The excitation used
was a multisinus, as described in sec II.3.1.4, "Acoustic Excitation", page 54, with the sound
level ranging from 55 to 95 dB in 5 dB steps. The results clearly showed that the structure
was linear in the considered frequency and intensity range.

Umbo Displacement [pm]
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95 dB

1.E+05
1.E+04
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Figure III.29: Plot of the umbo displacement in response to multisinus excitations with
different intensity levels (from 55 to 95 dB, in 5 dB step). The straight line shows the
theoretical lower sensitivity limit of the SLDV-device.
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III.3.3.2 Steady-state condition control experiment
From the classic vibration theory it is known that the analytical solution of the equation of
motion(3.2-1), page 61:
m&x&( t ) + cx& ( t ) + kx ( t ) = f ( t )

(3.3-1)

is the sum of the particular solution and the homogeneous solution:
x(t) = x h (t) + x p (t )

(3.3-2)

For large values of t, the first term of (3.3-2), or homogeneous solution, approaches zero and
the total solution approaches the particular solution. xp(t) is thus called the steady-state
response and xh(t) is called the transient response. The transient response is commonly
ignored and the attention is focused only to the steady-state response. The reason for this lies
in the values of the damping ratio ζ. In the case of relatively large damping (as is the case in
ME) the transient response dies out very quickly, in a fraction of a second (Figure III.30).
The excitation signal used for modal analysis is a periodic chirp, basically a rapid sine sweep
signal through the range of interest. Being interested in the steady-state condition, it is
therefore necessary to check that the frequency sweep is sufficiently slow to allow the
transient response to die out.
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Figure III.30: Typical response in time domain. The
transient term dies out very quickly (here in about
0.7 s), so that after some fractions of a second there
is only the steady-state response term. After [43].

Figure III.31: View of the TM used for
the steady-state condition control
experiment. The measuring mesh is
visible and the seven
points are
highlighted.

To check whether the steady-state response condition was attained before measurements are
made the response of different points on the TM to a multisinus excitation and to a periodic
chirp excitation have been measured and compared. A multisinus excitation is compatible
with the linearity of the ME and it can be started minutes before performing the
measurements so that the transient term of the response was surely died out. The 500 Hz,
1000 Hz, 2000 Hz, 4000 Hz, 8000 Hz frequencies were tested at seven different points
(Figure III.31). In order to compare data from the different measurements a kind of mobility
was computed (velocity/pressure) and the differences relative to the multisinus results are
given in percentage and in dB.
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Table III.13 summarizes the results showing the maximal percentage difference ( periodic
chirp vs. multisinus) for every tested frequency.
frequency
500
1000
2000
4000
7000
8000
point nr. [%] [dB] [%] [dB] [%] [dB] [%] [dB] [%] [dB] [%] [dB]
2
0
0
0
62
4
1
0
26
2
10
1
8
7
1
15
1
15
1
1
0
32
2
36
3
23
5
0
10
1
62
4
9
1
20
2
38
4
29
10
1
14
1
20
2
2
0
16
1
42
3
31
11
1
7
1
15
1
10
1
14
1
30
3
43
6
1
2
0
8
1
13
1
29
3
37
4
48
3
0
15
1
15
1
15
1
1
0
29
2
58
MV
6
1
9
1
28
2
7
1
20
2
32
3
Table III.13: Differences in the mobility between excitation with multisinus and with periodic chirp
for seven points on the TM. The differences are given in [%] and in [dB].

The MV of the differences for every frequencies was very small, even at the 8000 Hz
frequency the difference was only 3 dB. The results show that the steady-state condition was
not completely attained especially at the high frequencies, however sufficiently for practical
purposes.

III.3.3.3 First resonance survey control experiment
It was previously mentioned that the dehydration process could not be completely stopped
and that the upper limit in the measurement duration was set to 20 minutes. The object of the
first resonance survey control experiment was therefore this time value. This time value
resulted from a combination of different factors:
1. the time length of the periodic chirp must be long enough to allow the transient term of
the structure response to die out,
2. a minimum number of averages was required in order to get high quality data,
3. the number of points measured on the surface must be great enough to capture the
modeshape, especially in the high frequencies,
4. the signal enhancement mode of the SLDV, which increases the measurement quality,
sometimes requires to re-measure some points,
The only chance to reduce the time length was to enhance the reflectivity of the laser target so
that the number of averages could be reduced without affecting the quality and so that the
number of re-measured points was reduced. For this reason silver powder was chosen as a
reflectivity enhancer and used in all measurements. Combining all these factors the time
length resulted to be about 20 minutes.
Does the dehydration process already produce visible changes in the specimen during these
20 minutes?
To best answer this question the FRFs (displacement over pressure) for every measured point
on the TM was computed and the FRFs were plotted overlaid. Since every point was
measured at a different time, possible effects of the dehydration process would be visible
when comparing all the single FRFs. As a reference the frequency position of the first main
resonance was chosen (Figure III.32, next page). A slight shift of this position was
detectable: a clear sign that the dehydration process had reached a critical point, beyond
which the second modal assumption (structure is time invariant) is no longer valid. The shift
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of the frequency position of the first main resonance was in range of ± 25 Hz. This light
structure variation could be accepted and the second modal assumption considered as
achieved.
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10-6

**
****
****
*
*
**

10-7
10-8

∆f

10-9
10-10
1000
Frequency [Hz]

Figure III.32: Position (*) of the first main resonance for the different FRFs of a TM
measurement. ∆f, the variation range for the position is about 50 Hz.

III.3.3.4 Powder control experiment
As mentioned in sec III.3.1.3, page 53, enhancing the target reflectivity allows to reduce the
time length of the measurements. Among the different possibilities (reflective foil attached to
the target, microsphere, metallic powder) silver powder, made by particles with a diameter of
2-3.5 µm, was chosen. The total weight added to the structure was measured to be less than
0.1 mg. Does this additional powder affect the response of the structure?
A scan of the TM was performed twice, the first time without any reflectivity enhancement
the second time after having gently blown the silver powder onto the TM. The displacement
of the umbo of the malleus (Figure III.33) showed that the added powder did not affect the
response.
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Figure III.33: Umbo displacement (left) measured without (light grey line) and with (dotted black
line) reflectivity enhancement and coherence function (right), at 90 dB SPL. The added mass did not
affect the answer. Measurement with silver powder had a better quality, especially at low frequencies.
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III.3.4 Results and discussion
III.3.4.1 Tympanic membrane vibration pattern
The vibration pattern of the TM was investigated on several specimens. Different situations
(cases) were analyzed in order to get enough information for the calibration of the
mathematical model. Measurements were performed with intact ossicular chain, intact
cochlea and open tympanic cavity (code: OM, open mastoid), with intact ossicular chain,
open cavity and drained cochlea (code: DC, drained cochlea), with open cavity, drained
cochlea and removed stapes (code: RS, removed stapes), with open cavity, drained cochlea
and removed incus (code: RI: removed incus) and finally with open cavity, drained cochlea,
removed incus and removed tensor tympani (code: RI&RT: removed incus and removed
tensor tympani). Not all the cases could be measured for all the specimens, mainly because of
the time needed to prepare the specimen and to measure it (the measurement must be
performed within 24 hours post-mortem). Measurements were performed at 9 different
specimens, Table III.14 shows what case was measured for which specimen. During the
measurements the TBs were kept moist by winding them with a wet towel and continuously
spraying them with physiologic saline solution.
TM from specimen
code
ear
sex
TB9
right
female
TB14
right
female
TB16
left
female
TB17
left
male
TB20
right
male
TB25
right
female
TB28
right
male
TB29
right
female
TB30
right
male

age
72
73
83
62
62
82
77
69
79

# of measured points for the different cases
OM
DC
RS
RI
RI&RT
172
45
103
117
81
94
124
108
101
99
99
99
99
91
100
84
97
97
97

# specimens for each case
8
4
2
2
3
Table III.14: Overview of the TBs used for the measurements at the TM. Which
specimen was used for what measurement and the measured number of points is
shown.

Figure III.34 shows the view to the TM through the metal chamber used and Figure III.35
shows a typical measurement points mesh on the TM.

M

Figure III.34: Details of the TM through
the metal chamber. The malleus is visible.

Figure III.35: Typical measurement mesh
(from TB17, DC). M: end of the microphone tube, close to the TM.
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The Umbo and the lateral process are easily identified. The bone covering the TM was gently
removed so to have a complete view, including the pars flaccida and the annular ligament.
Several points on the TM were measured. The number of measured points was chosen in
order to have the measurement scan through them performed within 20 minutes (to reach the
time invariant assumption, the maximal time length was set to 20 minutes for every single
measurement). The variation in the number of measured points is also due to the different
sizes of the measured TMs.
The TM was acoustically excited with a periodic chirp signal (sec III.3.1.4: "Acoustic
Excitation", page 54). The sound (amplitude and phase) at the TM was used as a reference
signal. The microphone tube was fixed near (1-2 mm) the TM.
The investigations were performed using modal analysis (sec III.3.2: "Methods and data
analysis", page 60). The different steps of the modal analysis are illustrated with data from
measurements performed at specimen TB28, case DC.
Modal data acquisition: the FRFs were build as the ratio of the displacement [m] over the
sound pressure [Pa], a kind of receptance (the receptance FRF is displacement over force).
The phase shift due to the velocity decoder and the microphone was corrected in the postprocessing phase. Figure III.36 shows the results of this first step: the computed FRFs of
every measured point are overlaid plotted. From the overlaid plot it was possible to get
general information on the position of the different poles, on the level of damping and on the
position of the first resonance frequency.
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Figure III.36: FRFs overlaid plot
of the measured points at the TM of
specimen TB28, case DC. The
overall shape of the FRFs and the
approximate position of the poles
are visible (the first 4). The overall
shape of the FRFs skeleton is massdominate, i.e. the FRFs tend to drift
downwards with antiresonances
occurring immediately after the
resonances.
The
measured
structure has a high level of
damping at all the frequencies,
causing the different modes not to
be clearly separated.

Frequency [Hz]

Modal parameter identification: was performed using different algorithms of the dedicated
software. Result of this second step was a modal model of the measured surface in form of
complex-valued modal frequencies, complex-valued modal vectors and residue vector. The
main problem consisted in the identification of the correct number of poles, especially
because of the high damping ratio present in the structure. The different modes were closely
spaced so that a correct identification required the use of Mode Indication Functions (MIF).
Figure III.37, next page, shows 3 plots used to identify the poles; in the upper left corner the
sum of the square of the imaginary part of all measured points (SumI), in the upper right
corner the Complex-MIF and in the lower left corner the Multivariate-MIF are shown.
Combining the information from all these 3 plots the poles were identified and showed as
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dashed vertical lines in the plots. In the lower right corner the identified poles (undamped
natural frequency, fn and damping ratio, ζ) are shown. The identified damping ratio was very
high (up to 35 %).
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Figure III.37: Plot of different functions used for the identification of the poles.

The third phase, modal data validation, is required in order to check the consistency of the
estimated parametric model. With a first procedure (comparison of the synthesized FRFs from
the modal model with the measured FRFs) the estimated number of poles, the frequency
position and damping ratio of each pole were checked. Figure III.38 shows the synthesized
FRF (black dashed line) and the measured FRF (grey solid line) for the measurement point
number 5. The synthesized FRF is a good approximation of the measured FRF, the parametric
model was correctly identified.
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Figure III.38: Synthesized (black
line) and measured (light grey
solid line) FRF for the
measurement point 5 on the TM.
TB28 case DC The dashed
vertical lines show the estimated
poles position. The reconstructed
FRF was visually "equivalent" to
the measured one. The chosen
number of poles was therefore
enough
to
mathematically
describe the structure and the
estimated pole position fn and
damping ratio ζ were correct.
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The identified modes are listed in Table III.15 (undamped natural frequency fn and damping
ratio ζ). The first 3 modes were visible in the plots of Figure III.37, previous page, and their
identification did not require too much work. The identification of the last 2 modes required
on the contrary careful analysis of the FRF for every measured point. Some of the measured
FRFs showed the typical damped resonance peak for one (or both) of the last two modes, so
that their identification was also possible. The problems in identifying the higher modes were
basically due to the combination of the high damping ratios and of the low signal level of the
FRF in the high frequencies (typically 20 dB less than at the low frequencies).
POLES
1st
2nd
3rd
4th
5th

fn [Hz]
442
819
1'327
2'474
3'553

ζ [%]
26.6
22.3
17.4
26.7
27.4

Table III.15: The 5 identified modes for TB28,
case DC.

The identified modal vectors were complex, i.e. the maximal deflection at the measured
points was reached at a different time during the oscillation period, producing a kind of
traveling wave on the TM surface. The phase angle of the different measured points took
values between 0 and 180°. This is a direct consequence of the non-proportional damping
property of the analyzed structure. In order to compare the measured modal vectors with the
computed modal vectors from the mathematical model the phase of the measured ones were
forced to be 0 or 180°, forcing thus the complex vectors to be real.
The Auto-MAC procedure was used to check the orthogonality of the identified modal
vectors. Figure III.39 shows the Auto-MAC correlation matrix for the 5 identified real forced
modal vectors.
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Figure III.39: Auto-MAC correlation matrix for the 5 identified modal vectors. TB28,
case DC.

While the lower modal vectors are totally independent the higher modal vectors show some
correlation (up to 30%). This does not however necessarily lead to the conclusion that the
identified higher modes were not independent and that they were therefore not proper modes.
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If the spatial resolution of the measurement points was not enough to capture all the fine
vibration waves of the TM a typical phenomenon may affect the modal vectors estimation:
spatial aliasing. Spatial aliasing is basically the spatial version of the aliasing phenomenon
encountered in the time signal processing. The measurement points are insufficient to
discriminate between the different modes. If spatial aliasing occurs two independent modal
vectors may be wrongly identified and show an artificial correlation. In all the investigated
specimens the higher modal vectors ( f > 2.5 kHz) showed some cross correlation.
Because of the problem in performing a clean modal analysis at high frequencies (low FRF
signal level and spatial aliasing) the modal analysis at the TM were limited up to 4.5 kHz, as
well as the periodic chirp exciting signal.
Figure III.40, next page, shows the modeshapes corresponding to the 5 identified modes. In
the upper left corner a view of the measured TM with the measurement mesh is shown. The
black thick line shows the position of the malleus. The black dashed lines shows the limit of
the pars flaccida.
The maximal displacement of the malleus was relatively small compared with the rest of the
membrane, in agreement with the catenary lever theory of the ME transformer mechanism
(sec II.2.2.1: "General Theory", page 26): "In the center of each membrane section, anterior
and posterior, the displacement is large but associated with small force, whereas at the umbo
the displacement is smaller but associated to a proportionally increase in force".
The modeshapes of the TM showed an increasing geometrical complexity with increasing
frequency:
• the first modeshape showed only one clear valley, numbered 1 in the corresponding plot,
• the second modeshape showed three clear peaks/valley, numbered 1, 2, 3 in the
corresponding plot,
• the third modeshape showed three clear peaks/valley, numbered 1, 2, 3 in the
corresponding plot and two less pronounced peaks/valley, numbered 4, 5 in the
corresponding plot,
• the fourth and fifth modeshapes showed several peaks/valley some of them not clearly
delimited, indicating that spatial aliasing had probably occurred.
The partial correlation between the fourth and fifth modes detected by the Auto-MAC
procedure was evident when confronting the modeshapes of the two modes: part of the TM
surface apparently oscillated with a similar pattern.
From the modeshape plots the most posterior part of the TM seemed to be detached from the
annulus, oscillating with a free end. This was due to the position of the measuring mesh
(upper left corner), which did not completely cover the TM at its most posterior part.
As already mentioned in sec III.3.2 ("Modal Analysis", page 60) from a linear superposition
of the identified modes (plus the residual correction for the out of band modes in the high and
low frequency regions) it is possible to reconstruct the position of the TM for every
frequency. Correctly identified modes are thus sufficient to completely describe the TM
position at every frequency within the analyzed frequency band.
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Figure III.40: Modeshapes of the different identified modes for TB28 case DC. In the upper left
corner a view of the analyzed TM with the measuring mesh (p/a: posterior/anterior, i/s:
inferior/superior). Black straight line: manubrium of the malleus, black dashed line: limit of the
pars flaccida, lp: lateral process of the malleus, u: umbo.
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Similar modeshapes were detected for the different measured cases. From case to case the
main differences consisted in the position of the resonance frequencies and the maximal
deflection amplitude. Figure III.41 and III.42 show one of the plots used to identified the
different modes, the plot of the sum of the square of the imaginary part of all measured points
(SumI) was chosen because it contains most of the information needed to identify the
different modes. The SumI of all the measured cases (OM, DC, RS, RI, RI&RT) for the same
specimen are shown. The shift of the resonances and the different maximal deflection are
easily visible. The SumI-plot of TB28 and TB30 are shown, being the only specimens for
which all the cases were measured (see Table III.14, page 79).
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Figure III.41: SumI plot
for all the measured cases
at the specimen TB28. OM
is the most intact ME (only
the tympanic cavity is
opened) and RI&RT is the
most disrupted ME (only
TM and malleus without
tensor tympani).
Draining the cochlea
shifted the main resonance
toward lower frequencies
and the highest resonance
(above 4 kHz) toward high
frequencies. The removal
of the stapes is mainly
responsible
for
the
increase in the maximal
deflection at the main
resonance.

Figure III.42: SumI plot
for all the measured cases
at the specimen TB30. OM
is the most intact ME (only
the tympanic cavity is
opened) and RI&RT is the
most disrupted ME (only
TM and malleus without
tensor tympani).
Draining the cochlea
shifted
the
main
resonances toward lower
frequencies. The removal
of the stapes is mainly
responsible
for
the
increase in the maximal
deflection at the main
resonance. Any increase of
the maximal deflection was
visible above 2 kHz.
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The differences from specimen to specimen are not easy to explain:
Why did the removal of the stapes increase the response of the high frequencies in TB28 but
not in TB30? Why did the draining of the cochlea lower the response level of the high
frequencies in TB30 but not in TB28? Why several resonances were visible in the higher
frequencies in TB30, while in TB28 only one or two were visible?
Several factors may contribute to these irregularities: differences in the specimens anatomy,
different post-mortem degenerations, not exactly identical measurement conditions
(temperature, humidity). Some general trends may however be highlighted:
• changes in the ME structure (removal of its components) mainly affect the TM behavior at
low frequencies (below 1500-2000 Hz), well in accordance with the overall shapes of the
FRFs, which is stiffness-dominated: components removal basically affect the mass of the
structure,
• the stapes, its muscle and the stapedio-vestibular joint are responsible for the high level of
damping at the main resonance (in the low frequencies),
• Draining the cochlea shifts the main resonance towards lower frequencies.
The next Tables and Figures summarize the results obtained measuring the five cases for the
different specimens. The figures show the frequency responses of the overlaid SumI of
different specimens for a specific case (OM, DC, RS, RI, RI&RT, see the number of the
measured specimens for every case in Table III.14, page 79). The following Tables show the
undamped natural frequencies, fn, and damping ratios, ζ, for the first two main poles.
10

10
SumI [m/Pa]

Case OM
8 different specimens were measured.
The plot shows the SumI frequency
responses for all the measured
specimens. The position of the main
poles shows a great variability, as
summarized in Table III.16. MV as well
minimum and maximum values are
highlighted.

10

10

10

POLES
code
TB30
TB29
TB28
TB25
TB20
TB16
TB14
TB9
MV

1st main pole
fn [Hz]
848.16
1024.5
445.44
1032.6
347.76 (min)
701.2
1293 (max)
767.07
807.47

ζ [%]
19.9
34.2
24.4
20.1
18.7
36.7
34.1
26.0
26.8

-8

SumI for case: OM

-10

-12

-14

-16

10

3

Frequency [Hz]

2nd main pole
fn [Hz]
ζ [%]
1296.1
19.7
11.5
3176.6 (max)
1192.8
21.2
2767.6
12.8
21.2
647.52 (min)
2491.8
16.2
1691.5
30.0
1896.4
17.7
1895
18.8

Table III.16: Undamped natural frequencies and damping ratio of the first two main poles for case
OM. Minimum and maximum values of fn are highlighted.
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10

10
SumI [m/Pa]

Case DC
4 different specimens were measured.
The plot shows the SumI frequency
responses for all the measured
specimens. The position of the main
poles shows a great variability, as
summarized in Table III.17. MV as well
minimum and maximum values are
highlighted.

10

10

10

POLES
code
TB30
TB28
TB25
TB17
MV

-8

-10

-12

-14

-16

10

1st main pole
fn [Hz]
449.69
442.05 (min)
1385.9 (max)
789.04
766.67

SumI for case: DC

3

Frequency [Hz]

2nd main pole
fn [Hz]
ζ [%]
1194.8
30.6
1326.6
17.4
11.0
2697.4 (max)
17.7
1134.8 (min)
1588.4
19.2

ζ [%]
38.3
26.7
20.8
14.8
25.1

Table III.17: Undamped natural frequencies and damping ratio of the first two main poles for case
DC. Minimum and maximum values of fn are highlighted.

10

10
SumI [m/Pa]

Case RS
2 different specimens were measured.
The plot shows the SumI frequency
responses for all the measured
specimens. The position of the main
poles shows a great variability, as
summarized in Table III.18. MV as well
minimum and maximum values are
highlighted.

10

10

10

POLES
code
TB30
TB28
MV

1st main pole
fn [Hz]
767.17 (max)
405.53 (min)
586.35

ζ [%]
16.0
31.5
16.8

-8

SumI for case: RS

-10

-12

-14

-16

10

3

Frequency [Hz]

2nd main pole
fn [Hz]
ζ [%]
11.1
1842 (max)
36.7
1267.3 (min)
1554.7
23.9

Table III.18: Undamped natural frequencies and damping ratio of the first two main poles for case
RS. Minimum and maximum values of fn are highlighted.
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Case RI
2 different specimens were measured.
The plot shows the SumI frequency
responses for all the measured
specimens. The position of the main
poles shows a great variability, as
summarized in Table III.19. MV as well
minimum and maximum values are
highlighted.
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10

10

10

POLES
code
TB30
TB28
MV

SumI for case: RI

-8

-10

-12

-14

-16

10

1st main pole
fn [Hz]
702.15 (max)
449.3 (min)
586.35

3

Frequency [Hz]

2nd main pole
fn [Hz]
ζ [%]
15.0
2008.9 (max)
19.3
1249.5 (min)
1554.7
23.9

ζ [%]
13.1
20.4
16.8

Table III.19: Undamped natural frequencies and damping ratio of the first two main poles for case
RI. Minimum and maximum values of fn are highlighted.

10

10
SumI [m/Pa]

Case RI&RT
2 different specimens were measured.
The plot shows the SumI frequency
responses for all the measured
specimens. The position of the main
poles shows a great variability, as
summarized in Table III.20. MV as well
minimum and maximum values are
highlighted.

10

10

10

POLES
code
TB30
TB28
TB16
MV

1st main pole
fn [Hz]
574.07 (max)
467.1
344.86 (min)
462.01

ζ [%]
11.3
17.2
21.1
16.5

-8

SumI for case: RI&RT

-10

-12

-14

-16

10

3

Frequency [Hz]

2nd main pole
fn [Hz]
ζ [%]
16.1
1909.4 (max)
1313.1
16.9
11.3
2455.6 (min)
1892.7
14.7

Table III.20: Undamped natural frequencies and damping ratio of the first two main poles for case
RI&RT. Minimum and maximum values of fn are highlighted.
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III.3.4.2 Incudo-malleal joint mobility
Measurements of the IM-joint mobility were performed at 3 specimens as illustrated in
Table III.21. The TM was acoustically excited with a multisinus signal and the surface of the
IM-joint was measured. All the 3 measurements were performed with intact cochlea and open
tympanic cavity. Opening the cavity was required in order to get access to the joint surface as
described in sec III.3.1.3, "Temporal bone preparation", page 53. Measurements were
performed with 3 different sound intensities: 80, 90, 100 dB SPL. Technical problems with
the loudspeaker prevented measurements at the lower sound intensities (80 and 90 dB SPL)
for specimen TB4.
IM-joint from specimen
excitation in [dB SPL]
code
ear
sex
age
80
90
100
TB3
left
male
70
X
X
X
TB4
right
male
74
X
TB5
right
male
77
X
X
X
Table III.21: Overview of the TBs used for the measurement at
the IM-joint surface.

Measurements at 100 dB SPL were performed because at lower sound levels the
backscattered laser light was rarely sufficient (coherence value less than 0.8). It must be noted
that since the measurements were performed near to the rotation axis of the malleus-incus
complex the velocities of the different measured points were extremely small (with excitation
at 80 dB, the average displacement of the surface above 3 kHz was less than 500 pm). The
displacements of several points on the IM-joint surface were measured.
3D animation:
The 3D-animation of the measured surface showed a slippage between the incus and the
malleus. Figure III.43 shows the measured surface of the TB3 at six different phase angles in
the oscillating period, the slippage is clearly visible.
phase angle: 300°

phase angle: 0°

M

I

M

phase angle: 60°

I

I

M
60°

20 [nm]

120°

10

180°

0

0°
240°

300°

-10
-20

I

M

phase angle: 240°

I

phase angle: 180°

I
M

M
phase angle: 120°

Figure III.43: TB3 excited with a sinus signal at 2000 Hz and at 100 dB. The measured surface
covers part of the incus (I), the IM-joint (white dotted line) and part of the head of the malleus (M).
The relative position of the incus and the malleus is shown at 6 different phase angles during one
oscillation period. The slippage between the two ossicles is evident. The displacements are color
scaled.
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The slippage was present in all the measured specimens, at all sound intensities and for all the
measured frequencies. At frequencies below 2000 Hz it was however scarcely visible and
became evident at frequencies above 3000 Hz. (Figures III.44, III.45, III.46, next page).The
3D animation data shown in these pages were neither filtered nor interpolated.

TB3

M

M

I

I

500 Hz

I

M

I
3000 Hz

M

8000 Hz

Figure III.44: TB3: 3D-surfaces indicating the displacement measured at 3 different frequencies
(500 Hz, 3000 Hz, 8000 Hz) and with an excitation of 100 dB SPL. Two regions are visible (light and
dark grey): they correspond to the part of the incus (I) and of the malleus (M) being measured. The
white lines indicate the joint position.

TB4
M

M

I

I
500 Hz

I

M

3000 Hz

I

M
8000 Hz

Figure III.45: TB4: 3D-surfaces indicating the displacement measured at 3 different frequencies
(500 Hz, 3000 Hz, 8000 Hz) and with an excitation of 100 dB SPL. Two regions are visible (light and
dark grey): they correspond to the part of the incus (I) and of the malleus (M) being measured. The
white lines indicate the joint position.
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TB5

M

M
I

I

500 Hz

M
I

M
I

3000 Hz

8000 Hz

Figure III.46: TB5: 3D-surfaces indicating the displacement measured at 3 different frequencies
(500 Hz, 3000 Hz, 8000 Hz) and with an excitation of 100 dB SPL. Two regions are visible (light and
dark grey): they correspond to the part of the incus (I) and of the malleus (M) being measured. The
white lines indicate the joint position.

The three previous figures show the measured surface on the incus-malleus complex at three
different frequencies (500 Hz, 3000 Hz, 8000 Hz) and with an excitation of 100 dB SPL. The
slippage between the incus and the malleus is visible in all situations. In the upper left corner
a picture shows the measuring area over the joint with the measured points. The incus and the
malleus surfaces have different colors (light and dark grey) indicating that their relative
displacement is different, a consequence of the slippage in the joint.
Phasors method
The phasors method was used to verify the conclusion based on the 3D-animation plot.
Figure III.48 and III.49, next page, show in the Gaussian plane the velocities values of a
series of points lying on a straight line over the IM-joint (Figure III.47). Only the phasors for
the TB4 excited with 100 dB are shown, qualitatively they were however similar to the other
cases (lower sound levels and different specimens).The phasors for the 500, 1000, 2000, 5000
and 7000 Hz are shown.

TB4
M

Figure III.47: Series of points over the incusmalleus complex used for the analysis with the
phasor. The data shown here are from the TB4.
The point lies on a straight line, as required for
the phasors method.

I

As already mentioned all the phasors from a specific frequency should lie on straight line in
the case of a rigid joint. The phasors for a specific frequency never lay on a single straight
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line. They lay on two separated straight lines, which corresponded to the incus and the
malleus. It was therefore confirmed that the incus-malleus complex did not act as a rigid body
and that the joint was not rigid. Two plots are shown for five different frequency values. The
lines connecting all the phasors for a specific frequency are in light grey, in black (continuous
or dashed lines) are the trend lines (linear fit) for the set of points corresponding to the incus
and the malleus.
TB4
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Figure III.48: Phasors analysis for TB4 excited with 100 dB at 3 different frequencies (500, 1000, and
2000 Hz). The 3 series of points are visible. As expected the points for a specific frequency did not lie
on a straight line.
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Figure III.49: Phasors analysis for TB4 excited with 100 dB at 2 different frequencies
(5000, 7000 Hz). The 2 series of points are visible. As expected the points for a specific frequency did
not lie on a straight line.
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III.3.4.3 Isolated ossicles: eigen resonance
Measurements of the dynamic behavior of the isolated ossicles were performed at 3 malleus,
5 incus and 5 stapes from 7 different fresh TBs (Table III.22). The ossicles were measured
within 48 hours post mortem. After extraction from fresh TB the ossicles were preserved in
saline solution (0.9%) at 5°C temperature to avoid drying effects.
ossicles from specimen
ossicles type
code
ear
sex
age malleus incus stapes
TB23
left
female 70
X
TB24
right
male
76
X
X
X
TB25
right
female 82
X
X
TB26
right
male
52
X
X
TB27
right
female 72
X
TB28
right
male
77
X
X
X
Table III.22: Overview of the TBs used for the measurement at
the isolated ossicles: malleus, incus, stapes.

During the measurement the ossicles were kept moist and at 36°C temperature, by placing
them in a warm humid air flow, produced by a dedicated climate device (Figure III.50).The
ossicles were mechanically stimulated as described in sec III.3.1.6, "Mechanical Excitation",
page 57. As a reference signal the metal tip displacement was used. The displacements of a
series of points lying on the ossicles surface were measured with the SLDV
(Figures III.51-III.53).

Figure III.50: Incus placed in the warm
humid air flow from the climate device.

Figure III.51: Mesh of points used for
the dynamic measurements of the incus.

Figure III.52: Mesh of points used for the
dynamic measurements of the malleus.

Figure III.53: Mesh of points used for
the dynamic measurements of the stapes.
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The dynamic behavior of the isolated ossicles was investigated by means of modal analysis
(sec III.3.2: "Methods and data analysis", page 60). The different steps of the modal analysis
are illustrated with data from measurements performed at the incus of the specimen TB28.
The data are qualitatively similar to the measurements performed at the other isolated
ossicles.
Modal data acquisition: the FRFs were built as the ratio of the ossicles displacements over
the metal tip displacement of the exciter. The phase shift due to the velocity decoder was
corrected in the post-processing phase. Figure III.54 shows the results of this first step: the
computed FRFs of every measured point are plotted overlaid. From the overlaid plot it is
possible to get general information on the position of the different poles, on the level of
damping and on the position of the first resonance frequency.
TB28 incus: FRFs overlaid

2

10

1

10

0

10

-1

10

-2
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4
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10

10

Frequency [Hz]

Figure III.54: FRFs overlaid plot of the
measured points at the incus of specimen
TB28. The general shape of the FRFs and
the approximate position of the poles are
visible. The overall shape of the FRFs
skeleton is stiffness-dominated and has
clearly a different overall shape from the
one of the tymapnic membrane. Note that
because of the particular reference signal
(not the exciting force but the exciting
displacement) the FRFs value at low
freqeuncies is not 1/k (as it should be for
real FRFs) but is near 1.

Modal parameter identification: is performed using different algorithms of the dedicated
software. Result of this second step is a modal model of the measured surface in form of
complex-valued modal frequencies, complex-valued modal vectors and residue vector. The
main problem consisted in the identification of the correct number of poles. The third phase,
modal data validation, was therefore required in order to check the consistency of the
estimated parametric model. With a first procedure (comparison of the synthesized FRFs from
the modal model with the measured FRFs) the estimated poles number, the frequency
positions and damping ratios of each pole was checked. Figure III.55 shows the synthesized
FRF (black dashed line) and the measured FRF (grey solid line) for the measurement point
number 11. The synthesized FRF was a good approximation of the measured FRF, the
parametric model was thus correctly identified.
2

Phase [deg]

Amplitude [m/m]

10

TB28 incus: FRF of measurement points nr. 11

1

10
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10
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-200
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Frequency [Hz]

Figure III.55: Synthesized (black
dashed line) and measured (light
grey solid line) FRF for the
measurement point 11 on the incus
of specimen TB28 (upper right
corner). The dashed vertical lines
show the estimated pole position, fn.
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Some poles were identified within the hearing frequency range (f<16 kHz). The bending of
the structure at these frequencies was analyzed by means of 3D animation. Figure III.56
shows the 3D view of the measurement surface corresponding to the frequencies 1.092 kHz.
No structural bending was observable. The stapes rotated around the fixation point at the
exciter. The detected resonances were therefore due to the non-optimal fixation of the incus at
the exciter and were not due to structural bending of the incus. Real structural bending began
at 35.01 kHz (Figure III.57).

10.92 kHz 3.55 %

1.092e+004 Hz 3.55 %
E

Figure III.56: 3D view of the measured surface (TB28, incus). The surface did not show any bending.
The stapes moved around the fixation point at the exciter (E). Upper left corner: the same structure
from a different point of view. The undeformed structure is black dashed.

35.01 kHz 1.62 %

3.501e+004 Hz 1.62 %

Figure III.57: 3D view of the measured surface (TB28, incus). The surface clearly show structural
bending. pper left corner: the same structure from a different point of view. The undeformed structure
is black dashed.
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Table III.23 shows the first frequency at which structural bending appeared for all the
measured ossicles. No structural bending was detected in the hearing frequency field.
1st POLE
malleus
incus
stapes
fn [kHz]
fn [kHz]
fn [kHz]
code
TB23
31.812
TB24
34.833
36.952
31.919
TB25
24.163
35.474
TB26
35.350
35.255
TB27
42.716
TB28
25.747
35.009
48.765
Table III.23: First undamped natural frequency, fn, for
every single ossicle.

III.3.4.4 Stapes movement
Investigations of the stapes footplate movement were performed at 5 specimens as illustrated
in Table III.24. The TM was acoustically excited with a multisinus signal (sec III.3.1.4:
"Acoustic Excitation", page 54) and the medial part of the stapes footplate was measured.
Measurements were performed with different levels of excitation (step of 5 dB). Because of
technical problems the measurements of TB17 were performed with a multisinus signal
starting at 300 Hz (instead of 200 Hz) and the measurements of TB3 were performed with a
multisinus signal starting at 500 Hz (instead of 200 Hz) and ending at 8000 Hz (instead of
10000 Hz). All the measurements were performed with open tympanic cavity and with
drained cochlea. The cochlea had to be removed in order to get access to the medial part of
the footplate. Investigation of the stapes movement with intact cochlea could not be
performed because of technical difficulties in identifying the position of the measurement
points relative to the main axis of the stapes footplate. Furthermore the lateral part of the
stapes footplate is often covered with mucosal tissue, which is only partially removable. This
soft tissue drastically affects the measurement quality. Finally the integrity of the cochlea
need to be carefully investigated: does the extraction of the TB from human cadaver affect the
fluid-filled cochlea, changing its pressure? Do the rapid post-mortem changes modify the
cochlea so that its load toward the ME also changes? All these questions and technical
problems are probably solvable, they however require resources and time, which are well
outside the scope of this work.
ossicles from specimen
code
ear
sex
age
TB3
left
female 70
TB17
left
male
62
TB25
right
female 82
TB26
right
male
52
TB30
right
male
79
Table III.24: Overview of the TBs
movement.

70
X
X
used

sound intensity in [dB SPL]
75 80 85 90 95 100
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
for the measurement of the stapes

As a reference signal the sound (amplitude and phase) at the TM was used. The measurements
and analysis of the data were performed as indicated in sec III.3.2.2, "Rigid body dynamics",
page 69.
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The results of the system of equation (3.2-22), page 71, were the three velocity components:
the z-translation velocity, in µm/s and the two x- and y-rotation velocity, in rad/s. In order to
have comparable values the translation components (tangential velocities) due to the
rotational velocities were computed for two extremal points on the stapes footplate
(Figure III.58).
Extremal points
ry
rx

Z
r
v ωy

vz
rx

r
ωy

r
r
v ωy = rx ⋅ ω y

ωx
r
r
v ωx = ry ⋅ ω x

X

r
v ωy

r
v ωx

ωy
Y

Figure III.58: For comparison purpose the rotation components were transformed in translation
velocities (tangential velocities) at specific points (extremal points). In the upper right corner the
position of the extremal points with respect to the stapes footplate is shown, they lay on the two main
(rotation) axes.

Note that the rx values are approximately the double of the ry values. The ωy-velocity would
be therefore "amplified" with respect to the ωx-velocity.
The details are shown only for one representative specimen, TB25, and the final results are
summarized for all the measured specimens. Figures III.59-III.61, next page, show the 3
computed velocity components for all the measurements performed at TB25 at different
sound levels.
The linearity assumption being achieved, the amplitude curves for the different sound
intensities should have equal frequency response characteristics. The frequency response for
the different excitation levels had very similar characteristics, indicating that the solution of
the overdetermined system of equations (3.2-22), page 71, was basically correct. Note that for
every single excitation level the points used to solve the system of equations were different,
the solutions show nevertheless very similar frequency response characteristics. Small
irregularities were present in the frequency responses for the rotational velocities at low sound
intensities. At these intensities the quality (coherence) of the measured data was generally so
poor, that even computing the solution of the overdetermined system using data from many
points was not sufficient to get a correct solution, i.e. the poor quality of the measurement
could not be completely compensated.
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Figure III.59: TB25: translational velocity component (vt) of the stapes measured at different sound
levels of excitation. The frequency response characteristic did not change indicating that the
decomposition process was successfully executed.
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Figure III.60: TB25: X-rotational velocity component (vωx) of the stapes measured at different sound
levels of excitation. Small changes in the frequency response characteristic at low sound levels
indicated that the poor quality of the measured data partially affected the decomposition process.
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Figure III.61: TB25: Y-rotational velocity component (vωy) of the stapes measured at different sound
level excitation. The frequency response characteristics did not change indicating that the
decomposition process was successfully executed.
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Figure III.62: TB25: Convergence-lines for the translational velocity Vt: the velocity was stable
independent from the number of points used. Measurement performed at 75 dB SPL.
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Figure III.63: TB25: Convergence-lines for the rotational velocity Vωx. The velocity became stable
when using more than 6 points. In the upper frequency range (f >3 Hz) stability was not achieved for
all frequencies. Measurement performed at 75 dB SPL.
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Figure III.64: TB25: Convergence-lines for the rotational velocity Vωy. The velocity became stable
when using more than 5 points. Measurement performed at 75 dB SPL.
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Figures III.62-III.64, previous page, show the convergence lines for the different analyzed
frequencies as a function of the number of measurement points used for solving the system,
when exciting the TM with 75 dB SPL.
Every single line represents the convergence for a specific frequency (which line belongs to
which frequency is here not relevant). In order to preserve clearness the convergence-lines for
the frequencies below 3 kHz are shown in a separate plot. The solution for the translation
velocity was extreme stable already with only 3 points. Adding information from more
measurement points did not change the values of the translational velocity.
The convergence lines for the 2 rotational velocities around the two main axes of the stapes
footplate indicated that data from more than 3 measurement points were required in order to
get a stable solution, data from at least 9 measurement point were needed. A stable solution
could however not always be achieved (for the rotational velocity around the X-axis). The
information from the convergence-lines confirmed thus the presence of slight irregularities in
the frequency response characteristic when exciting the TM with 75 dB SPL. Similar
irregularities were present in all the measured specimens at low sound levels.
The quality of the velocity decomposition was checked by comparing the amplitudes of the
measured velocities (vm) at some particular points with their velocities, vr, reconstructed from
the three computed velocity components ( v r = v tz + ω x ⋅ ry − ω y ⋅ rx ). Figure III.65 shows the
three points used for TB25.

P. 28
P. 34

Figure III.65: Position of the three
points used to check the quality of
the velocity decomposition. The
ellipse was used to approximate the
stapes footplate. The ellipses axes
were chosen as the rotation axes for
the stapes footplate. Data from
TB25.

P. 61

The reconstructed velocities were mainly within a ± 5% range for the measurement performed
with the excitation level greater than 80 dB; for some isolated frequencies the differences
were up to ± 40%. For measurements performed with lower excitation levels the variation
range was ± 10%, for some frequencies it was up to ± 40%. Table III.25, next page, shows
the reconstructed (vr) and measured (vm) values for the three points at some frequencies, the
differences are given in percentage as well as in dB. The excitation was 80 dB SPL. The error
between measured velocities and reconstructed was generally within the ± 5% range.
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freq.
[Hz]

vr
[µm/s]
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point nr. 28
vm
∆
[µm/s]

[dB] %

vr
[µm/s]

point nr. 34
vm
∆
[µm/s]

[dB] %

vr
[µm/s]

point nr. 61
vm
∆
[µm/s]

[dB] %

200
2.3
2.8
1 15.9
3.1
2.5
-1 -27.1
2.8
2.0
-1 -37.7
500
7.6
7.6
0 -0.3
9.5
9.6
0
0.9
8.3
7.8
0
-6.4
1000
24.0
24.8
0
3.3
30.5
30.9
0
1.4
25.8
25.9
0
0.3
2000
19.4
19.6
0
1.2
27.7
28.1
0
1.3
23.1
23.1
0
0.0
2200
18.1
18.6
0
2.5
24.9
25.8
0
3.6
21.4
21.5
0
0.7
3000
17.4
16.7
0 -4.4
21.9
21.4
0
-2.5
20.6
19.6
0
-5.2
4000
10.1
10.2
0
1.6
8.3
8.7
0
4.7
8.0
8.4
0
4.2
5000
19.2
19.1
0 -0.3
17.0
18.3
0
7.3
16.7
16.4
0
-2.3
7000
7.9
7.6
0 -4.3
5.1
6.4
1
5.1
5.0
0
-1.7
20.0
9000
7.3
7.0
0 -4.1
5.0
6.2
1
4.7
4.2
0
-9.7
19.1
10000
7.2
7.2
0
0.8
5.8
6.0
0
2.6
5.2
4.8
0
-6.5
Table III.25: Comparison between the reconstructed velocities (vr)s of three points (Nr. 28, 34, 61) and
the measured velocities (vm) at these points, excitation level: 80 dB. Only the velocities for 200, 7000
and 9000 Hz showed differences greater than 10 %. The differences in dB were never greater than 1
dB. These data confirm the precision of the velocity decomposition.

Figures III.66-III.68, next page, show the final results for all the measured specimens. The
data presented are from measurements performed with excitation at 90 dB SPL (to avoid the
small irregularities present in measurements at low intensities). Although the multisinus
signal used should have a constant intensity level at all the frequencies, at some frequencies it
was slightly different (± 3 dB). The measured data were thus scaled for an exact excitation at
90 dB prior to use them for solving the system of equations. Again in order to have
comparable values the translation components (tangential velocities) due to the two rotational
velocities were computed for two extremal points on the stapes footplate.
The velocities from the different specimens showed a similar frequency response
characteristic, although the absolute values were in some cases different (up to 20 dB).
Assuming that the measuring setup and procedures did not affect the results, a possible
explanation for these differences could be found in the interindividual differences.
Measurements were performed at ears from cadavers of different ages (from 52 to 80 years),
the mobility of the ossicle chain was manually checked by palpation to exclude any fixation
and the integrity of the ME space was visually checked. Slight fixation may however not be
excluded as well as stiffer ligaments or stiffer TM. It must be also pointed out that normal
hearing shows a wide range of variability in the hearing threshold. A non conventional
classification is used to describe this phenomenon, indicating the "bad"-normal ear as "tin" ear
and the "optimal"-normal ear as "gold" ear. The variability between tin and gold ears may be
as high as 10-15 dB [31].
The frequency response for all the 3 velocity components had the typical shape of a simple
resonant system with a main peak at about 1000 Hz and two low- and high-frequency slopes.
While the frequency response characteristics for the 3 velocity components were similar, the
absolute values of the two rotational velocities were about 15 dB smaller than the translational
velocity.
The frequency response characteristics of the corresponding phases were quite similar,
relatively flat up till 700 Hz and then decreasing with a slope of about -90°/octave. However
the absolute position showed phase differences of 180° between specimens.
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Translational velocity Vt, 90 dB SPL
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Figure III.66: Translational velocity, Vt, from all the measured specimens for 90 dB SPL excitation.
The heavy black line shows the mean value.

Rotational velocity Vωx, 90 dB SPL
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Figure III.67: Rotational velocity, Vωx, from all the measured specimens for 90 dB SPL excitation.
The heavy black line shows the mean value.
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Figure III.68: Rotational velocity, Vωy, from all the measured specimens for 90 dB SPL excitation. The
heavy black line shows the mean value.
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Two absolute positions may be roughly identified: one with approximately +90° and the other
with approximately -90° at 200 Hz. For the specimens TB25, TB26 and TB30 Vt and Vωx are
in phase and Vωy is shifted of about 180°. For the specimens TB3 and TB17 the 3 velocities
are in phase.
Figure III.69 shows the 3 MVs for the 3 velocity components, which describe the movement
of the stapes footplate. The two rotational velocities were transformed into translational
components for the chosen extremal points. Vt was the dominant velocity, being generally
about 15 dB higher than the two rotational velocites. The general shape of the frequency
response was that of a heavily damped simple resonant with the main peak at about 900 Hz,
and with an increasing low-frequency slope (+6 dB/octave) and a decreasing high-frequency
slope (-7.6 dB/octave). Above 2 kHz the decreasing slope for Vωy changed to -5.8 dB/octave.
Because of its less decreasing slope the difference between Vt and Vωy at 10 kHz was reduced
to 8 dB. In the high frequencies the dominant velocity still remains Vt, altough the rotational
velocity around the short footplate axis became more important.
stapes velocities at 90 dB SPL
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Figure III.69: Mean values of the 3 velocity-components describing the
movement of the stapes footplate for 90 dB SPL excitation. Comment in text.

Because of the differences in the absolute position of the phase frequency responses the phase
values were normalized to be 0 at 1000 Hz and afterwards the MVs were computed. The
normalized characteristics are therefore shown in the upper figure. The phase characteristics
of Vt and Vωx are very similar showing a light change in the decreasing slope in
correspondence of the main peak. The phase of Vωy had a similar shape but higher decreasing
slope above 3 kHz.
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III.3.5 Conclusion
III.3.5.1 Tympanic membrane vibration pattern
The results of the modal analysis performed at the TM show great variability from specimen
to specimen, particularly in the position of the main poles and also in the level of the esponse.
However some common characteristics exist:
1. The overall shape of the FRFs skeleton is stiffness-dominated.
2. High damping ratios (in some cases up to 30%) at all frequencies prevent very large
deflection amplitudes at the resonance frequencies. As a consequence, the frequency
response of the ME to an acoustic excitation is smoothed and without very large
amplitude differences between resonance and antiresonance.
3. Because of the high damping ratio the different modes are not well separated in the
FRFs so that particular care had to be taken for the identification procedure.
4. The modal vectors are complex modal vectors, which result in traveling waves on the
TM surface.
5. At frequencies above 4.5 kHz the low level of the FRFs and the high damping ratios
do not allow the detection of the higher modes, moreover spatial aliasing would affect
the identification of the modal vectors.
6. The modeshapes are similar for all the measured specimens. The vibration pattern of
the TM is simple at low frequencies, its geometrical complexity proportionally
increases with the increase of the frequency.
7. Changes in the ME (incrementally disruption of the ossicle chain) mainly affect the
TM behavior at low frequencies (below 1500-2000 Hz).
8. Draining the cochlea does not have a great effect on the vibration pattern of the TM
(the main pole is just slightly shifted towards lower frequencies).
The high level of damping present in the TM-ME complex limits the ability of the modal
analysis algorithms to provide accurate results across the entire spectrum. The identification
of the modal parameters is possible only in the lower part of the hearing frequency band
(below 4.5 kHz) and even here the heavily damped modes are hardly identified.

III.3.5.2 Incudo-malleal joint mobility
The measurements performed at the 3 specimens clearly show that the IM-joint may not be
assumed to be rigid. The collected data are not sufficient to exactly describe what happens in
the articulation and it may not be excluded that in some ears the joint may be rigid. In a study
performed on the joint mobility in our lab by Willi et al. [82], the mobility of the joint was
carefully investigated. Several specimens were used and it was stated that " The IM-joint is
mobile at moderate SPLs (75-90 dB)".

III.3.5.3 Isolated ossicles
The measurements performed at the isolated ossicles clearly show that the ossicles act as a
rigid body within the hearing frequency range. There is any energy loss due to bending of the
ossicles. The first resonance frequencies for the measured ossicles are summarized in
Table III.26, next page. The statement made in the cited publication [12], can be therefore
extended as follows: "the ossicles can be treated as rigid bodies in the whole hearing
frequency range."
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1st POLE
malleus
incus
stapes
fn [kHz]
fn [kHz]
fn [kHz]
code
TB23
31.812
TB24
34.833
36.952
31.919
TB25
24.163
35.474
TB26
35.350
35.255
TB27
42.716
TB28
25.747
35.009
48.765
Table III.26: First undamped natural frequency, fn, for
every single ossicle.

III.3.5.4 Stapes movement
The movement of the stapes footplate in case of removed cochlea was carefully investigated.
The three velocities that completely describe the state of motion of the stapes were identified
and quantitatively described. It is confirmed that the translational movement along the
medial-lateral axis is the dominating one. In the high frequencies (above 2 kHz) the rotation
around the short axis of the stapes footplate becomes however more important. This may be a
consequence of the complex vibration pattern of the TM which probably introduces some
longitudinal rotation movement at the manubrium of the malleus so that not only translation
movements are passed to the stapes. This hypothesis must be confirmed by further
investigations of the stapes movement with drained and intact cochleae.
Figure III.70 shows the three velocity components. The rotational components have been
transformed in tangential velocities at specific points (extremal points) in order to compare
them with the translation velocity.
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Figure III.70: Mean values of the 3 velocity components describing the
movement of the stapes footplate. Comment in text.
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III.3.5.5 Middle ear physiology
From the results of the different measurements some consideration can be made regarding the
general theory of the ME physiology (sec II.2.2.1, "General theory", page 26).
Catenary lever
Measurements at the TM confirm that the displacement of the manubrium of the malleus are
smaller than the displacement of the two posterior and anterior parts of the TM. It is therefore
likely that amplification of the force acting at the manubrium at cost of its displacement
happens. Figure III.71 shows a cross section of the TM at umbo level, with a 90 dB SPL
stimulus. In order to consider the resonances of the tympanic cavity the measurement was
performed with intact cavity and intact cochlea. The displacements of the membrane are
obviously larger than the umbo displacement, as expected.
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Figure III.71: Displacements of the TM, cross section through the umbo (left picture, dashed white
line). p/a: posterior/anterior, lp: lateral process, u: umbo. The displacement at 4 different frequencies
are shown. The displacements at the posterior and anterior part are larger than at the manubrium.
Measurement performed with intact tympanic cavity and intact cochlea at 90 dB SPL stimulus.

Ossicular lever
The ossicular lever theory requires the IM-joint to be rigid. Measurements performed at the
joint itself show that the joint is not rigid. It is therefore likely that some of the energy
entering the ME is dissipated in internal friction in the joint itself. The ossicular lever should
thus at least be corrected in order to consider the joint mobility.
Hydraulic lever
The results of the modal analysis show that the TM does not move like a piston, even in the
low frequencies. The hydraulic lever theory must therefore be reviewed.
Does it make sense to introduce the concept of an "effective area" to adapt the vibration
pattern of the TM to a "virtual" piston movement, even if the piston movement never appears?
The size of the TM is of course relevant for the energy entering the ME, but does it relates to
the stapes footplate size following the hydraulic lever theory?

"The great majority of persons, who practise
speaking before they have acquired the habit of
listening."
Plutarch

IV

CONSTRUCTING THE MATHEMATICAL MODEL

IV.1

Overview

As mentioned in the chap I, "Introduction", the choice of the mathematical model is crucial.
Only the information considered in the mathematical model will be reflected in the FEMsolution. The predicted response strictly depends on the assumptions made in the
mathematical model. Some general characteristics of the mathematical model, as summarized
in chapter I, are:
dimension:
type:
frequency:
sound Level:
solving method:

3D-model
dynamical model
up to 10 kHz
up to 90 dB SPL
Finite Element Method

Table IV.1: Characteristics
mechanical model.

of

the

analog

The study on the anatomy and the physiology of the ME reported in the previous chapter
highlighted some other characteristics that must be considered in the mathematical model.
These informations are listed in the next chapter "Guidelines for modeling".
The collected information describes and delimits the physical problem that must be modeled.
The construction of a mathematical model must consider the four following fields:
1. Geometry: the geometry of the ME structures must be described in the model. The
description should contain all the relevant geometrical particularities, which may
affect the model behavior.
2. Material properties: the material properties contain information on the internal
constitution of the different structures. These material properties are specified by
constitutive equations, which describe the physical properties of a material. It is
obvious that the physical properties of biological materials can only be approximately
described by these constitutive equations.
3. Boundary conditions: the influences of the surrounding environment are described by
the boundary conditions. These boundary conditions describe the relationships
between the model at its boundaries and the environment and are described by
different physical quantities (displacement, temperature, ....).
4. Loads: the loads describes the changes of the physical quantities, which interact at the
model boundaries in different form (point, line or superficial).
The mathematical model is constructed using the previously mentioned SDT (sec III.3.1.8,
"Analysis software", page 59), which enhances the MATLAB® capabilities. "The general

IV - Constructing The Mathematical Model

108

purpose FEM environment of the SDT is now developed as part of the OpenFEM library,
which provides elements (beam, shells, volumes, ...), matrix and load assembly tools, stress
computations. The open specification of data structures and element function services allows
integration of user developments in the pre-/post-processors and solution methods. The SDT
provides optimized solutions for static response to loading cases, partial eigenvalue solutions,
model reduction (Guyan, Craig-Bampton and MacNeal...) for Component Mode Synthesis or
state-space model generation, creation of state-space models for easy incorporation in the
Control Toolbox or SIMULINK® and computation of frequency response functions" [9].

IV.2

Guidelines for the modeling

The anatomical and physiological study described in detail in the previous chapters (literature
study and own study on ME specimens) provided useful information for the mathematical
modeling of the ME structures. From a conceptional viewpoint the process of building a
mathematical model can be subdivided into the following four phases:
1. sampling of the geometry,
2. material description,
3. boundary conditions description,
4. loads.
From all the collected information the following guidelines for the modeling have been
derived.

IV.2.1

Sampling of the geometry

IV.2.1.1 three dimensional distribution
The ME structures are distributed in the whole mesotympanum with complex positional
relationships. The ME (TM, ossicles, ligaments, joints and muscles) should be kept intact
during the digitizing process in order to keep all the relative positions unaltered. Digitizing
the different structures one by one, although easier, would lead to the more difficult problem
of repositioning them once digitized. Furthermore the soft tissues would not be digitizable as
single structures, introducing the difficult process to recreating them artificially.

IV.2.1.2 Level of details
The ME structures are very fine and full of small details. Some of them, being not relevant for
the sound conduction, can be simplified or even ignored while others must be present in the
model. Special care must be given to the modeling of the IM-joint since the measured
mobility of the IM-joint prevent the malleus-incus complex to be modeled as a unique rigid
body. Moreover the thin structures of the IS-joint and of the stapedio-vestibular joint require
particular attention. Special care must also be given to the fine attachment of the TM to the
manubrium of the malleus. Its various form of attachment must also be considered. The TM
must be firmly attached to the umbo and the lateral process, while along the rest of the
manubrium the attachment should be looser.
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IV.2.1.3 Resolution
The TM has a minimal thickness of 50 µm, the IM-joint space in some cases less than 50 µm
(on average 150 µm) and the stapedio-vestibular joint space has an average thickness of
80 µm. The digitizing resolution should therefore be enough to get these structures with a
sufficient degree of accuracy.

IV.2.2

Material description

IV.2.2.1 Ossicles
The ME ossicles behave as a rigid body in the whole audible frequency range, showing the
typical resonance bending above 25 kHz. The material description of the ossicles can
therefore be extremely simplified and all the internal structures of the ossicles (internal cavity,
bloody vessels, Haversian system) responsible for the anisotropic mechanical properties do
not have to be modeled.

IV.2.2.2 Tympanic membrane
The TM has a complex fibers arrangement which causes the mechanical properties to be
anisotropic. The distribution of these fibers is reflected in the elastic properties of the TM,
producing a high degree of anisotropy.

IV.2.2.3 Damping
The ME response to an acoustic excitation is heavily damped. This high damping ratio
prevents very large deflection amplitudes at the resonance frequencies, producing a smoothed
frequency response. Damping should be therefore considered in the model.

IV.2.3

Boundary conditions

IV.2.3.1 Tympanic membrane
The TM is attached to the sulcus into the bony tympanic ring through the annular ligament.
The displacement of the TM at the ring is zero. The annular ligament itself is supposed to
have a small effect on the eardrum behavior.

IV.2.3.2 Ossicles
The Ossicles are free to move in any direction and are kept in their position by the ligaments
(attached to the bony walls of the tympanic cavity), by tendons and by the joint connecting
the different ossicles. The ligaments have zero displacement at the points connected to the
walls.

IV.2.3.3 Muscles
The ME muscles (m. tensor tympani and m. stapedius) are not active in the considered
pressure level range. The tendons connecting them to the malleus and the stapes may be
assumed thus to behave in a similar manner as the other ME ligaments.
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IV.3

Geometry

IV.3.1

How to digitize the middle ear structures?

In order to import geometrical data into the mathematical model the volumes of the different
ME structures should be firstly digitized. For the digitizing process the following three points
should be considered:
1. 3D data are required,
2. the minimal resolution should be about 50x50x50 µm3,
3. the ME structures can not be separated prior to be digitized.
Among the different techniques tested (clinical MRI, histological preparation and µCT) the
µCT technique was chosen mainly because of its minimal resolution which was lower than
the required 50x50x50 µm3. The device used was a µCT 40 (µCT 40, SCANCO Medical AG,
Auenring 6-8, 8303 Bassersdorf, Switzerland) with a very fine resolution (down to 20 µm)
even for large specimen size (36 mm diameter and 8 cm lenght), which allowed to scan the
whole ME in a single specimen. The resolution used was of 36x36x36 µm3, enough to see all
the required details.

IV.3.2

Problems and solutions

The main problem encountered using the µCT technique was due to high x-ray absorption of
the bone surrounding the ME structures. To reduce the high absorption most of the bone
surrounding the tympanic cavity was removed under the microscope using special otologic
tools. On the other hand the absorption of the soft tissue was enhanced by treating them with a
solution containing silver ions: part of them were absorbed by the soft tissue causing higher
absorption power, resulting in higher contrasted images. Figure IV.1 shows the specimen as
it was prepared for the µCT-Scan. The dark color is the consequence of the silver ions
absorbed by the structures. The specimen was fixed in a cylindrical sampler holder to avoid
any vibration during the µCT-scan.

Figure IV.1: Two view of the specimen used for the µCT scansion. Most of the surrounding bone was
removed. The tympanic cavity was opened.
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Segmentation

The segmentation process, required to extract selected regions of interest from the data
volume, was semi-automatically performed. The µCT 40 software contains different features
for segmenting the data volume. Figure IV.2 shows a typical view of the evaluation program
window dedicated to the data segmentation. The contours drawn by the automated algorithms
were visually checked and if needed manually refined.
Seventeen different ME structures were identified and segmented. The internal anatomy of
each of them was simplified and described as a homogeneous material. The internal cavities
of the ossicles were ignored as well as the different layers of the TM and the three ME joints
were assumed to be a simple soft tissue layer separating the ossicles. Furthermore the fibers
arrangement in the ligaments and muscles was ignored. Finally the plica mallearis was
simplified by a layer of soft tissue between the manubrium of the malleus and the TM. The
TM is directly attached to the malleus at the umbo and at the lateral process while between
these two points a soft tissue layer is interposed. This soft tissue layer may be interpreted as
an oversized plica mallearis.

TM
tympanic
cavity

mm

Figure IV.2: View of the window of the µCT evaluation program used for the contouring and for the
segmentation of the ME data. Top left: the active 2D-slice being segmented; top right: view of the 2Dslices following and preceding the active one; bottom left: every square box represent a 2D slice, the
active one is in black. On the active slice a cross section of the tympanic membrane, TM, and of the
manubrium of the malleus, mm, are visible.
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IV.3.4

Binarization

The segmented objects were subsequently binarized by assigning the value 1 to the voxels
inside the contour line and value 0 to the voxels lying outside. Every ME structure (malleus,
incus, stapes, TM, malleal ligaments, ...) was individually binarized From the binarized data
3D digital structures were reconstructed. Figure IV.3 shows the reconstructed 3D volumes of
the ossicular chain with its complex spatial distribution.

anterior process
of the malleus

Figure IV.3: µCT image of the ossicular chain showing the relative position of each ossicle. Upper
right a detail showing the IM-joint structure, as identified from the µCT-data. The long and thin
lateral process of the malleus is also visible.

Figures IV.4, next page, shows a 3D reconstruction of the ME. The chorda tympani,
consisting of afferent fibers from the facial nerve and responsible for taste, crosses the
tympanic cavity passing lateral to the incus, medial to the neck of the malleus, and finally
parallel and underneath the anterior malleal ligament. The tensor tympani muscle, its tendon
and its attachment to the malleus in the neck region are also visible as long as the posterior
incudal ligament in its medial portion. From this figure the light asymmetry of the TM is
evident. The manubrium of the malleus divides the TM in two part. The anterior one is
slightly smaller than the posterior one (above the incus and stapes).
In Figures IV.5, next page, the labyrinth structure has been added in order to show the
complex spatial relationship between the middle and the inner ear structures. The labyrinth, a
system of interrelated cavities with membranous wall, is composed by the cochlea (inner ear)
and the vestibule (responsible for the equilibrium). The conical shape of the TM and the
fibrous thickening of its annular ligament are clearly visible. Note also the stapedius muscle
and the corresponding tendon attached to the head of the stapes.
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chorda tympani

tensor
tympani

Figure IV.4: µCT image of the ME structures: the ossicular chain (dark grey ), the TM and the soft
tissue of the ME (chorda tympani with anterior malleal ligament, tensor tympani, posterior incudal
ligament), medial view.

cochlea

labyrinth

Figure IV.5: µCT image of the ME and the labyrinth (cochlea and vestibule) showing the complex
spatial relationship between all structures, infero-medial view.
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IV.3.5

Transform the volume data for the mathematical model

The digitized 3D data of the ME must be transformed in a mesh in order to be inserted into
the mathematical model. The volume data are already discretized with the basic unit being the
voxel element with dimension of 36x36x36 µm3.
The Mcubes Netgenerator V. 2.0 (internal software developed by R. Müller at the "Institute
für biomedizinische Technik", ETHZ, Zürich) transforms each voxel in a hexahedral volume
element with 8 nodes (the element is therefore called hexa8). The Mcubes software is based
on the Marching Cubes Algorithm designed by William E. Lorensen and Harvey E. Cline to
extract information from a 3D field of value [83]. The created mesh is saved in I-DEAS UFF.
The generation of the hexahedron mesh does not affect the resolution since every voxel is
transformed in an hexahedron with the same topographical information. On the other hand
this one to one transformation causes the mathematical model to be made of a huge number of
hexahedral volume elements, well over a million of hexahedrons (about 1'496'000 hexa8
elements).
A mathematical model with such an high number of elements is not solvable with the present
computing power in a reasonably short time, where present computing power refers to high
performance workstation or personal computer and not to clusters or supercomputers which
have limited access and are not continuously available. The main limitation is due to the
maximum of memory available for computing the solution, which is about 1.5 GB.
A reduction of the number of volume elements is therefore necessary. However, no important
information should be lost.

IV.3.6

Model reduction

108 µm

Reduction

108 µm

Original Resolution: 27 Voxels
Voxel size: 36x36x36 µm3

108 µm

The fine resolution is required in order to differentiate the structures of the ME and to
correctly segment them, so that any resolution reduction can not be performed before the
segmentation phase. The resolution of the segmented data was reduced by a factor 3 in all the
directions, reducing the voxel number of a factor 27, between the segmentation and the
binarization phases (Figure IV.6).

108 µm

Reduced Resolution: 1 Voxel
Voxel size: 108x108x108 µm3

Figure IV.6: Model reduction: the resolution of the segmented data was reduced by a factor 3 in all
the directions. With the new resolution a volume of 108x108x108 µm3 was described by only one
voxel, while with the original resolution 27 voxels were required.
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This reduction had however its costs. The structures with a thickness less than 108 µm (the
new voxels size) are artificially enlarged to this size. Furthermore the boundaries of the
different structures are slightly changed, what is especially critical at the common contact
surfaces. Special care was therefore used in the segmentation phase when defining the
structures boundaries.
The resolution changes particularly affected the stapes structure. The "new" stapes volume
(based on voxels of 108x108x108 µm3) is 2.7 mm3. This value is greater than the mean stapes
volume presented in sec III.2.2.1 ("Volume", page 42). Table IV.2 recalls the mean volumes
of the ME ossicles and shows the volumes after reduction as used for the mathematical model.
VOLUME

malleus [mm3]

incus [mm3]

stapes [mm3]

mean
model (∆ in %)

13.25 ± 1.68
12.50 (-5.7%)

16.01 ± 1.28
13.54 (-15.4%)

1.54 ± 0.08
2.70 (+75.3%)

Table IV.2: Mean volumes of the three ossicles as shown in sec III.2.2.1, page 42,
and their volumes as used for the mathematical model.

The volumes of all the three ossicles show differences from the mean volumes. The variation
of the malleus volume (-5.7%) is smaller than the SD, the variation of the incus volume is of
-15.4% and the variation of the stapes volume is of +75.3%. The great variation at the stapes
may be explained considering its very thin footplate and crura whose thickness is sometimes
below 100 µm. Due to the resolution reduction process they were probably enlarged and their
thickness adapted to the new voxel dimension. Similar volume increases are likely to have
also affected the soft tissues especially the TM in its thinner part and the membrane of the
IM-joint. Unfortunately no volume data on the soft tissue components was measured neither
found in the literature, so that it is impossible to quantify the amount of volume increase.
The reduction of the number of volume elements, based on the decrease of the resolution from
36 µm to 108 µm, was highly efficient. The number of hexa8 elements was reduced from
1'496'809 to 45'177 with a reduction factor of 33.
A further reduction of the hexa8 number was performed taking into account that the ossicles
behave as a rigid body in the hearing frequency range (see sec III.3.4.3," Isolated ossicles:
eigen resonance", page 93). A fine resolution would therefore only be required to describe the
complex ossicular surface where the different ligaments, tendons and joints are attached. The
internal structure of the ossicles could be "unrefined". A MATLAB® application was created
which performed an increasing unrefinement as one moves from the ossicles' surface towards
the ossicles' nucleus. The external layer of hexa8 elements was not modified, the hexa8
elements of the first internal layer were joint together to form a new hexa8-211 element
composed by two of the original hexa8 elements, in the next internal layer these hexa8-211
elements were joined to form the hexa8-221 element composed by two hexa8-211 and so on
until the nucleus of the ossicles was reached. Obviously this reduction was highly efficient for
a compact block of bone with a low surface to volume ratio. This further reduction was
consequently performed only for the malleus and the incus. Table IV.3, next page, lists the
number of the different hexa8 elements for the malleus and the incus after the reduction
process. Figures IV.7 next page, show the malleus structure after the reduction process. The
most outer layer, made by hexa8-111, is not shown in order to allow the look to the internal
structure made by the hexa8 named 211 to 222. The reduction factor was in this case
approximately 2.
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layers
from external
1
2
3
4
5
6

hexa8 types
hexa8-111
hexa8-211
hexa8-121
hexa8-112
hexa8-221
hexa8-222
total
original

malleus
# hexa8
4765
260
115
40
267
370
5826
9695

incus
# hexa8
4864
243
105
32
371
421
6036
10476

Table IV.3: Results of the reduction performed at the malleus and at
the incus. 6 different hexa8 elements are used for the 6 layer.
Comment in text.

The performed reduction introduced a mesh compatibility problem. As stated in [11] "For
compatibility it is necessary that the coordinates and the displacements of the elements at the
common face be the same. [...] Therefore compatibility is satisfied if the elements have the
same nodes on the common face and the coordinates and displacements on the common face
are in each element defined by the same interpolation function". It is obvious from
Figure IV.7 that at some common faces the elements do not have the same nodes. In this case
the non common node should be constrained in its movement in order to avoid volume
violation. However due to the rigid body behavior of the ossicles, the internal structure is not
subjected to any deformation, and not constraining the nodes would not affect the solution.

D
Node 1

Figure IV.7: Model of the malleus without the most exterior layer, made by hexa8-111 element.
Detail D shows the Node 1 belonging to the hexa8-111 element (black) without a correspondent node
on the hexa8-222 element (white) surface. The mesh compatibility assumption is not satisfied.
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The dynamical behavior of the reduced ossicles was nevertheless analyzed by extending the
frequency band in order to consider the first 9 bending modes of the malleus and of the incus.
Figures IV.8 and IV.9 show the comparison of the dynamical behavior of the incus and the
malleus between the original model (only hexa8-111 elements) and the reduced model. The
undamped natural frequencies, fn, and the modeshapes of the first 9 modes were compared (on
the left) by plotting the unrefined value versus the original one for each of the considered
modes. In case of identical values the points plotted would lie on a line of slope 1 (in light
grey). For both the malleus and the incus the points are very close to the line of slope 1
indicating that only very small differences existed between the two sets of fn. The modeshapes
were compared by computing the MAC using the two sets of modal vectors. It must be noted
that only the common nodes were compared, so that some node of the original model had to
be discarded. The results showed that full correlation (value 1) was achieved only for the
modeshapes with same fn and that no cross correlation (value 0) was present. The
comparisons of the modeshapes confirmed thus that the reduced models had a very similar
dynamical behavior to the original model even if the mesh compatibility was not completely
satisfied.
MALLEUS
120

Unrefined-modes

Unrefined ω n [kHz]

140

100
80
60
40
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0.1
0

Original-modes

Original fn [kHz]

Figure IV.8: Undamped natural frequencies, fn (left), and modeshapes comparison (right) between
the unrefined and the original model of the malleus. Comment in text.
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Figure IV.9: Undamped natural frequencies, fn (left), and modeshapes comparison (right) between
the unrefined and the original model of the incus. Comment in text.
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Figures IV.10, IV.11 and IV.12, next pages, show the complete model with the different ME
structures color coded: yellow for the pars tensa of the TM; light blue for the pars flaccida of
the TM; blue for the annular ligament of the TM, the plica mallearis and both the stapedius
and tensor tympani tendons; orange for the three ME ossicles; white for the IM- and the ISjoint and finally green for all the ligament (of the malleus, incus and stapes). Table IV.4
summarizes the volumes of the different 17 ME structures as used for the mathematical
model.
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

name
malleus
malleal lateral lig.
malleal posterior lig.
malleal superior lig.
tensor tympani tendon
malleal anterior lig.
TM pars tensa
TM pars flaccida
TM annular ligament
plica mallearis
IM- joint
incus
incudal posterior lig.
IS-joint
stapes
stapedial tendon
stapedial annular ligament

color
orange
green
green
green
blue
green
yellow
light blue
blue
blue
white
orange
green
white
orange
blue
green

volume
12.50
0.59
0.16
0.14
1.49
2.28
13.88
1.72
5.88
0.23
2.11
13.54
0.75
0.09
2.70
0.13
0.20

# hexa8
5784
454
125
109
1152
1760
10721
1328
4540
176
1629
6018
581
70
2087
103
155

Table IV.4: List of all the ME structures used in the mathematical model.

As already mentioned the different ME ligaments were detected from the µCT-data. Their
position and form in the model is therefore very accurate, while their volume is probably
overestimated as consequence of the resolution reduction performed on the original data. Note
that the tensor tympani and stapedial tendon were modeled without the corresponding muscle.
Since the muscles are considered as not active their presence would only have increased the
number of hexa8-element without introducing any significant information.
The IM- and the IS-joint were simplified and modeled as a soft tissue layer connecting the
two ossicles. As previous mentioned (sec II.2.1.4, "The three ME articulations", page 20),
these joints have no muscular mechanism to sustain the articular surface contact. The
cartilaginous joint surfaces are kept in contact exclusively by the fibrous capsule surrounding
the joint space. In the simplified model the joint surfaces are kept in contact directly by the
soft tissue layer in-between, layer that also enable the relative gliding of the ossicles. While in
the real joint the gliding process and the joint stabilization function are fulfilled by two
different structures (synovial cavity and surrounding fibrous capsule) in the simplified model
both tasks are accomplished by the soft tissue layer. The looser fixation of the malleus to the
TM between the two firmly attachment region at the umbo and at the lateral process is
modeled by an additional layer of soft tissue, which may be considered to be a kind of plica
mallearis since its task is exactly the same.
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Figure IV.10: Geometry of the entire model with color coded structures. The posterior, the lateral
and the superior malleal ligaments as long as the posterior incudal ligament are visible (green). Note
the pars flaccida of the TM in the superior portion (light blue). Supero-posterior view.

Figure IV.11: Geometry of the entire model with color coded structures. The anterior malleal
ligament is visible (green). Note also the tensor tympani tendon and the plica mallearis (blue).
Antero-medial view.
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Figures IV.12 show a medial view of the ME model. The attachment of the superior malleal
ligament to the malleus is close to the IM-joint capsule. As previous mentioned (sec II.2.1.6,
"Soft tissue: ligaments and muscles", page 23) no superior incudal ligament was found (in
some cases a mucosal fold was connecting the incus to the roof of the ME cavity), and
therefore none was modeled. The anterior malleal ligament (here semi-transparent) surrounds
the anterior process of the malleus which is quite long. Note also the thin annular ligament of
the stapes which completely surrounds the footplate perimeter.

Figure IV.12: Geometry of the entire model with color coded structures. The anterior malleal
ligament (green, semi-transparent) completely surrounds the long anterior process of the malleus
Note also the annular ligament of the stapes (green) surrounding the footplate and the annular
ligament of the TM (blue) surrounding the pars tensa. Medial view.

The next Figure IV.13, next page, show a detailed view of the three single ossicles, with the
hexa8 elements highlighted. Note the lenticular process of the incus (similar to type-a in
Figure II.12, page 21), the "saddle shaped" surface of the incudal articular surface, the long
and thin anterior process of the malleus, the particular shape of the manubrium of the malleus
near the umbo and the hollow arch of the stapes crurae.

IV.3 - Geometry

121

Figure IV.13: The three ossicles: the fine resolution used allows to model them with a high level of
details. The hexa8 mesh (black lines) shows the fine resolution of the external layer of the ossicles.

Figure IV.14 shows a detailed view of the soft tissue layer used to model the IM-joint. Note
that it keeps the "saddle shaped" form filling the space in-between the two articular surfaces
of the malleus and the incus.

Figure IV.14: Detailed view of the soft tissue layer used to model the IM-joint.
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IV.4

Boundary conditions

Two different kind of boundary conditions were used for the mathematical model of the ME.
The first defines the geometrical relationship between the model and the tympanic cavity
walls. The second describes the relationship between the inner ear with its complex structures
and the stapes footplate.

IV.4.1

Fixed DOFs

The ossicular chain is suspended in the tympanic cavity by different ligaments, which connect
the different ossicles to the cavity walls. The attachment of the ligaments to the wall is
performed by fixing all the nodes delimiting the part attached to the wall, what means
eliminating all their DOFs. Figure IV.15 shows the surface of the superior malleal ligament
attached to the roof of the tympanic cavity. The points defining the surface (marked with )
were fixed by eliminating their DOFs.

D
Figure IV.15: D: detail of the attachment of the superior malleal ligament. The DOFs of the nodes
(marked with ) delimiting the surface attached to the cavity wall were eliminated.

The same system was used to fix the annular ligament of the TM (pars tensa) to the sulcus in
the bony tympanic ring, the external border of the pars flaccida and the stapedius and tensor
tympani tendons. In reality both the tendons are attached to the corresponding muscles (some
of their fibers are however attached to the bony wall surrounding the muscles), which does
not provide a fixed condition even with relaxated muscle. This simplification was used in
order to avoid to model the two muscles.
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Cochlear load

The ME is basically an impedance-matching transformer between the low acoustic impedance
of air and the high acoustic impedance of the cochlear fluid. In order to have a correctly
terminated ME model the cochlear load must therefore be provided.
Different models of the cochlear load were tested. Cochlear load reconstructed with grounded
stiffness elements acting on the stapes footplate as suggested in [35, 81], cochlear load
reconstructed with grounded damping elements as suggested in [47, 1], and different
combination of damping and stiffness elements. However none of these models were able to
correctly reconstruct the cochlear load. A more complex model was therefore developed,
which considers the mass of the cochlear fluids (about 100 mg), the stiffness and damping of
the non rigid body structure of the cochlea (i.e. the round window membrane, the basilar
membrane and the osseous spiral lamina as suggested in [76]) and the non-rigid connection
between the cochlear fluids and the stapes footplate, Figure IV.6.
Figure IV.16: Detail of the stapes with
the cochlea model. Medial to the stapes
footplate a hexa8-elements layer
introduces in the model the mass of the
cochlea fluids. The stapes footplate is
attached to this mass-layer with five
damped springs, which enables a
relative motion between the footplate
and the fluid. Five grounded damped
springs attached on the medial side of
the mass-layer simulate the effect of the
round window membrane. Bending of
the mass-layer is allowed so that
stiffness and damping of the different
internal structures of the cochlea may
be reproduced. The damped springs are
modeled using celas-element of SDT.

IV.5

Sound pressure load

The loads on the TM are distributed loads acting on the lateral surface of the TM. The sound
pressure load is a dynamical load exciting the structure in a wide frequency range.
In the mathematical model the loaded surface is defined by a list of nodes in which the loaded
faces of the hexa8 elements are contained. Figure IV.17, next page, shows the selected nodes
on the lateral part of TM.
Due to the unsmoothed surface more than one face per hexa8-element may be loaded, as
illustrated in the detail D.
The pressure, given in Pa, may be easily converted in dB SPL so that the load may be
expressed in the dB-scale commonly used in audiology. Table IV.5, next page, shows the
dB SPL conversion in Pa of pressure values, according to the equation (1.4-1), page 8.
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Sound pressure level
[dB SPL]
94

Sound pressure level
[Pa]
1

90

0.632

80

0.2

70

0.0632

60

0.02

...

...

30

0.000632

20

0.0002

10

0.0000632

0

0.00002

Table IV.5: Sound pressure in [dB SPL] and the
corresponding values in [Pa].

D

Figure IV.16: Nodes selection on the lateral part of the TM, in which the sound pressure loaded
hexa8 faces are contained. D: detail showing that more than one face per hexa8 element may be
loaded.
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Material properties

The deformation behavior of biological materials when subjected to any load is due to the
interactions of the internal structures (cells, tissues, organs), which is mathematically
described by constitutive equations. The constitutive equations are intended to describe the
general properties of the different materials without to describe the complex interaction which
occurs at the molecular level. The constitutive equations are therefore a simplified model of
the real materials properties. Almost any real material has a more complex behaviour than
these constitutive equations describe, although in limited ranges of temperature, stress and
strain some materials may follow these laws. In this optimal case the main problem consists
then in finding the correct values for the different parameters used in the constitutive
equations.
When dealing with ME structures, it is quite impossible to test the different tissues separately
for deriving the constitutive equations and the different parameters.
The choice of the constitutive equations and different parameters is therefore based on studies
performed on similar tissues and on data for similar models used by other authors.
A first simplification introduced in the model consists in modelling the different structures of
the ME as being homogenous. This assumption not only affects the density, which is not
always constant in the different structures (e.g. the density of the malleus, which is not
constant because of its internal cavities) but also the anisotropy of the structures. In case of
structures with particular composition the effects of the inhomogenity must be considered in
the constitutive equations.

IV.6.1

Constitutive equations

The constitutive equations express the relationship between the stress tensor and the strain
tensor. Stress is a concept used to define the internal forces in an object. The unit of stress in
the SI system is Pascal [Pa] which is one Newton [N] per square meter [m2] or N/m2. The
state of stress is determined by the components of stress in three perpendicular planes. The
stress acting on each area may be decomposed in three components along the axes. The
normal component is denoted by σ (normal stress), with an index for the direction of the
normal to the area, and the two tangential components by τ (tangential stress), with two
indices. The nine components define the stress tensor. The stress tensor is always symmetric
because τil = τli. (4.6-1) gives the stress tensor in Cartesian coordinates:
⎡ σx
⎢ τ
⎢ yx
⎢⎣ τ zx

τ xy
σy
τ zy

τ xz ⎤
τ yz ⎥⎥
σ z ⎥⎦

(4.6-1)

and (4.6-2) gives the stress tensor in Cylindrical coordinates:
⎡ σr
⎢ τ
⎢ ϕr
⎢⎣ τ zr

τ rϕ
σϕ
τ zϕ

τ rz ⎤
τ ϕz ⎥⎥
σ r ⎥⎦

(4.6-2)
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Strain describes the state of deformation of the body and is determined by the nine
components of strain, which are similar to the nine stress components, so that normal (ε) and
tangential (γ) strains are concept parallels to normal and tangential stresses. The nine strain
components define the strain tensor which is also symmetric, (4.6-3) gives the strain tensor in
Cartesian coordinates and (4.6-4) gives the strain tensor in Cylindrical coordinates.
1
γ xy
⎡ εx
2
⎢
⎢ 1γ
εy
⎢ 2 yx
⎢ 1
1
γ zy
⎣ γ zx
2
2

1
γ xz
2
1
γ yz
2

1
γ rϕ
⎡ εr
2
⎢
⎢ 1γ
εϕ
⎢ 2 ϕr
⎢ 1
1
⎣ γ zr γ zϕ
2
2

1
γ rz
2
1
γ ϕz
2

εz

εz

⎤
⎥
⎥
⎥
⎥
⎦

(4.6-3)

⎤
⎥
⎥
⎥
⎥
⎦

(4.6-4)

IV.6.1.1 Hooke's law
Since an almost infinite variety of materials exist many constitutive equations describing the
material behavior also exist. Among the three most used stress-strain relationships the
Hooke's law was used to describe the mechanical properties of the material composing the
ME. In a Hookean elastic solid the components of stress are linearly proportional to the
components of strain by a 6x6 matrix made by 36 elastic constants so that the stress-strain
relationship may be expressed by (4.6-5):
⎛ σ1 ⎞ ⎡
6x 6
⎤ ⎛ ε1 ⎞
⎜ ⎟ ⎢
⎥ ⎜ε ⎟
⎜σ2 ⎟ ⎢
⎥ ⎜ 2 ⎟
⎜ σ ⎟ ⎢elastic − cons tan ts ⎥ ⎜ ε ⎟
3
⎜ 3 ⎟=⎢
⎥•⎜ ⎟
⎜ τ 23 ⎟ ⎢
⎜
γ
23 ⎟
⎥
⎜ ⎟ ⎢
⎜
⎥ γ 13 ⎟
matrix
⎜ τ13 ⎟ ⎢
⎥ ⎜⎜ ⎟⎟
⎜τ ⎟ ⎢
⎣
⎦⎥ ⎝ γ 12 ⎠
12
⎝ ⎠

(4.6-5)

where 1, 2, 3 indicate the three orthogonal directions.
The use of the Hooke's law introduces in the model a great simplification. No real material is
known to behave as a Hookean elastic solid. However in limited ranges of stress and strain
some materials may follow this law even accurately. The measurements performed and
described in chap III, page 13, show that the displacements produced by physiological sound
pressure are of several orders of magnitude smaller than the dimensions of the ME structures
(nm vs. mm) and as stated in [27] though biological tissues are not elastic "It is reasonable to
expect that for oscillation of small amplitude about an equilibrium state, the theory of linear
viscolelasticity should apply", so that the assumption of linearity seems to be justified.
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IV.6.1.2 Isotropy
A great reduction in the number of elastic constants is obtained when the material is isotropic,
i.e. when the properties of the material are independent from the direction in which they are
measured. Isotropy is again a great simplification of the real material properties. The
introduction of isotropy reduces however the number of elastic constants to be determined.
In the case of elastic isotropic body the number of independent elastic constants is reduced
to 2. Three elastic constants are used: E for the Young's modulus, G, for the shear modulus
and υ for the Poisson's ratio. The 6x6 matrix simplifies to:
⎡ 1
⎢ E
⎢
ν
⎢ −
⎢ E
ν
⎢
⎢ −E
⎢ 0
⎢
⎢ 0
⎢
⎣ 0

where

ν
E
1
E
ν
−
E
0

−

0
0

ν
E
ν
−
E
1
E
0

−

0
0

⎤
0 ⎥
⎥
0 0 0 ⎥
⎥
⎥
0 0 0 ⎥
G 0 0 ⎥
⎥
0 G 0 ⎥
⎥
0 0 G ⎦
0

0

(4.6-6)

G = E / 2 ⋅ (1 + ν)

Modeling the ME ossicles as isotropic elastic bodies is justified by the results of the dynamic
measurements performed at the isolated ossicles (sec III.3.4.3, "Isolated ossicles: eigen
resonance", page 93), which demonstrated that any structural deformation occurs within the
hearing frequency band. The material properties description would not thus affect the ossicles
behavior in the hearing frequency range.
The mechanical properties of the ME ligaments and tendons are highly anisotropic. This
anisotropy is due to their internal structure, where the different components (collagen und
elastin fibers) are assembled in bundles or fascicles. Because of their position and shape they
interact with the ossicular chain mainly along only one direction. Modeling them as isotropic
bodies does not drastically affect the ME mechanics as long as the mechanical properties
along the working direction are correctly estimated. Obviously the mechanical properties in
the other directions are not correct, they have however small or no effect on the ME mobility.

IV.6.1.3 Orthotropy
The material properties of the TM are of course non isotropic. The special fibers arrangement
(sec II.2.1.2 "Tympanic membrane", page 15) provides an high degree of anisotropy. The
fibers arrangement may be approximately described using cylindrical coordinates with the
origin set at the umbo. In the cylindrical coordinates system r, φ, z, the circular and parabolic
fibers are approximately oriented along the φ-component, while the radial fibers are oriented
along the r-component. The few transversal fibers are ignored.
Defining the fibers arrangement as cylindrical, three orthogonal planes of elastic symmetry
pass through each point of the TM. A body which have three orthogonal planes of elastic
symmetry is called orthogonally anisotropic or for brevity, orthotropic.
The elasticity constants reduce to nine: Er, Eφ, Ez are the Young's moduli in the directions r, φ,
z; υji (= υij) is the Poisson's ratio which characterizes the compression in the direction i for
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tension in the direction j with i and j indicating the r, φ, z directions and Gφz, Grz, Grφ are the
shear moduli which characterize the variations of the angles in the directions φ and z and so
forth. The 6x6 tensor simplifies to:
1
⎡
⎢ Er
⎢ ν rϕ
⎢ −
Er
⎢
⎢ ν
⎢ − rz
Er
⎢
⎢
0
⎢
0
⎢
⎣
0

−

−

ν ϕr

Eϕ
1
Eϕ
ν ϕz
Eϕ
0
0

−
−

ν zr
Ez
ν zϕ

0

0

0

0

0

0

Ez
1
Ez
0
0

0

0

0

G ϕz
0

0
G rz

0
0

0

0

0

G rϕ

0

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(4.6-7)

In order to use orthotropic material properties in the ME model, the anisotropic material
description in Cartesian coordinates provided by the software used to compute the solution
were extended to allow the use of Cylindrical coordinate. The radial Young's modulus (Er)
and the circular Young's modulus (Eφ) were given as a function of the radius of the ME as
follow:
E r (r ) = E r 0 ⋅ (1 − 0.5 ⋅

r
)
rmax

E ϕ ( r ) = E ϕ0 ⋅ (r / rmax + 0.01)

(4.6-8)
(4.6-9)

where:
Er0: given value for radial Young's modulus, constant
Eφ0: given value for the circular Young's modulus, constant
rmax: maximal value of the TM radius, constant
r: radius of the TM, variable
These two Young's moduli definitions take into account the convergence of the radial fibers
as one move toward the umbo and on the other hand the irregular circular fibers distribution
with high concentration in the peripheral region of the TM.

IV.6.2

Damping: how to consider it?

Damping is the dissipation of energy from a vibrating system, where dissipation means the
transformation of mechanical vibrational energy into other form of energy removing thus
energy from the vibrating system. For most systems the vibrating energy is converted into
heat. The ways in which energy is dissipated are dependent upon the active physical
mechanisms. Damping is probably one of the least well-understood aspects of general
vibration analysis. A universal mathematical model for damping has not yet been developed,
mainly because it is not clear which state variables the damping forces will depend on.
Instead of a universal mathematical model different mathematical models have been
developed in order to consider different possible sources of damping.
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IV.6.2.1 Nature of damping
The type of damping present in a vibrating system depends on the predominant mechanism in
the considered situation. Of particular interest is the damping called "material damping",
which considers the energy dissipation within the materials. There are a large number of
microstructural mechanisms by which the energy can be dissipated within the volume of a
material element when cyclically deformed. Such mechanisms are associated with internal
reconstructions of the micro and macro structure, ranging from crystal lattice to molecular
scale effects. The damping forces acting in the ME structures (particularly at the TM and
joints) may be classified as "material damping" [74].

IV.6.2.2 hysteretic damping
Energy dissipation within the material is represented by hysteretic damping (also called
structural damping). It has been observed that generally energy dissipation from materials is
only a weak function of frequency. In the hysteretic model the energy loss is independent of
frequency but in phase with the velocity and proportional to the displacement. The main
restriction of this damping model consists in its non-causal nature, that is, the force anticipates
the deformation history in transient vibrations, what violates the principle that in physical
systems effect cannot precede cause. For this reason the hysteretic model is not used for
transient analysis [10].
The damping force Fd is defined as:
Fd = b

x ⋅ x&
x&

(4.6-10)

where: b: hysteretic damping constant
In the motion equation structural damping is expressed by replacing the stiffness constant in
the undamped system by a complex-stiffness:
k ' = k + ib

(4.6-11)

so that the equation of motion (3.3-1) becomes:
m&x&( t ) + (k + ib) x ( t ) = f ( t )

(4.6-12a)

m&x&( t ) + k (1 + iη) x ( t ) = f ( t )

(4.6-12b)

or

where: η = b / k : hysteretic damping loss factor.

"And if young men have not the power to listen, or
the habit of getting some profit through listening,
the speech brought forth by them is windy indeed."
Plutarch

V

MODEL VALIDATION

V.1

Overview

The validation of the model is a crucial phase in the model construction process. Since the
material properties of the ME tissues are in general not known, and testing them separately to
derive their correct stiffness and damping values is impossible, an iterative fitting process
must be performed in order to obtain the correct parameter values. An initial guess with data
from the literature must be made. Tables V.1 and V.2, next page, show the parameters used in
the model with the range of values from the literature, as long as provided.
Young's m.
E [N/m2]

density
ρ [kg/m3]

tympanic membrane
pars flaccida
annular ligament
plica mallearis

1.1-1.4x107
3.3-4x104

1200
1200

0.3
0.3

-

1-4
5-8
9-12

ossicular chain: ossicles
malleus
incus
stapes

0.2-2.0x1010
0.2-2.0x1010
0.2-2.0x1010

2000-2300
2000-2300
2000-2300

0.3
0.3
0.3

-

13-16
17-20
21-24

2500
2500

0.3
0.3
0.3
0.3
0.3
0.3

-

25-28
29-32
33-36
37-40
41-44

structure

ossicular chain: soft tissues
6.7x104
malleal lateral lig.
7.4 x104
malleal posterior lig.
4.9 x104
malleal superior lig.
0.014-2.6 x106
tensor tympani tendon
0.052-2.1 x107
malleal anterior lig.
IM-joint
0.65-6.5 x106
incudal posterior lig.
0.6-6 x106
IS-joint
5.2 x105
stapedial tendon
0.065-8.0 x106
stapedial annular lig.
cochlea model
stapes/fluid connection
cochlea fluid
round window

2500
2500
2500
2500

Poisson's r. loss fact.
υ [-]
η [-]

# of
par.

45-48
49-52
53-56
57-60
61-64

65-68
69-72
73-76
Table V.1: List of the parameters for the structure in model with isotropic material, total number of
parameters is 76. If any, the corresponding values from the literature are given.
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structure

Er0

2

[N/m ]

tympanic membrane
pars tensa 3.2-4.0x107

Eφ0

Ez

2.0-4.0x107

-

2

[N/m ]

Grφ

Grz

9.3x107

-

2

Gφz

[N/m ]

υrz

υφz
[-]

[kg/m ]

0.4

-

-

1200

[-]

-

[-]

ρ

η

υrφ

3

-

Table V.2: List of the parameters for the pars tensa of the tympanic membrane. The material is
orthotropic defined, total number of parameters is 11. If any, the corresponding values from the
literature are given.

For all the structures with isotropic material 4 parameters have to be identified: density,
Young's modulus, structural damping loss factor and Poisson's ratio. The pars tensa of the
TM, modeled as orthotropic, requires 11 parameters, so that the total number of parameters to
be identified is 87. For the majority of them data from the literature may be found and an
initial guess may easily be made. No value for the structural damping were found in the
literature, mainly because a different type of damping was used (proportional damping).
The dynamical behavior of the model based on the initial guess with data from the literature is
compared to the measurements performed on fresh TBs. If the results of this comparison is
unsatisfactory, i.e. the difference between the simulation results and the measurements is
greater than a tolerance value, the stiffness and damping values should be modified and the
comparison performed again. The loop consisting in modification of the values, computation
of the model results and comparison with the measurements data must be iterated until the
results of the comparison becomes satisfactory, Figure V.1.

MEASUREMENT
DATA

FEM-model
RESULTS

fitting loop

NEW VALUES FOR
SELECTED PARAMETERS

FEM-Results
?
=
Meas. DATA
NO
YES

MODEL
OK!

Figure V.1: Diagram of the fitting procedure. Comment in text.

In chapter I it was said that "dealing with models of biological structure, drastic
simplifications concern the material description", and in chapter IV, page 107, all the
simplifications and assumptions introduced in the ME model were shown.
Does all these simplifications and assumptions have an insignificant effect on the sound
conduction phenomenon?
Any answer to this question is subordinate to the choice of the different parameters used in
the constitutive equations. However the fitting process used to estimate the material
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parameters is based on the assumption that it is possible to simulate similar dynamical
behavior of the ME as measured, i.e. a positive answer to the previous question is assumed.
On the other hand an answer to the question is subordinate to the choice of the parameters....
In order to break this vicious circle a positive answer is assumed and through the fitting
process the best values for the material parameters are identified.
The dynamical behavior of the ME is computed using this set of "best parameters" and the
results once more compared to the measurement data. If the difference between the simulation
results and the measurements is smaller than the tolerance value it may be finally concluded
that all the simplifications and assumptions used for constructing the model does not
significantly affect the sound conduction and that the model delivers satisfactory results in the
working ranges defined in chapter I.
In the less optimistic case where the differences between model and measurements would not
be completely inside the tolerance values, the sound conduction may be partially affected by
the simplifications and assumptions made. The ranges within the model delivers satisfactory
results may therefore have to be restricted.
Prior to go into the details of the fitting procedure the method used to solve the mathematical
model needs to be presented.
In chapter IV, page 107, it was shown that the volume of the structure under analysis is
discretized in many basic volume elements (hexa8 type), which consist of the 8 nodes (points)
delimiting the hexahedron and the connection between these nodes. Being the finite element
method based on the position of these nodes, the continuum-mechanics equation of motion
(3.2-1), page 61, should be discretized into a matrix formulation:
M&x&( t ) + Cx& ( t ) + Kx ( t ) = F( t )

(5.1-1)

where:
M: mass matrix of the structure
C: damping matrix of the structure
K: stiffness matrix of the element assemblage
F(t): load vector
Mathematically, (5.1-1) represents a system of linear differential equations of second order.
Currently two methods are used to obtain the solution to the equations: direct integration and
mode superposition.
In direct integration the equations are integrated using a numerical step-by-step procedure,
where instead of trying to satisfy (5.1-1) at any time t, (5.1-1) is satisfied only at discrete time
intervals ∆t.
In the mode superposition procedure the basis for the solution is the modal analysis. The
equilibrium equations are transformed into a more effective form and the eigenvalues and
eigenvectors are computed. The solution of (5.1-1) is then computed by superposition of the
response to the applied load in each eigenvector, where eigenvectors are the free-vibration
modeshapes of the finite element assemblage [11].
The SDT uses the modal superposition procedure for computing the solution of (5.1-1). This
procedure is particularly indicated since it also computes the eigenvalues and eigenvectors,
which may be then compared with the eigenvalues and eigenvectors derived from the
measurements performed on TBs, as described in chapter III, page 39. The number of
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eigenvectors is equal to the number of DOFs contained in the model so that a large number of
DOFs would cause the model to have a large number of modes: do they all need to be
computed?
It is known that "... in the analysis of a MDOF system, the response in the high frequencies of
the system (that are much larger than the highest frequencies contained in the loads) is simply
a static response." [11], so that usually only a small part of the eigenvalues and eigenvectors
need to be computed in order to obtain a good approximation of the exact solution. In fact the
exact response can be decomposed into the retained modal contribution and an exact residual,
which, in the frequency band of interest, is well approximated by a constant called static
correction. The standard, but conservative, criterion for defining the frequency band of
interest is to keep modes with frequencies below 1.5 times the highest input frequency of
interest [9]. Not all the modes need to be computed and the computational power requirement
is therefore reduced.

V.2

Limit of the fitting procedure

The fitting procedure is a very complex task, because the "correct" values of 87 parameters
have to be identified and because several criteria must simultaneously be fulfilled for a set of
values to be defined as "correct". The criteria used to compare the FEM-results to the
measurement data are:
1.
2.
3.
4.
5.
6.
7.

The frequency of the first pole of the isolated ossicles.
The frequency of the first two main poles of the TM.
The modeshape of the TM.
The umbo displacement.
Mode Indicator Functions.
The translational and rotational velocities of the stapes footplate.
The acoustic input impedance of the stapes with/without cochlea.

Because of the high number of parameters and the high number of comparison criteria, no
automated algorithms could be developed, so that the fitting procedure was based on the trial
and error principle. Different codes were produced for sequentially computing the FEMmodel with automated variation of values for two or three parameters and for enabling a
visual comparison of the results. The choice of the ranges for each parameters and how to
vary them was however left to the operator, to his knowledge of the vibration theory and also
to his intuition.
Because of all that it is unlikely that the fitting procedure delivers the absolute best set of
values, more humbly the results will be an acceptable compromise between the different
possible combinations of values which satisfy the comparison criteria.
Furthermore the fitting procedure is based on data from measurements performed on TBs,
which can vary across samples. This, together with limitation to the measurement procedure
itself, may affect the efficiency of the fitting procedure, as discussed in the following sections.
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Great variability in the measurement data

The fitting procedure strictly depends on the quality of the measurement data used for the
comparison. The results of the fitting procedure can not be better than the quality of the input
data.
A look at the results of the different types of measurement performed on fresh TBs (sec
III.3.4, page 79) reveals that all of them present a common characteristic: a great variability
from specimen to specimen. Due to this variability the ranges for the different criteria within
which the FEM-model results must lie, are sometimes quite large, so that finding a suitable
set of values is not particularly difficult. As a consequence different sets of values may fit into
these ranges. This probably reflects the reality, where MEs show slightly different
characteristic and where different qualities of normal ME are present ("tin" and "gold" ear,
see chapter III, page 101).
It is thus impossible to know whether the identified set of values let the FEM-model behave
like a "mean" normal ME, what is aimed, or like one of the extremal normal ME ("tin" or
"gold"). This limitation is a direct consequence of the great variability in the measurement
data.

V.2.2

Frequency range

One of the requirements for the FEM-model, set in chapter I, is that it must correctly work up
to 10 kHz, and it should therefore be validated also up to this frequency. However the upper
frequency limit for all the measurements performed at the TM was set to 4.5 kHz (sec
III.3.4.1, page 83, "...the modal analysis at the TM was limited up to 4.5 kHz,...").
The lowering of the upper limit affects the first four comparison criteria (the position of the
first two main resonance frequencies of the TM, the modeshape of the TM, the umbo
displacement, the MIFs), so that for the higher frequency region (from 4.5 to 10 kHz) only
two criteria were used. Although this limitation does not affect the validation of the ossicular
chain motion (which is validated by the last two criteria) the TM behavior can be considered
validated only up to 4.5 kHz.

V.3

Fitting of partial models

The FEM-model was decomposed into nine partial models, which were used for the fitting
procedure. The basic idea for the creation of these partial models was to reduce the number of
parameters to identify by a single run of the fitting procedure. In fact, four of partial models
correspond to the different measurement cases as presented in chapter III, page 39.
Three basic partial models consisted only in the isolated ossicles corresponding to the
measurement at the isolated ossicles (sec III.3.4.3, page 93). Two partial models consisted in
the stapes without and with the cochlear load, corresponding to the measurements performed
by Merchant et al. on the cochlea input impedance (sec II.3, page 31). The last four partial
models corresponded to the cases RI&RT, RI, RS and DC as used for the measurement of the
tympanic vibration pattern (sec III.3.4.1, page 79) and of the stapes velocities (sec III.3.4.4,
page 96). Table V.3, next page, summarizes the elements, nodes and DOFs for the different
partial models.
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# elements
hexa8 / celas

type

# nodes

# DOFs

9582
10113
3679

28746
30339
11037

isolated ossicles
MALLEUS
INCUS
STAPES

5687
6018
2087

stapes and cochlear input impedance
STAPES
STAPES & COCHLEA

2242 / 5
2477 / 10

3944
4498

1112
12774

26866
42111
54118

72114
113232
148365

tympanic membrane
RI&RT
RI
RS

24997
26149
34377

tympanic membrane and stapes velocity
RC

36792
58311
160089
Table V.3: List of the partial models used for the fitting procedure and the
number of elements, nodes and DOFs for each of them.

V.3.1

Isolated ossicles

With the partial models of the three isolated ossicles the correct Yung's modulus, Poisson's
ratio and damping loss factor values of the ossicles were detected. However prior to analyze
the dynamical behavior of the ossicles their density must be defined.

V.3.1.1 Density
Based on the volume and mass data collected in sec III.2 (Tables III.6 and III.7, pages 45, 46)
and resumed in Tables V.4 and V.5 the correct densities for the FEM-model ossicles were
derived and used for finding the ossicles Young's moduli.
VOLUME
MV
SD

malleus [mm3]
13.25
1.68

incus [mm3]
16.01
1.28

stapes [mm3]
1.54
0.08

Table V.4: Summary of the calculated volume for the three ME ossicles,
MV: mean Value, SD: Standard Deviation.

WEIGHT
MV
SD

malleus [mg]
28.00
3.29

incus [mg]
32.77
2.25

stapes [mg]
3.40
0.45

Table V.5: Summary of the measured weight for the three ME, MV: mean
Value, SD: Standard Deviation.

Because of the differences in the volume between the FEM-model ossicles and the measured
MVs (chapter IV, Table IV.2 page 115) and resumed in Tables V.6, next page, the densities
used for the FEM-model ossicles were corrected so that the masses of the ossicles
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corresponded to the mean measured values of the mass. In the computation of the densities
the internal cavities of the malleus and incus were ignored for the simple reason that the
FEM-models of the ossicles does not contain the internal cavities (which may however be
added in successive phase by eliminating some of the internal hexa8-222 elements).
VOLUME

malleus [mm3]

incus [mm3]

stapes [mm3]

measurement
model
∆ in %

13.25
12.50
-5.7%

16.01
13.54
-15.4%

1.54
2.70
+75.3%

Table V.6: Differences between the mean measured and the FEM-model volume
values for the three ossicles.

The definitive volume, mass and density values of the three FEM-model ossicles are shown in
Tables V.7.
OSSICLES
malleus

incus
stapes

volume
[mm3]

mass
[mg]

density
[kg/m3]

12.50
13.54
2.7

28.00
32.77
3.40

2240
2420
1124

Table V.7: Volume, mass and density of the three FEM-model ossicles.

V.3.1.2 Young's moduli
The correct values of the Young's moduli for each of the ME ossicles were derived by
comparing the frequency values of first pole as computed from the FEM-model with the ones
measured and described in sec III.3.4.3, page 93.
Next Table V.8 resumes the measured values of the position of the first resonance
frequencies.
incus
stapes
1st POLE
malleus
f
[kHz]
f
[kHz]
f
code
n
n
n [kHz]
TB23
31.812
TB24
34.833
36.952
31.919
TB25
24.163
35.474
TB26
35.350
35.255
TB27
42.716
TB28
25.747
35.009
48.765
Table V.8: First undamped natural frequency, fn, for
every single ossicle.

The fitting procedure was performed on each of the ossicles FEM-model. As start value for
the Young's moduli the values presented in [73] were chosen. The authors measured different
material properties of the human malleus and the incus in order to control the effect of
different sterilization treatments on the quality of ossicle allograft (in many surgeries bone
allograft material is required to replace diseased ossicles). Among these properties the
Young's moduli were measured and found to be about 0.2645x1010 N/m2. These values were
preferred to the values used in other FEM-model of the ME [12, 14, 21, 22, 23, 24, 27, 35, 44,
47, 52, 81]. Table V.9, next page, summarizes the results of the fitting procedures showing
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the density values, the identified values of the Young's moduli and the undamped frequencies
corresponding to the first pole.
OSSICLES
malleus

incus
stapes

Young's m.
E [N/m2]

density
ρ [kg/m3]

Poisson's r.
υ [-]

1.6x1010
1.05x1010
2.645x109

2240
2420
1124

0.3
0.3
0.3

res. frequency
fn [kHz]
34043
35624
36530

Table V.9: Young's modulus, density, Poisson's ratio and first undamped natural frequency for
the three FEM-model ossicles.

During the removal of the malleus from the TB the anterior process of the malleus was always
fractured (it is very fragile and tight fixed in the fissura petrotympanica by the surrounding
anterior ligament of the malleus). The anterior process was consequently removed from the
FEM-model used for the fitting procedure. In a second phase a complete model of the malleus
was analyzed using the identified parameters and bending of the anterior process were found
at 11849 Hz, in the audible range.
This behavior is very interesting and may help to explain why the anterior process shows a
tendency to fracture, which increases with age [65]. The anterior process is basically
continuously exposed to bending forces producing strain in its internal structure. In some
cases, where there may be an anatomical predisposition, this strain may be sufficient,
combined to the fatigue of the structure, to fracture the process.
Since the ossicles behave as rigid body in the audible frequency range the correct damping
factor was not investigated and an arbitrary value of 0.05 was chosen.

V.3.2

Stapes and cochlear input impedance

Two different models were used to find the correct value of the stapedial annular ligament and
of the cochlear load model.
The first model consists of the stapes, its annular ligament and a model considering some
residual water drops on the medial part of the stapes footplate.
The second model consists of the stapes, its annular ligament and a cochlear load model. The
comparison criterion used for the fitting procedure is the acoustic impedance. The comparison
is performed between the FEM-models results and the measurements performed by Merchant
et al. and described in sec II.3, page 32.

V.3.2.1 Stapes model
This model was used in order to estimate the correct values for the 4 parameters of the
stapedial annular ligament.
The thickness of the annular ligament in the model is constant around the whole stapes
(108 µm, corresponding to the hexa8 dimension), what is clearly in contradiction with the
anatomical data presented in sec II.2.1.4, page 20, where the anterior side of the annular
ligament is shown to be on average twice as thick than the posterior side.
In order to account for the possibly different stiffness produced by this geometrical difference
the annular ligament of the FEM-model was subdivided into three regions, anterior central
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and posterior, so that the number of parameters for which values must be identified increased
from 4 to 12, Figure V.2 left.

s

c
p
a
posterior

anterior

Figure V.2: Left: the stapes FEM-model
with the annular ligament subdivided into
three region, a: anterior, c: central and p:
posterior. Right: a details of the added
hexa8-layer for accounting for residual
coupled fluid. Four of the five damped
spring elements (s) are visible.

The stapes-annular ligament acoustic impedance was measured by Merchant et al. in only one
TB, the results are shown in Figure V.3. They stated that "above 4 kHz |Zs| probably reflect
the impedance of the stapes mass (and any residual coupled fluid)." and suggested to increase
the mass to consider "a small amount of fluid in the vestibule on the medial surface of the
stapes (at most 2 µl in volume) that may still have been coupled to the stapes." Based on this
interpretation the stapes FEM-model was adapted to the measurement situation by adding a
layer of hexa8 elements fixed to the medial part of the stapes footplate by 5 damped spring
(celas-elements), and with a mass of 1.35 mg as suggested by Merchant et al. Figure V.2
right shows in detail how the residual coupled fluid was modeled.
Figure V.3: Stapes-annular ligament
acoustic impedance Zs measured on a
single TBs with the inner ear drained.
Some residual fluid may be present on
the medial part of the stapes footplate.
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Figure V.4 shows an overlay plot of the acoustic impedance as computed from the
FEM-model results and of the measured acoustic impedance.

D2

D1

0.25

-0.25

Figure V.4: Overlay plot of the stapes acoustic impedance, heavy
black line: result from the FEM-model with the residual fluid, heavy
grey line: measurement, light grey line: result from FEM-model
without the residual fluid, D1, D2: two details of the stapes impedance.
Comment in text.

The measured impedance and the computed one are very similar in the Amplitude (minor
differences are present in below 100 Hz). Without adding the extra layer for considering the
residual fluid it was impossible to get the same behavior in the high frequencies (detail D2).
The hypothesis suggested by Merchant that there was some residual fluid on the medial side
of the stapes footplate is confirmed. The buckling in detail D1 could be reproduced only by
using different values for the anterior and posterior part of the annular ligament, using a
unique value would have caused the impedance line below 3 kHz to be a straight line.
The phases are only qualitatively similar; the absolute value are however different (-0.25 to
0.25 period for the measurement vs. 0.2 to 0.8 period for the FEM-result). Table V.10
summarizes the identified parameters.
ANNULAR
LIGAMENT
anterior

central
posterior

Young's m.
E [N/m2]

1.5x105
2.0x105
5.5x105

density
ρ [kg/m3]
2000
2000
2000

Poisson's r.
υ [-]
0.3
0.3
0.3

loss fact.
η [-]
1.15
0.7
0.4

Table V.10: Young's modulus, density, Poisson's ratio and damping loss factor values for
the anterior, central and posterior part of the annular ligament.
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V.3.2.2 Stapes & cochlea model
This model was used in order to estimate the correct values of the cochlear load model. As
already mentioned in sec IV.4.2, page 123, different models of the cochlea were tested and
their acoustic input impedances were compared with the data measured by Merchant et al.
Neither damping nor stiffness elements alone were sufficient to correctly reproduce the
acoustic input impedance of the stapes and cochlea, so that using the same system as for the
previous partial model a mass was added. This mass should account for the cochlea fluid
mass, which is about 100 mg (the mean cochlea volume is 91 mm3). The mass was added as
an intermediate hexa8-elements layer fixed to the medial stapes footplate surface by 5 damped
spring elements and grounded on the opposite side by 5 damped grounded springs,
Figure V.5. The physical meaning of this structure may be interpreted to be as follow:
• 5 damped springs between footplate and hexa8-layer: non rigid connection between
cochlear fluid and the medial side of the stapes footplate
• hexa8-layer: contains the cochlear fluid mass, its stiffness reflects the basilar membrane
and the osseous spiral lamina stiffness
• 5 damped grounded springs: simulate the round window membrane, which closes the
cochlea.
ds

cfm

Figure V.5: cochlear load model
consisting in 5 damped spring
(ds) between the stapes footplate
and the cochlear fluid mass layer
(cfm). The round window membrane is reproduced by 5 damped
grounded springs (rwm).

rwm
The acoustic input impedance of the stapes and cochlea was measured by Merchant et al.,
Figure V.6. Since the calibration of the annular ligament parameters was performed by
comparing the FEM-results to the measurement data from one single bone the data from the
same bone were used also for calibrating the cochlear load model.
Figure
V.6:
Acoustic
input
impedance of the stapes and cochlea
Zsc measured on a single TBs. The
thin lines show ± 1 standard
deviation of the mean Zsc in this
bone.
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Figure V.7 shows an overlay plot of the acoustic input impedance of the stapes and cochlea
as computed from the FEM-model result and of the measurement.

D1

0.25

-0.25

Figure V.7: Overlay plot of the stapes acoustic input impedance of the
stapes and cochlea, heavy black line: result from the FEM-model,
heavy grey line: measurement. D1: details of the input impedance.
Comment in text.

The measured impedance and the computed one are very similar in the amplitude (the two
curves are slightly diverging below 200 Hz). Adding the mass layer to the model allows to
reproduce the high frequency behavior of the impedance, details D1, what would else have
been impossible (as shown in [57, 47]).
Again the phases are only qualitatively similar; while the absolute value are different (-0.25 to
0.25 period for the measurement vs. 0.2 to 0.8 period for the FEM-result). Table V.11
summarizes the identified parameters for the cochlea model.
COCHLEAR MODEL

stapes/fluid connection
cochlea fluid

round window

Young's m.
E [N/m2]

0.27x104
0.13x108
70

density
ρ [kg/m3]
140000
-

Poisson's r.
υ [-]
0.3
0.3
0.3

loss fact.
η [-]
0.22
6.5
8.5

Table V.11: Young's modulus, densitiy, Poisson's ratio and damping loss factor values for the
cochlear load model.

Note that the mass of the cochlear fluid used in the FEM-model is of 42 mg, slightly less than
the half of the real mass of the cochlear fluid, i.e. approximately the fluid contained in one of
the two scalae of the cochlea.
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Tympanic membrane

The next three partial models were used to detect the correct values of the parameters of the
TM and of the malleal and incudal soft tissues. The criteria used for fitting these models were
the position of the first two main resonance frequencies of the TM, the modeshapes of the
TM, the umbo displacement and threeMIFs. The used MIFs are explained in sec III.3.4.1,
page 79, and illustrated in Figure III.36, page 43. Since all the comparison criteria are based
on data of the TM, the FEM-models DOFs used in the fitting procedure must be at some
degree coincident with the measurement DOFs. The FEM-resolution was therefore lowered
by considering only the DOFs corresponding to generic measurement DOFs. The choice of
the DOFs was made by overlaying a measurement mesh to the FEM-TM. Only the DOFs in
the z-direction of the points coincident or close to the measurement points were used. Figure
V.8 show the overlay of the measurement mesh onto the FEM-TM, the chosen nodes are
highlighted with a white dot and their DOF indicated by a white harrow. The selected number
of nodes is 99, the measurement mesh used for the selection is from TB29, case RI&RT (see
sec III.3.4, page 79).
Figure V.8: Overlay plot of
measurement mesh (heavy
black lines) from TB28 case
RI&RT onto the FEM-TM.
The white dots shows the
position of the nodes selected
from the FEM-model and the
white arrows show the
direction of the DOFs.

This equivalent mesh was then used for all the criteria. It must be however stressed that due to
the different topologies of the TM used for the measurements (left/right ear, smaller/bigger
TM, pars flaccida visible/not visible), the selected FEM-mesh never exactly coincided with
the measurement meshes. This is also the main reason that prevented to mathematically
compare the modeshapes using the MAC.
The partial models correspond to three TM-measurement cases:
RI&RT:
RI:
RS:

open tympanic cavity, removed incus and removed tensor tympani,
open tympanic cavity and removed incus,
open tympanic cavity, and removed stapes.
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V.3.3.1 Case RI&RT
With this FEM-model the correct values for the 11 parameters of the TM and for the 16
parameters of the malleal ligaments were identified. Figure V.9 shows the model
corresponding to the measurement case RI&RT.
tm-pf

tm-a
m-al

tm-pt

m-pl

m-pl

m-ll

Figure V.9: The FEM-model for
the case RI&RT contains the
following
structures:
pars
flaccida (tm-pf), pars tensa (tmpt) and annulus (tm-a) of the TM,
malleus, plica mallearis (pm),
and the four malleal ligaments:
anterior (m-al), lateral (m-ll),
posterior (m-pl), and superior
(m-sl).

m-sl
Figure V.10 shows the three MIFs used and the umbo displacement for a sound pressure of
90 dB SPL. The thin black lines are the values measured from the fresh TBs (see Table III.10
page 51) and the thick black lines show the FEM-model results. The vertical light grey bars
(continuous middle line: mean) show the frequency bands for the first two main poles as
identified from the measurements (Table III.20, page 88).
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Figure V.10: MIFs and umbo displacement for the case RI&RT. Comment in text.
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The frequency of the first main pole (708.7 Hz) lies slightly outside of the measured
frequency band (344.9-574.1 Hz), while the frequency of the second main pole (1457.9 Hz)
fits into the measured frequency bands. Generally the natural frequencies of the FEM-model
lie in a narrower band when compared to the measurement results (particularly evident in the
MMIF plot, lower left corner). Furthermore, the general response at low frequencies, below
800 Hz, is lower than in TBs. The divergences between measurements and FEM-results in the
low frequencies are likely due to the simplification made in the model of the TM.
Figure V.11 shows the modeshapes for the first two main modes for the measurement
performed at TB30 and for the FEM-model. The position of the malleus is shown by the thick
black line. The dots shows the position of the malleal-lateral process and of the umbo.
Difficulties in comparing the modeshapes are due to the differences between the measurement
mesh and the FEM-model mesh.
DI&RT

Measurement (TB 30), right ear

FEM-Model, left ear

1st
main
mode
shape

posterior

anterior

anterior

posterior

2nd
main
mode
shape

Figure V.11: Modeshapes of the first two main modes: comparison between measurement (TB30) and
FEM-Model results. The vertical thick black line shows the position of the manubrium, the dots show
the lateral process and the umbo position. Note that TB30 was a right ear while the FEM-model is
from a left ear. Comment in text.
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Despite the difficulties in comparing measurements and FEM-results some common features
are visible. The first main modeshape is in both cases a kind of piston movement of the whole
TM with the maximal displacement in the posterior side. The second main modeshape shows
a peak-line (black lines in figure) running along the malleus in the posterior part of the TM.
Three valleys of displacement may also be detected with similar position on the TM for both
the TB30 and the FEM-model (white and black ellipses).
Table V.12 shows the frequencies and damping factors as measured (sec III.3.4.1, page 79)
and computed from the FEM-model. The damping ratios are very similar.
POLES
code
TB30
TB28
TB16
FEM

1st main pole
fn [Hz]
574.07 (max)
467.1
344.86 (min)
708.7

2nd main pole
fn [Hz]
ζ [%]
1909.4 (max)
16.1
1313.1
16.9
2455.6 (min)
11.3
1457.9
12.8

ζ [%]
11.3
17.2
21.1
12.5

Table V.12: Undamped natural frequencies, fn, and damping ratio, ζ, of the first two main poles for
case RI&RT, measurements and FEM-results.

Table V.13 summarizes the best values for the 27 parameters identified using the partial
model corresponding to the measurement case RI&RT.
The model is generally particularly robust, changes of about 10-20% in the values do not
produce significant changes in the model response. The parameters which most influence the
model response are those of the TM (particularly the Young's moduli) and the Young's
modulus of the anterior malleal ligament.
The density of the ligaments seems to play a marginal role and so their damping ratios. Since
the measurements are performed at the TM and not at the ligaments their minor influence on
the response must not be surprising.
Young's m.
E [N/m2]

density
ρ [kg/m3]

Poisson's r.
υ [-]

loss fact.
η [-]

tympanic membrane
pars flaccida
annular ligament
plica mallearis

9.0x105
3.0x107
6.0x104

1000
1000
1200

0.3
0.3
0.3

0.35
0.2
0.2

malleal ligaments
malleal lateral lig.
malleal posterior lig.
malleal superior lig.
malleal anterior lig.

8.0x106
3.0x106
4.0x106
2.0x106

2000
2000
2000
2000

0.3
0.3
0.3
0.3

0.25
0.25
0.25
0.3

structure

[N/m2]

[N/m2]

[N/m2]

[N/m2]

[N/m2]

Gφz

υrφ

υrz

υφz
[-]

[kg/m3]

[-]

tympanic membrane
4x106 1x106
pars tensa

9x105

8x105

9x105

9x106

0.4

0.1

0.1

1000

0.25

structure

Er0

[N/m2]

Eφ0

Ez

Grφ

Grz

[-]

[-]

ρ

η

Table V.13: List of the parameters identified using the partial model for case RI&RT. The best values
are shown.
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V.3.3.2 Case RI
With this FEM-model the correct values for the 4 parameters of the tensor tympani were
identified. Figure V.12 shows the model corresponding to the measurement case RI.
Figure V.12: The FEM-model
for the case RI&RT contains
following structures: TM (pars
flaccida,
pars
tensa
and
annulus),malleus, plica mallearis, the four malleal ligaments
(anterior, lateral, posterior and
superior) and the tensor tympani
(m-tt).

m-tt

Figure V.13 shows the three MIFs used and the umbo displacement for a sound pressure of
90 dB SPL. The thin black lines are the values measured from the fresh TBs (see Table III.10
page 51) and the thick black lines show the FEM-model results. The vertical light grey bars
(continuous middle line: mean) show the frequency bands for the first two main poles as
identified from the measurements (Table III.19, page 88). The frequency of the first main pole
(747.9 Hz) lies quite inside of the measured frequency band (449.3-702.15 Hz); the
introduction in the model of the tensor tympani lowered the frequency of the first main pole.
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Figure V.13: MIFs and umbo displacement for the case RI. Comment in text.
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The tensor tympani does not have any other influence on the TM response. In particular the
modeshapes are not influenced by it: they are exactly the same as for the case RI&RT, they
are thus not shown here.
Table V.14 shows the frequencies and damping factors as measured (sec III.3.4.1, page 79)
and computed from the FEM-model.
1st main pole

POLES
code
TB30
TB28
FEM

fn [Hz]
702.15 (max)
449.3 (min)
747.9

ζ [%]
13.1
20.4
12.4

2nd main pole
fn [Hz]
ζ [%]
2008.9 (max)
15.0
1249.5 (min)
19.3
1436.8
12.3

Table V.14: Undamped natural frequencies, fn, and damping ratio, ζ, of the first two main poles for
case RI, measurements and FEM-results.

The damping ratio is now lightly underestimated, however changing its value for the tensor
tympani does not affect the damping of the TM.
Table V.15 summarizes the best values for the 27 parameters identified using the partial
model corresponding to the measurement case RI&RT.
structure

Young's m.
E [N/m2]

density
ρ [kg/m3]

Poisson's r.
υ [-]

loss fact.
η [-]

2.0x106
2000
0.3
0.25
Table V.15: List of the parameters identified using the partial model for case RI. The best values are
shown.

tensor tympani tendon

V.3.3.3 Case RS
With this FEM-model the correct values for the 4 parameters of the IM-joint and for the 4
parameters of incudal posterior ligament were identified. Figure V.14 shows the model
corresponding to the measurement case RS.
Figure V.14: The FEM-model for
the case RS contains following
structures: TM (pars flaccida, pars
tensa and annulus), malleus, plica
mallearis, the four malleal ligaments (anterior, lateral, posterior
and superior), the tensor tympani,
the IM-joint (im-j), the incus and its
posterior ligament (i-pl).

i-pl

im-j

Figure V.15, next page, shows the three MIFs used and the umbo displacement for a sound
pressure of 90 dB SPL. The thin black lines are the values measured from the fresh TBs (see
Table III.10 page 51) and the thick black lines show the FEM-model results. The vertical light
grey bars (continuous middle line: mean) show the frequency bands for the first two main
poles as identified from the measurements (Table III.18, page 87).
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Figure V.15: MIFs and umbo displacement for the case RS. Comment in text.

The frequency of the first main pole (760.2 Hz) lies now within the measured frequency band
(405.5-767.2 Hz) as the frequency of the second main pole (1435.0 Hz). The general behavior
of the TM is better as in the previous two cases. The space between the poles is similar as
measured and the response in the low frequency region is much closer to the measured
response. However the general FEM-TM response seems to be lightly lower than the response
measured in TB.
Figure V.16, next page, shows the modeshapes for the first two main modes for the
measurement performed at TB30 and for the FEM-model. The position of the malleus is
shown by the thick black line. The dots show the position of the malleal-lateral process and of
the umbo.
The general shapes are similar to the previous cases (TB30 and FEM-model).
The first main modeshape is in both cases a kind of piston movement of the whole TM with
the maximal displacement in the posterior part.
The second main modeshape shows again a peak-line running along the malleus in the
posterior part of the TM. The three valleys may also be detected with similar position on the
TM for both the TB30 and the FEM-model.
Note how stable the modeshapes of the TM are: changes in the ossicular chain attached to it
(removing/adding ossicles, ligaments, tendons) practically only affect the frequency of the
modes leaving unchanged the modeshapes. This stability, detected also in the measured TBs
is an intrinsic characteristic of the FEM-model.
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RS

Measurement (TB 30), right ear

FEM-Model, left ear

1st
main
mode
shape

posterior

anterior

anterior

posterior

2nd
main
mode
shape

Figure V.16: Modeshapes of the first two main modes: comparison between measurement (TB30) and
FEM-Model results. The vertical thick black line shows the position of the malleus, the dots show the
lateral process and the umbo position. Note that TB30 is a right ear while the FEM-model is from a
left ear.

Table V.16 shows the frequencies and damping factors as measured (sec III.3.4.1, page 79)
and computed from the FEM-model. As already mentioned the frequency of the first and
second main pole lies within the corresponding measurement frequency band. The damping
ratios are also similar to the measured ones.
POLES
code
TB30
TB28
FEM

1st main pole
fn [Hz]
767.17 (max)
405.53 (min)
760.5

ζ [%]
16.0
31.5
13.1

2nd main pole
fn [Hz]
ζ [%]
1842 (max)
11.1
1267.3 (min)
36.7
1435.0
12.1

Table V.16: Undamped natural frequencies, fn, and damping ratio, ζ, of the first two main poles for
case RS, measurements and FEM-results.
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Table V.17 summarizes the best values for the 8 parameters identified using the partial model
corresponding to the measurement case RS.

structure

Young's m.
E [N/m2]

density
ρ [kg/m3]

Poisson's r.
υ [-]

loss fact.
η [-]

ossicular chain: soft tissues
2.0x106
IM-joint
4.6x106
incudal posterior lig.

1500
0.3
0.25
2500
0.3
0.3
Table V.17: List of the parameters identified using the partial model for case RS. The best values are
shown.

V.3.4

Tympanic membrane and stapes velocities

The last model used for the fitting procedure is the model corresponding to the measurement
case DC. All the ME structure are modeled and only the cochlear load is not considered. With
this model the values of the last parameters (IS-joint and stapedial tendon) were identified.
The criteria used to compare the FEM-model results and the measurement data are the first
two main resonance frequencies of the TM, the modeshapes of the TM, the umbo
displacement and three MIFs and the translation and rotational velocities of the stapes
footplate. While the first three criteria, based on the modal analysis data measured on fresh
TB, are limited in the upper frequency to 4.5 kHz the stapes velocities data are available up to
10 kHz.
With this FEM-model the correct values for the 4 parameters of the IS-joint and for the 4
parameters of the stapedial tendon were identified.
Figure V.17: The FEM-model
for the case DC contains
following structures: TM (pars
flaccida,
pars
tensa
and
annulus), malleus, plica mallearis, the four malleal ligaments
(anterior, lateral, posterior and
superior), the tensor tympani, the
IM-joint, the incus and its
posterior ligament, the IS-joint
(is-j), the stapes, the stapedial
tendon (s-t) and the stapedial
annular ligament (s-al).

is-j

s-t
s-al

V.3.4.1 Case DC: tympanic membrane
Figure V.18, next page, shows the three MIFs and the umbo displacement for a sound
pressure of 90 dB SPL. The thin black lines are the values measured from the fresh TBs (see
Table III.10 page 51) and the thick black lines show the FEM-model results. The gray bands
delimit the measurement frequency bands for the first and second main pole as identified from
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the measurements (Table III.17, page 87). Note that for this case the frequency bands have a
common region. For case DC the measurement data from four TBs were available, while for
the previous cases data from only two or three bones were used, which combined with the
large interindividual variability (as discussed in sec III.3.5, page 104) causes the frequency
band to be particularly large.
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Figure V.18: MIFs and umbo displacement for the case DC. Comment in text.

The frequency of the first main pole (954.6 Hz) lies completely within the measured
frequency band (442.0-1385.9 Hz), also the frequency of the second main pole (1463.8 Hz)
lies completely within the measured frequency band (1134.8-2697.4 Hz). The umbo
displacement computed from the FEM-model (right bottom corner) is not distinguishable
from the measured values, even in the low frequencies. From the MIFs the TM seems to have
a dynamic behavior very similar to the measured TMs. Some divergences are still present in
the low frequencies below 700 Hz. The space between the poles is now similar in FEM-model
and measurement data.
Figure V.19, next page, shows the modeshapes for the first two main poles for the
measurement performed at TB28 and for the FEM-model. Due to technical problems during
the measurement phase of the TM for TB30, the data of some points within the measured
surface were not correctly sampled preventing a correct reconstruction of the modeshapes.
The modeshapes of TB28 are therefore used for the comparison with the FEM-model
modeshapes.
Of course TB28 has slightly different modeshapes than TB30, particularly evident in the first
main mode, where the piston movement of the TM is limited to its posterior side. Similar
variations were observed while measuring different TB. Again, these changes are due to the
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great interindividual variation, which is a constant in the ME physiology. The position of the
malleus is shown by the thick black line. The dots show the position of the lateral process of
the malleus and of the umbo. TB28 is also a right ear so that it has a specular similarities to
the FEM-model results.
DC

Measurement (TB 28), right ear

FEM-Model, left ear

1st
main
mode
shape

posterior

anterior

anterior

posterior

2nd
main
mode
shape

Figure V.19: Modeshapes of the first two main modes: comparison between measurement (TB28) and
FEM-Model results. The vertical thick black line shows the position of the malleus, the dots show the
lateral process and the umbo position. Note that TB30 is a right ear while the FEM-model is from a
left ear.

The first main modeshapes show a similar form (considering the previously cited variability
of TB28 with respect to TB30). Particularly the position of the deepest "valley" (posterior to
the umbo) is very similar. The second main modeshapes do also have some similarities in the
posterior side of the TM. The comparison between TB28 and FEM-model results clearly
show the limit encountered in comparing the modeshapes. Some general trend may be
identified, while detailed analysis is limited by the interindividual variations. This is also the
main reason which prevented a more detailed mathematical comparison using the MAC
introduced in sec III.3.2.1, page 60.
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Table V.18 shows the frequencies and damping factors as measured (sec III.3.4.1, page 79)
and computed from the FEM-model. As already mentioned the frequency of the first main
pole lies within the corresponding measurement frequency band. The damping ratios are also
similar to the measured ones, even if the latter show a great variability.
POLES
code
TB30
TB28
TB25
TB17
FEM

1st main pole
fn [Hz]
449.69
442.05 (min)
1385.9 (max)
789.04
954.6

2nd main pole
fn [Hz]
ζ [%]
1194.8
30.6
1326.6
17.4
2697.4 (max)
11.0
1134.8 (min)
17.7
1463.8
16.7

ζ [%]
38.3
26.7
20.8
14.8
14.0

Table V.18: Undamped natural frequencies, fn, and damping ratio, ζ, of the first two main poles for
case DC, measurements and FEM-results.

V.3.4.2 Case DC: stapes velocities
The stapes velocities data collected from TBs and shown in sec III.3.4.4, page 96, were
measured for case DC. These data are therefore used for comparison with data from the
FEM-model. The frequency band for the stapes velocities measurement extends up to 10 kHz.
allowing to check the quality of the FEM-model computation also above 4.5 kHz (see sec
VI.2.3, page 166). Figure V.20 shows the three velocity components for a sound pressure of
90 dB SPL. The thin lines show the measurement values, the heavy lines show the
FEM-model results. Again the phases values were normalized to be 0 at 1000 Hz. The
amplitudes for the FEM-model are inside the measurements ranges and show similar
characteristic as the data from the TBs. In the low frequencies region (below 700-800 Hz) the
FEM-response seems to be slightly lower than the measured response from the TBs. The
phases are also very similar to the measured values, only in the phase of the translational
velocity above 3.5 kHz there is a clear difference between measurements and model.
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Figure V.20: Velocity-components describing the motion of the stapes at 90 dB SPL. Thin lines are
from measurement data, heavy line shows the FEM-model values. Comment in text.
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Figure V.21 show the 3 velocity-components on the same plot: on the left side the MVs from
the measurement data, on the right the results computed from the FEM-model. The curves on
the left plot are generally smoother, which is quite typical for MVs computed from data
showing great variations.
The FEM-results show similar characteristics as the measured data. Vt is the dominant
velocity, being generally about 20 dB higher than the two rotational velocity. Above 2 kHz
the decreasing slope for Vωy reduces so that also the difference between the Vt and Vωy at
8 kHz reduces to about 10 dB.
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Figure V.21: 3 velocity-components of the stapes for 90 dB SPL. Left: MVs computed from the
measurement data; right: results from the FEM-model.

Table V.19 summarizes the best values for the 8 parameters identified using the partial model
corresponding to the measurement case RC.
structure

Young's m.
E [N/m2]

ossicular chain: soft tissues
4.0x106
IM-joint
4.6x106
stapedial tendon

density
ρ [kg/m3]

Poisson's r.
υ [-]

loss fact.
η [-]

1500
0.3
0.25
2500
0.3
0.3
Table V.19: List of the parameters identified using the partial model for case DC. The best values are
shown.
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V.4

Final values and conclusion

Tables V.20 and V.21 summarize the values for the 95 parameters as identified by the fitting
procedure (due to the split of the stapedial annular ligament into three component 8 more
parameters were added).
structure
tympanic membrane
pars flaccida
annular ligament
plica mallearis
ossicular chain: ossicles
malleus
incus
stapes
ossicular chain: soft tissues
malleal lateral lig.
malleal posterior lig.
malleal superior lig.
tensor tympani tendon
malleal anterior lig.
IM-joint
incudal posterior lig.
OS-joint
stapedial tendon
stapedial annular lig. ant.
stapedial annular lig. cent.
stapedial annular lig. post.

Young's m.
E [N/m2]

density
ρ [kg/m3]

Poisson's r. loss fact.
υ [-]
η [-]

# of
par.

9.0x105
3.0x107
6.0x104

1000
1000
1200

0.3
0.3
0.3

0.35
0.2
0.2

1-4
5-8
9-12

1.6x1010
1.05x1010
2.645x109

2240
2420
1124

0.3
0.3
0.3

0.05
0.05
0.05

13-16
17-20
21-24

8.0x106
3.0x106
4.0x106
2.0x106
2.0x106
2.0x106
4.6x106
4.0x106
6.0x106
1.5 x105
2.0 x105
5.5 x105

2000
2000
2000
2000
2000
1500
2500
1500
2000
2000
2000
2000

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

0.25
0.25
0.25
0.25
0.3
0.25
0.3
0.3
0.3
1.15
0.7
0.4

25-28
29-32
33-36
37-40
41-44
45-48
49-52
53-56
57-60
61-64
65-68
69-72

cochlea model
stapes/fluid connection
cochlea fluid
round window

0.27 x104
0.3
0.22
73-76
0.13 x108
1.4e+005
0.3
6.5
77-80
70
0.3
8.5
81-84
Table V.20: List of the parameters for the structure in model with isotropic material, total number of
parameters is 84. If any, the corresponding values from the literature are given.

[N/m2]

[N/m2]

[N/m2]

[N/m2]

[N/m2]

Gφz

υrφ

υrz

υφz
[-]

[kg/m3]

[-]

tympanic membrane
4x106 1x106
pars tensa

9x105

8x105

9x105

9x106

0.4

0.1

0.1

1000

0.25

structure

Er0

[N/m2]

Eφ0

Ez

Grφ

Grz

[-]

[-]

ρ

η

Table V.21: List of the parameters for the pars tensa of the tympanic membrane, which material is
orthotropic defined, total number of parameters is 11. If any, the corresponding values from the
literature are given.

In order to perform the fitting of the model it was assumed that all the simplifications and
assumptions performed in the construction of the model do not have any effect on the sound
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conduction phenomenon. Is this assumption correct? The comparisons of the partial models
results with the corresponding measurement data clearly show that the model can basically
correctly reproduce the behavior of the ME. Some minor problems affect the dynamical
behavior of the TM, particularly in the frequencies below 700-800 Hz. The sound energy
captured by the ME model at these frequencies is lower than the energy entering the
biological ME, causing the stapes to have lower velocities at these frequencies. This low
frequencies problem seems to be a consequence of the constitutive equations used to describe
the TM and therefore an intrinsic characteristic of the FEM-model. In fact any possible
combination of values for the different parameters of the TM was able to improve its low
frequencies behavior.
The model is very stable and robust, so that small changes in the parameter values generally
have less or no effects on the model response. Stability is on the other hand one of the most
interesting characteristic of the biological ME, where even drastic changes in the
structures(caused by diseases) minimally affect the sound conduction. Having reproduced this
ME properties in the FEM-model is a further confirmation of the correctness of the
assumption made in sec I.3, page 7. There it was assumed that "the development of a
mathematical model of the human ME that contains all the necessary information of the
sound conduction through the ME is possible".
The high variability in the geometry and in the dynamical behavior of the human ME forced
the comparison between measurement data and FEM-model results to be performed on highly
postprocessed measurement data. Direct comparison of the single measured FRFs was
impossible. The high variability however affected also the modal analysis process, so that
even the comparison of the identified resonance frequencies and modeshapes and also of the
stapes velocities could only be qualitatively performed. As consequence the MAC, normally
used to mathematically compare modeshapes, could not be used.
The main reason for the restricted upper limit of the frequency band used in the TM analysis
was attributed to the low spatial resolution of the measuring mesh. It was noted that above
4.5 kHz the modeshapes could not be clearly detected. The data from the FEM-model
confirms that the spatial resolution used in the measuring phase was not sufficient for
detecting the high modeshape. The sensitivity of the TM to changes at the ME structures
decreases with their distance from the TM itself. Therefore the parameters which most affect
the TM behavior are those of the malleal ligaments, particularly those of the anterior
ligament. For this reason changes at the stapes level have scarce effects on the TM. Moreover
the modes shapes are extremely stable to any change even at the malleus level. Only the
frequency of the modes may be modified. This is not surprising if one considers that the
modeshapes basically reflect the properties of the TM.
Based on the previous considerations it may be concluded that the set of values identified
through the fitting procedure is one among the different possible sets which let the
FEM-model correctly simulate the biological ME.

"They think that there must be study and practice in
discourse, but as for hearing benefit will come however it
be used."
Plutarch

VI

RESULTS AND DISCUSSION

VI.1

Results

In the previous chapter the dynamical behavior of different partial models was shown. These
partial models were used to calibrate the model, i.e. to detect the best set of values for the 95
parameters used in the FEM-model. Hereafter the results of the complete model are shown.
The complete ME model contains the TM, the ossicular chain with all its ligaments and
tendons and finally the model of the cochlea.

VI.1.1

Tympanic membrane

Figure VI.1 shows the three MIFs as used in the previous chapter and the umbo displacement
for a sound pressure of 90 dB SPL. Again the thin grey lines show the values measured from
fresh TBs. The thick black lines show the FEM-model results.
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Figure VI.1: MIFs and umbo displacement for the complete model.

The behavior of the FEM-model is similar to the behavior observed in the fresh TBs. As for
the partial model corresponding to the case DC, the FEM-response at the low frequencies
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(below 800 Hz) is slightly lower (5-10 dB) than measured. The umbo displacement fits into
the measurement range.
Figure VI.2 shows the same MIFs and the umbo displacement for the FEM-model in a wider
frequency range, from 200 to 8000 Hz. The different functions were computed using all the
DOFs of the TM. Based on these plots the visible poles of the TM were detected (dashed
vertical lines). The second and the fifth poles are so scarcely detectable, that they are visible
only on the MMIF plot.
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Figure VI.2: MIFs and umbo displacement for the complete model.

Interestingly only few of the effective poles of the TM were detected. The way the results are
computed from the used FEM-program allows to extract all the poles of the model (defined as
effective poles). A comparison between the detected poles and the effective poles shows that
only few of them are captured by the MIFs. Why? The ignored poles are probably poorly
excited modes or do have high damping ratio or are to close to near modes. Table VI.1
summarizes the frequency and damping values for the identified poles and gives the number
of the corresponding effective poles.
DETECTED
POLES
1st
2nd
3d
4th
5th
6th

fn [Hz]
1016.5
1284.5
1903.1
3670.5
5515.2
7798.9

ζ [%]
15.3
12.6
14.0
14.7
12.7
14.4

EFFECTIVE
POLES
2nd
3d
12th
37th
65th
82th

Table VI.1: Undamped natural frequencies, fn, and damping ratio, ζ, of the
identified poles for the complete FEM-results.
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Figure VI.3 shows the modeshapes of the identified modes. The colors are coded differently
for every single plot, so that the maximal positive displacement is red and the maximal
negative displacement is blue. The positive/negative values allow to display the phases:
between red and blue areas there is a phase shift of 180°. The TM displacements for the first
modeshape (top left) are all in phase and the color range is thus limited to the negative values,
in the other modeshapes areas with opposite phases are visible.
1st main modeshape at f2: 1016.5 Hz

2nd main modeshape at f3: 1284.5 Hz
[a.u.]
1

[a.u.]
0

-0.5

0

-1

-1
4th main modeshape at f37: 3670.5 Hz

3d main modeshape at f12:1903.1 Hz
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Figure VI.3: modeshapes of the TM, the identified modes.
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Figure VI.4 shows the effective deformation of the TM at 6 different frequencies. The color
are coded differently for every single plot. The maximal positive displacement is red and the
maximal negative displacement is blue. Again the positive/negative data give information on
the phases.
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Figure VI.4: Deformation of the TM at 90 dB SPL stimulus for selected frequencies.
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From the first plot it is evident that at low frequencies the TM moves in phase showing a
piston-like movement. At higher frequencies the deformation pattern becomes more and more
complex. Above 4 kHz the membrane shows lots of peaks and valleys which oscillate with
180° phase shift. Due to this highly fragmented movement pattern the movement of the umbo
is drastically reduced. At 4 kHz the umbo displacement is about 20 dB less than at 200 Hz
and about 30 dB less than at 1 kHz.
It must also be noted that the deformations of the TM excited with sound pressure are not
equal to the modeshapes for the corresponding frequencies. The dynamic behavior of the
excited membrane is in fact a linear combination of all the modeshapes.

VI.1.2

Stapes movement

Figure VI.5 shows the velocity-components of the stapes footplate for the FEM-model and
the gain (lower panel) obtained after removal of the cochlear load. The black lines show
values computed without the cochlear load and the grey lines show values computed with the
cochlear load.
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Figure VI.5: Velocity-components describing the motion of the stapes at 90 dB SPL with(grey lines)
and without(black lines) the cochlear load (upper panel) and the corresponding gain (lower panel).
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The cochlear load affects mainly the translational velocity. The gain increases about 6 dB up
to 2 kHz, shows a peak of 10 dB at 3.4 kHz and rapidly decreases above 4 kHz. Above this
frequency some peaks in gain main be found also for the rotational velocity-components.
However, due to the rough behavior of the velocity components above 4 kHz, the gain shows
oscillating positive and negative values.
Unfortunately, no velocity measurements were performed at the stapes with intact cochlea
(see sec III.3.4.4, page 96) and no data were found in the literature, so that the behavior of the
FEM-model with the cochlear load can not be directly validated. On the other hand, since the
model of the cochlea used produces an acoustic input impedance of the cochlea equivalent to
the measurement performed by Merchant et al. [58] and since the velocity-components of the
stapes footplate for the model without the cochlear load are similar to measured values it may
be assumed that also the complete FEM-model correctly reproduces the behavior of the ME
with cochlear load.

VI.1.3

Incudo-malleal joint

Particular care was given in the model construction phase to the IM-joint. It was modeled as a
mobile joint by interposing a soft tissue layer (see sec IV.3.6, page 114) between the articular
surfaces of the malleus head and the stapes. In order to judge the quality of the modeled joint
data from the model and from the measurement performed by Willi et al. [82] are compared.
Using a similar technique as used to analyze the motion of the stapes they investigated the
motion of the joint. Figure VI.6 shows the three axes used to decompose the velocity
measured on the joint surface. Since the dominant velocity resulted to be around the Y-axis,
ωy, the ratio between the ωy of the incus and the ωy of the malleus was computed (R- ωy).

(a)

(b)

Figure VI.6: (a) Due to the measurement technique the DOFs for the ossicular
motion at the IM-joint were reduced to three, one translational (vt) and two
rotational (ωx, ωy) components. The ossicular motion was described for both malleus
and incus by calculating all three components for each of them. (b) The amplitude of
the TF of the ωy-component is illustrated. ‘α’ and ‘β’ stand for the maximal angular
displacements of the ωy –component for the malleus and the incus, respectively. After
[82].
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Figure VI.7 shows the Ratio, R- ωy, measured in 9 TBs. The authors stated: "R- ωy of one TB
that typifies the characteristics of the ratio is highlighted. Starting at 0.5 kHz, the amplitudes
varied between o.45 and 0.8 and stayed almost flat for several 100 Hz until they rose to reach
their peak typically between 1 and 2 kHz. Towards higher frequencies, the peak was followed
by a steep downward slope which bottoms out at about 3 kHz. The amplitude then either
remained flat or increased slightly towards 10 kHz."

1

Figure VI.7: R-ωy for the
nine measured TBs. The ωycomponent
shows
a
reproducible and characteristic frequency response.
The R-ωy of one TB that
typifies these characteristic
is emphasized by a thick
line. After [82].
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Figure VI.8 shows the Ratio, R- ωy, computed from the FEM-model. The behavior of the
computed ratio is similar to the measured values up to 5 kHz. Above this frequency the
FEM-model does not reproduce correctly the IM-joint movement. It is very likely that the
model of the joint (an interposed layer of soft tissue) is not accurate enough to reproduce the
correct joint behavior also in the high frequencies. However this wrong high frequencies
behavior does not affect the movement of the stapes even in the high frequencies. Once again
the high stability of the FEM-model must be highlighted. Slight differences in the movements
of some components vs. the measurements performed in TBs do not particularly affect its
overall movement pattern.
1

Figure VI.8: R-ωy computed
from the FEM-model.
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Note:
The results for the three structures showed above (Sections VI.1.1-VI.1.3) are unfortunately
not sufficient to fully describe the complexity of the FEM-model dynamic behavior, which
can only be illustrated by means of 3D animation. The results presented here are basically
intended to illustrate the quality of the FEM-model and to give some hints on the possibilities
it offers for investigating the ME sound conduction.

VI - Results and Discussion

166

VI.2

Peculiarities and limit of the FEM-model

VI.2.1

High geometrical resolution

The FEM-model presented in this work has a very high geometrical resolution:
108 x108 x108 x µm. With this resolution it was possible to construct a model containing all
the main geometrical information (joints, ligaments, tendons, TM) of the ME. The high
resolution was particularly useful for modeling the two ME joints. However the used
resolution was scarcely sufficient to correctly model the TM. Its thin structure was partially
enlarged so that the total volume was overestimated. However, due to the lack of information
about the TM volume, it was impossible to quantify the overestimation.

VI.2.2

Middle ear joints

Special care was given to the modeling of both ME joints. Both are mobile and the dynamic
behavior of the IM-joint is similar to the measurements [82] up to about 5 kHz. The behavior
in the higher frequencies is different, and shows the limit of the chosen type of joint model
(soft tissue layer interposition). This solution is a first attempt to correctly model the joint and
represents an improvement of the so far used rigid malleus-incus complex.

VI.2.3

Frequency range

The frequency range usable for the FEM-model is limited in the high frequencies at 8 kHz.
This limit is a computational limit and is set by the way MATLAB®, on which the used
FEM-toolbox is based, uses the operating system memory. With a 32-bit operating system the
maximal number of modes which can be computed is a about 120. The 120th mode is at
10900 Hz, so that applying the standard criterion for defining the frequency band of interest
(1.5 below the highest frequencies) would give a maximal frequency of 7267 Hz. Considering
that the criterion is rather conservative the upper limit may be set at 8000 Hz.
No lower frequency limit is set by the FEM-model neither by the toolbox used to solve it.
On the other hand some more restrictions are set by the comparison between the FEM-model
results and the measurement data. The IM-joint mobility is correctly reproduced only up to
5 kHz. The TM behavior is validated only up to 4.5 kHz, above this value no measurement
data were collected. The stapes movement is validated up to 8 kHz. Moreover, the low
frequencies behavior (below 800 Hz) is slightly underestimated ( 5-10 dB).
It may be concluded that the FEM-model correctly reproduces the ME behavior up to 5 kHz
with some underestimation below 800 Hz. Above 5 kHz some "local" differences between
model and measurement data are visible. They however do not affect the stapes movement.

VI.2.4

Collected measurement data and model validation

High importance was given to the model validation by means of comparisons with
measurement data. Several kinds of measurements were performed providing lots of data for
validating the model. Nevertheless, all the measurements performed helped to better
understand some details of the anatomy and physiology of the ME.
All the measurement data show a common characteristic: a great variation in the measurement
results from TB to TB. The variation is particularly evident when performing modal analysis.
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Not only the single measured FRFs but also the frequencies and modeshapes of the different
modes show a great variation, so that extracting common information is not easy and only
general assumptions may be made. Modal analysis is the measurement method most affected
by the individual variation.
This great variation is somehow typical for the human hearing system, where the threshold for
hearing can show differences as high as 10-15 dB between two "normal" ears [31]. This
variation, although it simplified the model validation phase, sets an intrinsic limit to the
precision of a ME model. A model validated using these measurement data does not behave
like any specific ME but more likely as an "unrealistic" mean ME. On the other hand the
model of the ME was developed with the intention to reproduce the main general
characteristics of the sound conduction and not to model a single specific ME.

"As we may do if we believe that right listening is
the beginning of right living."
Plutarch

VII

CONCLUSION AND OUTLOOK

VII.1 Conclusion
The aim of this work was the development of a mathematical model of the sound conduction
through the middle ear. The model is primarily intended as a specific tool for testing different
middle ear prostheses. Its application could however be extended to cover a broader spectrum
of problems related to sound conduction such as the effect of ME disease on sound
conduction or the contribution of each middle ear component to the sound conduction, so that
an indication can be given to otologists concerning the possible consequences of a surgical
intervention.
In order to develop a model of the middle ear a close investigation on the anatomy and
physiology of the middle ear was carried out. The results were then studied and where
information was lacking, measurements were performed on fresh temporal bones. The
following selected aspects of the middle ear were investigated by our measurements:
•
•
•
•
•

anatomy of the middle ear ossicles,
dynamical behavior of the tympanic membrane,
dynamical behavior of the incudo-malleal joint,
dynamical behavior of the isolated ossicles,
dynamic of the stapes.

From the anatomical and physiological study that was performed, accurate information for
constructing the mathematical model was collected.
Finally an accurate mathematical model of the middle ear based on finite element method was
developed and validated by comparing its results with the measurements performed on fresh
temporal bones.
The overall response of the model to sound pressure stimuli is very similar to the response
measured in temporal bones. At low frequencies the model produces however a slightly lower
response (5-10 dB).
Its high frequency behavior could only be partially validated. Part of the measurements
performed on temporal bones were limited up to 4.5 kHz because of intrinsic problem in the
measurement setup. The movement of the stapes without the cochlear load is very similar to
the measured values up to 8 kHz.
The upper frequency limit for the model is set at 8 kHz. In order to be able to compute higher
frequencies, a 64-bit operating system and MATLAB are required.
The developed model assumes a linear behavior of the middle ear so that possible
non-linearities at very low sound pressures, below 40 dB SPL, or at very high sound pressure,
above 100 dB SPL, are ignored. Moreover the effects of the two middle ear muscles (tensor
tympani and stapedial muscles) are not considered.
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The traditional assumption of a rigid body behavior of the malleus-incus complex was
abandoned and particular care was given to modeling the joint as mobile. The joint mobility is
very similar to measurement data up to 5 kHz, while above this value the type of model used
(soft tissue layer interposition) shows its limits.
Note that the FEM-model has been validated with measurement data performed in vitro. It
was assumed that the in vitro measurements are representative for the in vivo sound
transmission through the middle ear. However, as discussed in section III.3.1.2, page 51,
some in vitro measurements were performed at 22°C and may show a lower response than
exptected if they were performed at 37°C.
The constructed model basically satisfies the requirement set in the introduction section.
The main restriction concerns the operating frequency, which was lowered from 10 to 8 kHz
due to the technical limit of the computing power at our disposal.
The dynamical behavior of the model reflects the main general known characteristics of the
sound conduction through the middle ear.

VII.2 Outlook
The present work may be extended in two different directions. The FEM-model of the middle
ear needs to be improved in some of its characteristics, on the other hand the model may be
used to investigate different aspects of the sound conduction through the middle ear.

VII.2.1 FEM-model improvement
The model of the incudo-malleal joint should be improved so as to correctly simulate the joint
behavior also in the high frequencies.
The constitutive equations used to describe the tympanic membrane do not correctly
reproduce the low frequency behavior, limiting the energy entering in the middle ear below
800 Hz. Better material description may solve this problem.
Furthermore the FEM-model may be extended to contain a real model of the cochlea with its
complex internal structures. This extension would allow one to study the complex relationship
between the middle and the inner ear, so that the prosthesis used for the stapedotomy can also
be correctly investigated.

VII.2.2 FEM-model application
The simplest application is the study of the physiology of the normal middle ear, and
particularly the dynamical behavior of those middle ear structures which can not be directly
observed.
A second field of application concerns the study of different middle ear pathology, like
stiffening of different ligaments, perforation of the tympanic membrane or otosclerosis. The
FEM-model allows one to analyze different severities of the pathological changes, which
represents an advantage compared with measurements. In the latter, temporal bones with
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different grade of pathological changes should be found, which is not always possible and in
any case requires a lot of time.
A third field of application concerns the investigation of middle ear prostheses. Again
different prostheses can be relatively easily analyzed and modified in order to fit a particular
dynamical behavior. A similar investigation in temporal bones is virtually impossible.
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standard deviation
single degree of freedom
structural dynamic toolbox
single input multiple output
Scanning Laser Doppler Vibrometry
signal to noise ratio
sound pressure level
sum of the square of the FRFs imaginary part
translational movement vector
temporal bone
tympanic membrane
volume velocity
footplate volume velocity
universal format file
amplitude of the vibration
complex form of the vibration
velocity
effective velocity
measured amplitude of the velocity
reconstructed amplitude of the velocity

Glossary of Symbol

r
vt
r
v( t )

vtx
vty
vtz
x(t)
xh(t)
xp(t)
Z
Zc
Zs
Zsc
γ, φ
γil
∆F
∆f
εi
ζ
ζr
η
λr
µCT
ν
ρ
σ
σi
σr
τil
{ψ}r
ω
ωd
ωdr
ωn
ωnr
ωx
ωy
ωz

transational velocity
r
r
vibrating velocity, v( t ) = V ⋅ e jωt
transational velocity, x component
transational velocity, y component
transational velocity, z component
solution of the equation of motion
transient portion of x(t)
steady state portion o x(t)
acoustic impedance
cochlear impedance
stapes-annular ligament impedance
stapes-annular ligament and cochlear impedance
angles, in [°]
tangential strain component acting on an area normal to the l-direction
force increment
variation range for the frequency
normal strain component, i index for the direction of the normal to the area
damping ratio, [-]
damping ratio for mode r, [-]
hysteretic damping loss factor
eigenvalues or complex root of the characteristic equation for mode r
micro computer tomography
Poisson's ration
density
damping factor, in [rad/s]
normal stress component, i index for the direction of the normal to the area
damping factor, in [rad/s]
tangential stress component acting on an area normal to the l-direction
scaled complex modal vector for mode r, or eigenvector
circular frequency, in [rad/s]
damped natural frequency, in [rad/s]
damped natural frequency for mode r, in [rad/s]
undamped natural frequency in [rad/s]
undamped natural frequency for mode r, in [rad/s]
angular velocity around the X-axis
angular velocity around the Y-axis
angular velocity around the Z-axis
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