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ABSTRACT

A three-dimensional geometric model of the human middle ear can be constructed in a computer-aided
design environment with acute geometry and microanatomy. A working finite element (FE) model of the
human middle ear can be created by using the published material properties of middle ear components
to study sound transfer function. In this article, we review the latest technology and advances in the field
of the finite model. Biomechanics and modeling of the human middle ear are also used in the study of
middle ear pathology and the development of hearing devices. Although current FE models are useful for
better understanding of human middle ear biomechanics, at present none of the FE models have been
accepted as tools for diagnosis and surgical planning. The main challenge is how to improve the accuracy
of the FE model in terms of predicting middle ear transfer function. Owing to the inhomogenous
microstructure of the tissues in the middle ear, the mechanical properties of these tissues may vary

Sound transmission function

depending on several methodological factors of measurement.

Copyright © 2012, Buddhist Compassion Relief Tzu Chi Foundation. Published by Elsevier Taiwan LLC. All

rights reserved.

1. Introduction

The human ear can be divided into three sections, the outer ear,
the middle ear, and the inner ear. The outer ear consists of the
external portion of the ear (pinna) and the external auditory canal.
It serves to conduct sound to the tympanic membrane (TM), which
separates the middle ear from the ear canal. The TM is composed of
three different layers of tissue. The membrane is connected to the
bony portion of the ear by means of the annular ligament. The
middle ear is an air-filled space containing three auditory ossicles,
the malleus, incus, and stapes. The three ossicles form the ossicular
chain, which links the TM to the oval window of the cochlea. The
manubrium, which is part of the malleus, is connected to the TM,
and the footplate of the stapes is connected to the oval window. The
inner ear consists of the vestibule, the semicircular canal, and the
cochlea. The vestibule and the semicircular canal are responsible
for maintaining body equilibrium and balance. The cochlea is
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a snail-shaped bony canal with three fluid filled chambers winding
from the base to the apex. The cochlea acts as an acoustic intensity
and frequency analyzer, and it transforms acoustic mechanical
vibration into electric signals.

The function of human hearing has been investigated through
the use of models [1]. In general, there are two groups of models.
The first group consists of electroacoustic circuit models based on
the close link between acoustics and electrical engineering [2,3].
The second group is composed of structural mechanical models,
mainly finite element (FE) models [4—10]. An advantage of the
latter is that mechanical function is related to mechanical param-
eters and therefore a complicated analogy can be avoided.

2. FE method

Finite element analysis (FEA) is a computer simulation tech-
nique used in engineering and biomechanical analysis. The tech-
nique employs the Ritz method of numerical analysis and
minimization of variational calculus to obtain approximate solu-
tions to vibration systems. Investigations of reconstruction of
middle ear geometry have been reported in several papers [6,8—
12]. Funnell et al first used the FE model of the cat eardrum as
thin shell elements decoupled from the ossicular chain [11]. Using
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FEA, the geometry, ultrastructure characteristics, and material
properties of a complex biological system can easily be modeled. If
a complete FE model of the middle ear were constructed, spatial
variations in displacement on the TM, ossicular vibration, and
spatial pressure distribution in the middle ear cavity and external
ear canal could be clarified without direct measurements, which
are difficult to perform. In addition, it would be possible to predict
how middle ear function is affected by various kinds of middle ear
pathologies and to understand how individual differences in the
middle ear structure affect that function [13,14]. The mechanical
behavior of the structure can be studied using the finite element
method. The elements into which the structure could be divided
have various shapes. Once the structure of interest is divided, the
mechanical behavior of each element is analyzed. The elements are
connected at specific nodes on their boundaries; the interelement
effects are taken into account at these nodes only. The response to
the applied loads is expressed in terms of displacements of the
elements’ nodes, which result in a matrix equation relating the
behavior of the element to the applied loads. The components of
this matrix are functions of the shape and properties of the
elements. Finally all the element matrix equations are combined
into one overall system matrix equation.

3. Parameters for the FE model of the human middle ear and
validation

3.1. Parameters of the FE model

To construct an FE model of the middle ear, it is important to
determine the parameters of the middle ear that are to be incor-
porated into the model. These include geometric parameters,
mechanical properties and boundary conditions [ 14]. Gan’s research
team used histological sections of a fresh human temporal bone
[8,9]. We demonstrated how high-resolution computed tomog-
raphy could be used to create detailed dedicated geometrical models
and how finite element analysis of this model can be used to study
middle ear mechanics [10]. In general, there are no significant
differences in the anatomic parameters between these approaches.
In our study of temporal bone images using high-resolution
computed tomography in 31 subjects with normal hearing, the
configurations of the middle ear, including the TM ossicles and
tympanic cavity, showed no significant differences between indi-
viduals, in right and left ears. However, the volume of the mastoid
cavity did show significant differences [15]. When constructing an
FE model of the middle ear, the mechanical characteristics and
functions of the middle ear are incorporated by assigning different
material properties to the different parts of the middle ear system.
Most of the mechanical properties used in FE models are based on
the biological features of the middle ear components, and validated
through the cross-calibration process [8—10,13,15,16]. In addition,
Poisson’s ratio has been assumed to be 0.3 for all materials in the
middle ear system based on the fact that all published Poisson’s
ratios of middle ear components are close to this value. Damping is
the energy dissipation properties and affects the transient response
of the vibrating system. Rayleigh damping has been used [8—13]. The
system damping matrix C is defined as the system mass M and
stiffness K matrices with C = aM + (K. Boundary conditions are
important for determining the mechanical behavior of the human
middle ear [14]. Boundaries of the FE middle ear model include the
ligaments in the middle ear cavity, cochlear fluid, intra-auricular
muscle/ligaments/tendons and tympanic annulus. Some material
properties of the biological tissues in the middle ear used in the FE
model are still under investigation. Precise measurements of the
material properties on boundary conditions can contribute to the
behavior of the middle ear FE model.

3.2. Validation of FE modeling

Validation is an important procedure to verify the validity of
a developed FE model to ensure that the model simulates the
physiological function of the middle ear accurately [14]. In addition,
the FE model validation process can also be used to determine the
unknown parameters and material properties used in the FE model.
Hence, a validated FE model is able to simulate the physiological
functions of the intended structures and provide accurate infor-
mation on the middle ear system. In most studies, the middle ear FE
model was validated by a cross-calibration process based on stapes
footplate and umbo displacements measured from human
temporal bones using laser Doppler vibrometry [8—10]. The Moiré
technique is used for measuring the tympanic membrane shape
and deformation [17]. Comparisons between the FE model and
time-averaged holography have also been used [18].

4. Otological applications

Recently several FE models have been used to predict the effects
of different ontological procedures on their postoperative effec-
tiveness in terms of middle ear transfer functions [14]. William et al
constructed FE models with different stapes prostheses, and
compared their natural frequencies, which changed according to
the shape of the prosthesis and the ossicular chain constraint
imposed along the prosthesis [19]. Zahnert et al constructed an FE
model of a special Bell prosthesis placed between the tympanic
membrane and the stapes [20]. The simulations clearly showed the
influence of geometrical and material modification of the pros-
thesis on its vibroacoustic transfer behavior.

Our group determined the acoustic transfer characteristics of
the tragus cartilage for an optimal cartilage myringoplasty [21]. To
do this, we developed a cartilage plate-tympanic-coupled model
using FE analysis. Different thicknesses of cartilage plate should be
used to repair tympanic membrane perforations of different sizes.
Kelly et al investigated the difference in the amplitude of the
ossicles between normal ears and reconstructed ears with
commercially available partial and total ossicular replacement
prostheses using FE models [22]. The amplitude of vibration of the
stapes footplate was closer to that of the normal ear when a total
ossicular replacement prosthesis was implanted. Partial ossicular
replacement prostheses had lower umbo vibrations and higher
stapedial footplate vibrations.

Implantable hearing aids, initially developed for sensorineural
hearing loss, have recently become more important with the
extension of indications toward mixed hearing loss. By directly
converting sound to amplified mechanical energy, implantable
hearing aids have the advantages of leaving the ear canal open, and
generating less feedback and providing better sound quality than
other types of hearing aid. FE analysis could be used to characterize
the influences of the most important mounting parameters on the
performance of the transducers in respect to the mass loading effect
on stapes vibration and the efficiency of the driving force of the
transducer on the ossicular chain. Our group recently developed
a novel opto-electromagnetic actuator attached to the tympanic
membrane [23]. The optimal electromagnetic force can be calcu-
lated from our middle ear FE model. Bornitz et al used a middle ear
simulation model to investigate two principle types of actuators in
respect to attachment points at the ossicular chain and the direction
of excitation [24]. The stapes head proved to be an ideal attachment
point for actuators of both types as this position is very insensitive to
changes in the direction of excitation. The implantable actuators
showed a higher ratio of equivalent sound pressure to radiated
sound pressure compared with that of an open hearing aid trans-
ducer. Wang et al used the FE model to analyze the coupling effects
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between the ossicular chain and the transducer of an implantable
middle ear hearing device [25]. For a floating mass transducer with
a less tight crimping connection or low supporting rigidity, a large
drop of stapes displacement occurs at a specific frequency, with
a peak reduction of about 25.8 dB. A tight connection or high sup-
porting rigidity shifts the drop of the stapes displacement to a higher
frequency. For a contactless electromagnetic transducer, an elec-
tromagnetic transducer of 25 mg placed near the incus-stapes joint
produced a maximum decrease of the stapes footplate displacement
of around 16.5 dB. The drop of the stapes footplate displacement
caused by the mass loading effect can be recovered by transducer
stimulation over a frequency range of 1500 to 4000 Hz. They
concluded that FE analysis can enhance the coupling stiffness
between the clip and the ossicular chain, which is helpful for
maximizing the efficiency of transducer stimulation.

Pathological changes in the tympanic membrane are among the
most common sequelae of middle ear disease or surgery. These
include changes in the shape of the TM, thickness, stiffness and
perforation. Gan et al noted that the thickness and stiffness of the
TM could be simulated using an FE model [9]. As the TM thickness
increased from 0.05 to 0.2 mm, the stapes footplate displacement
was reduced, particularly at low frequencies. Increasing stiffness
can reduce stapes footplate displacement at low frequencies and
increase displacement at high frequencies. They also simulated
middle ear effusion by using an FE model [26]. When the fluid level
filled up to about 50% of the middle ear cavity, there was a signifi-
cant reduction of the umbo displacement by 8 to 10 dB.

5. Conclusions and future directions

The FE model is potentially useful in the study of middle ear
biomechanics and in the design and testing of implantable middle
ear hearing devices [15]. It would be possible to predict how middle
ear function is affected by various kinds of middle ear pathologies
and to understand how individual differences in middle ear
structures affect that function prior to surgery. Fey et al incorpo-
rated the measurement of the geometry of the ear canal, the 3D
asymmetrical geometry of the eardrum and details of the eardrum
fiber structure [27]. A variety of mechanical tests that measure the
properties of soft tissue have been reported, such as uniaxial
tensile, strip biaxial tension and shear tests. In addition to experi-
mental measurements, numerous material models have been
developed to simulate the behavior of tissue in analytical ways [28].
Weiss et al used a hyperelastic material model with an exponential
strain energy function to fit experimental curves of the human
medial collateral ligament through FE analysis [29]. There are
several nonlinear hyperelastic material models available for
analyzing mechanical properties of biological soft tissue, such as
the Ogden, Mooney-Rivlin, and Yeoh models [28].

Although current FE models are useful for a better understanding
of human middle ear biomechanics, at present none have been
accepted as tools for diagnosis and surgical planning [14]. The main
challenge is how to improve the accuracy of the FE model in terms of
predicting middle ear transfer function. Owing to the inhomogenous
microstructure of the tissues in the middle ear, the mechanical
properties of these tissues may vary depending on several meth-
odological factors in measurement. The high variability in design
choices and modeling parameters, arising also in the wide range of
result values, elucidates the necessity for further and standardized
experiments onstructural characterization and model parameter
identification, validation, and optimization; a sensitivity analysis
could be also a useful tool to identify the parameters with the highest
influence on model results [30]. Further development of a time-
domain FE model of the middle ear may provide a useful tool for
simulating and evaluating the natural vibration of TM and stapes

footplate displacement, particularly when considering nonlinearity
of the middle ear and the cochlea [14].
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