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supposed to replace the stiffness and damping properties.
The structural and acoustic domains are � rstly intro-
duced. Secondly, we attached a linear spring to a posterior
face of the TM, and a plan wave of 80 dB at the ear canal
entrance (ECE). We shortly discuss the governing
equations of a mass spring dumper system. Thirdly, we
model the TM displacements in different cases of
boundary conditions. Fourthly, we analyze how the
external ear canal on the sound pressure at the tympanic
membrane will be affected. At the end, some conclusions
and implications will be drawn from this experiment.

2 Materials and method

A numerical modeling method is adopted to study the
vibration effects of HE by using Finite element analysis
(FEA) of Comsol Multiphysics. It is performed by its
available geometry operations that provides a number of
tools for generating and developing intricate geometry,
assigning the material properties, boundary conditions,
mesh for each component and� nally solving the acoustic
structure interaction between the ear canal that represents
a � eld of propagation of an acoustic wave, and the ear
structures consisting of skin, cartilage, bony tissues and
tympanic membrane to determine the frequency responses.

All simulation operations were performed in the ambient
value of temperature (293.15°K) and pressure (1 atm)
values.

2.1 Model geometry
2.1.1 External ear meatus

A 2D axisymmetric model of the HE was established. The
model is illustrated on Figure 2. Several geometrical
approaches have been done to determine the equivalent
geometric dimensions including lengths and thickness as
shown in Table 1. The ear canal is thought to be well
de� ned by a uniform cylinder or tube with rigid walls up to
about 6 kHz [9]. The ear canal was constructed as uniform
cylinder that has a constant cross-sectional area with a
radii R1 of 4.2 mm. This radii approximately corresponds
to the average radii of TM. The human ear canal length
varied between subjects. Lengths of 27–37 mm along a
curved central axis have been measured in human cadaver
heads [10]. Other studies report average ear canal lengths of
25 and 30 mm [11,12]. Length differences can refer to the
inclination of TM in the ear canal. In this study a length L2
(seeFig. 2) of 30 mm was chosen for the ear canal based on
the dimensions obtained throughmCT scanning x-ray data
[2]. Information on volume, length and average surface area
can be found in several studies [10,13]. The lateral ear canal
face is enclosed by skin layer which is surrounded by

Fig. 1. FEM model of the human tympanic membrane.
Boundary conditions at the posterior face of tympanic shown
by light blue is assumed to be represented by linear springk, The
cochlea and middle ear are simply modeled as a damper, the
coef� cient of viscous damping of which isd, for supplying inertia,
a massm was affected to the tympanic membrane domain.

Fig. 2. Simpli� ed axisymmetric geometry of the tympanic
membrane and external ear including the ear canal, skin tissue,
cartilage tissue and bony tissue. With an overview of the
dimensions used in the model.

Table 1. Overview of the geometrical (dimensions in mm) used in the 2D axisymmetric external ear model.

Dimension Dimension name Lower level Upper level Value (mm)

L1 Tympanic membrane apex 1.42 2 1.7
L2 Ear canal length 25 37 30
L3 Protrusion at canal entrance 2 5 2
L4 bone backed 12.5 18.5 15
L5 cartilage backed 12.5 18.5 15
R1 Ear canal radius 3 4.2 4.2
T1 Lateral skin and cartilage thickness 10 20 12.6
T2 Lateral canal wall thickness 0.5 1 0.5
T3 Medial bone tissue thickness 10.4 20.8 13.4
T4 Medial canal wall thickness 0.1 0.2 0.2
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cartilage layer in the � rst half close to the ear canal
entrance. While the second half near the tympanic
membrane is walled by a bone layer. An average wall skin
thickness of 0.5–1.0 mm has been reported [14], while in
other studies the skin thickness is assumed to be in the
range of 0.2–0.5 mm [15]. Besides, different cartilage to
bone tissue length ratios around the ear canal have been
reported in the literature [ 12,14,15–17]. In our model, a skin
thickness of 1.0 mm is assumed for the� rst half lateral ear
canal wall. However, a thickness of 0.2 mm was chosen for
the second half of the ear canal wall (see dimension T2 and
T4 in Fig. 2). For bony tissues, we assumed that it covers
about half of the skin tissues (L4 = 15 mm) with a thickness
T3 of 13.4 mm. The other half is enclosed by cartilaginous
tissues (L5 = 15 mm), this later is assumed to be a little
thinner about 0.8 mm compared with bony tissue. This
dissimilarity refers to the skin thickness variation around
the lateral ear canal wall.

2.1.2 Ear entrance

A cranial ear wall canal has been taken in consideration to
several studies of 2D axisymmetric model of HE [15], that
is assumed to be smaller than the caudal wall. The
external auditory meatus merges into the cavum conchae
(pinna), which is described by ear entrance. To model this
region, the cartilaginous and the skin tissues that cover
the ear canal walls were extended outwards in such a way
that they protrude beyond the ear canal entrance (see
Fig. 2). The cartilaginous tissues stick out 0.6 mm and the
skin tissues protrude by about 1.4 mm, so the total
length of the cranial ear wall canal L3 is going to equal
2 mm [18].

2.1.3 Tympanic membrane

The tympanic membrane is a tiny piece that separates the
external ear from the middle ear. It transforms the
acoustical energy into a mechanical energy and transmit
it to the ossicular chain of the middle ear. In this study, the
TM structure is modeled as a single layer and has a uniform
thickness of 100mm, the structure and shape of the TM are
shown in Figure 2. Although, the thickness of the TM
varied at different locations ranging from 50 to 150mm [19],
an average value of thickness distribution has been widely
implemented for the TM by most researchers [8,20]. In
physiological conditions, Its curved conical form has a cone
angle of 132–137° [21] with a cone depth included in the
range of 1.42–2 mm [20]. Other cone depth ranging from
1.49 to 1.75 mm has been reported [17].

Thickness and cone depth of the TM have been taken
into consideration in our 3D model. The distance between
the umbo and the plan passing through tympanic annular
is assumed to be 1.7 mm. The construction of the model was
made using Bezier polygon, starting by creating the
posterior face of the TM and moving it about 100mm
keeping the original objet for building the anterior face,
then another Bezier polygon which gathers all the points of
both faces has been constructed to have the� nal form of
TM.

2.2 Boundary conditions

For the present study, seven boundary condition con� g-
urations were considered (seeFig. 3). The con� gurations
use� xed boundary (TM annular), free (ear entrance), mass
(tympanic membrane domain), spring foundation (poste-

Fig. 3. Overview of the four boundary and load conditions examined in the present model. Arrows indicate the locations at which the
pressure was introduced normally on the surface. Dashes indicate� xed boundaries. The unmarked boundaries indicate free boundaries.
The red line shows the internal sound hard boundary wall.
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rior face of TM), Radiation boundary condition (ear canal
entrance), interior sound hard boundary wall, and
boundary load conditions.

2.2.1 Mass spring dumper system

The movement of the TM structure is subjected to forces
and imposed movements. It depends in particular on
stiffness and damping properties, that is to say, the
dissipation of energy in the materials constituting the
structure and in the connections of the various elements of
structure between them and with the surrounding
environment. Hence, to simplify the modeling process of
the tympanic membrane, the middle ear cavity, ossicular
chain and cochlea are not included in this model,
considering that their effect on the TM can be presented
by the equivalent mechanical impedance of a mass spring
damper system (Fig. 1), this have been done by using a
spring foundation boundary condition of Comsol Multi-
physics. Spring foundation was applied at the posterior
face of TM that is represented by linear spring and viscous
damper. The introduction of spring elements at the TM
involves the assessment of suitable spring constants. So a
value of 3000 N/m has been determined to be the total
spring constant. Moreover, it is also possible to model
damping effect. There are three basic damping models
available in the structural mechanic interfaces ofComsol
Multiphysics for explicit modeling of material damping,
we talk here about Rayleigh damping, viscous damping,
and loss factor models based on introducing complex
quantities into the equation system. There are also other
phenomena which contribute to the damping. Some
material models, such as viscoelasticity and plasticity
are inherently dissipative (Comsol Multiphysics V5.3a). A
mass of 8 mg has been added to TM domain, it can be used
for supplying inertia and is not part of the material itself.

As known in physics of vibration, spring generates
forces that depend on the spring constant k, displacement
deforming the spring u and optional deformation offset u0,
it acts in the opposite direction. In the case of a force that
is proportional to the displacement, this is known as
Hooke’s law (Eq. (1)). In the same way, a viscous damping
(Eq. (2)) models were used for analysis, which can be
described as a force proportional to the velocity _u � _u0
and viscous damping constant d. In theory it is dif� cult to
determine the value of d. It can be determined
experimentally though. Hence, for this reason the TM
displacements were tested using several values of d
ranging from 0 to 0.5 N.s/m whit a step of 0.05 N.s/m.
As � rst approximation we supposed that there is no
damping viscous, that is to say d is going to equal 0 N.s/m,
then, other viscous constants ranging from 0.05 to
0.5 N.s/m whith a step of 0.05 N.s/m were examined
through varying d using a parametric sweep.

fs ¼ �k: u� u0ð Þ ð1Þ

fv ¼ �d: _u � _u0ð Þ: ð2Þ

2.2.2 Fixed constraints, interior sound hard boundary wall
and boundary load

Several boundary conditions have been suggested for
modeling the connection of the TM to the ear canal wall.
The tympanic membrane annular (TMA) is represented as
a structural ring and in particular as a linear elastic
shell [20]. The Boundary conditions at the tympanic ring
is restrained by linear and torsional spring [4,22,23].
However, in other studies TMA is assumed to be totally
� xed [22,24–28]. In this study the TMA is assumed to be
fully clamped to the ear canal wall, so a� xed constraint was
added to make the tympanic ring perfectly � xed (Eq. (3)),
that is, the displacements are zero in all directions.

u ¼ 0: ð3Þ
Mainly two constraints, the interior sound hard

boundary wall and the load boundary representations, were
implemented in order to replicate the conditions described.
In the � rst approximation, all boundaries of skin, bony and
cartilaginous tissue are assumed to be de� ned by default as
freeboundaries.Thismeans that therearenoconstraintsand
no load acting on these boundaries as shown in con� guration
a. by contrast, in the second approximation, the lateral ear
canal wall is assumed to act as an interior sound hard wall; a
boundary at which the normal component of acoustic
pressure acceleration is zero (see con� guration b). The outer
surfaces of bony and cartilaginous tissue that surround the
ear canal are considered to be� xed which make those
geometric entity fully constrained (see con� guration c). The
lateral and medial boundaries of the bony tissue (c) were
replaced by a load boundary condition where a pressure load
type is selected to exert forces, the orientation of the load is
given by the normal to the boundaries. The surfaces of the
skin tissues that surround the ear entrance is modeled as free
boundaries.

2.2.3 Radiation conditions

An acoustic pressure stimulus in the range 80–90 dB sound
pressure level (SPL) [1,4,16,22,23,27,29] are frequently
applied as input sound pressure to the lateral side of the
TM or at the ear canal entrance, corresponding to 0.2 and
0.632 Pa, respectively, value of pressure according to the
relation:

SPL dB½ � ¼ 20:log10
P

Pref

� �
ð4Þ

where Pref = 20 mPa is the reference sound [30], pressure
and P is the input sound pressure (Pa).

In this study, the ear canal entrance is modeled as an
acoustic radiation boundary condition, where a plan wave
of 80 dB SPL corresponding to pressure amplitude of 0.2 Pa
was chosen to be applied at the ear canal entrance.

2.3 Mesh and study type
2.3.1 Mesh

A free triangular mesh (Fig. 4) of Comsol Multiphysicswas
used for meshing all domains of the ear model. Then a size
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node was added to specify the size of mesh elements, to
control the allowed maximum, minimum element size and
maximum element growth rate. Custom element size was
selected as element size setting. Maximum element size was
limited at a wavelength fraction of l /4 for making sure that
the wave propagation is fully resolved. To de� ne the
minimum element size, a wavelength fraction which is
assumed to be smaller than that of the maximum element
size was speci� ed. A maximum element growth rate of 1.2
was chosen to determine the maximum rate at which the
element size can grow from a region with small element to a
region with larger element.

2.3.2 Study type

A frequency domain analysis was used in the study type of
academic FE simulation of Comsol Multiphysics software
to de� ne how to solve the acoustic structure interaction.
The displacement of the node corresponding to the
umbo location was evaluated in the frequency range of
100–6000 Hz with a step of 100 Hz, was noted as main
output of the frequency domain analysis. In the study
setting, a parametric sweep is used to� nd the solution of a

sequence of our harmonic problem when it comes to change
the viscous damping coef� cient d.

2.4 Material properties

For all components of the external ear, homogeneous and
isotropic material properties with behavioral law, supposed
to be linearly viscoelastic, were used. The implementation
of materials requires to de� ne the mechanical properties,
including the Young’s modulus E, Poisson’s ratio n and
mass density r , structural loss factor. However the
tympanic membrane was modeled as an elastic material.
The elasticity of human TM has been investigated by many
authors. Different measurements of elasticity have been
reported [31]. The Young’s modulus Poisson’s ratio and
density of the tympanic membrane were based on the
values calculated and/or used in the reviewed works. The
Poisson’s ratio of human and animal TM have been
frequently assumed to have a value of 0.3
[4,24,25,27,29,32,33]. Values ranging from 103 to
1.2� 103 kg/m 3 were set by agreement to be as a human
and animal TM density in several studies [4,26,32]. A
default 33.3 MPa Young’s modulus value were assumed
[34]. All material properties of external ear meatuses and
TM are summarized in Table 2.

3 Results and discussion

In this section, a detailed harmonic analysis results of the
umbo displacements and sound pressure distribution are
reported. The results of harmonic analysis for the
implemented model were performed in the 0–0.6 kHz
frequency range with a step of 0.1 kHz.

3.1 Tympanic membrane displacements

Figure 5 shows the numerically obtained umbo displace-
ments as a function of frequency and the corresponding
value of viscous constant d. To know how the tympanic
membrane displacements are affected by different

Table 2. Material properties used for modeling the external ear tissues and tympanic membrane.

Young’s modulus
(MPa)

Density (kg/m 3) Poisson’s ratio Loss
factor

Bone
Value 11316 1714 0.3 0.01
Reference Delille et al. [35] Delille et al. [35] Peterson and Dechow [36] n/a

Cartilage
Value 7.2 1080 0.26 0.05
Reference Grellmann et al. [37] Cox and Peacock [38] Grellmann et al. [37] n/a

Skin
Value 0.5 1100 0.4 0.1
Reference Sarvazyan et al. [39] Duck [40] n/a n/a

Tympanic
membrane

Value 33.3 1200 0.3 –
Reference Wada et al. [34] Wada et al. [34] n/a –

The density of the air and the speed of sound of the air inside the ear canal arer air = 1.20 kg/m 3 and cair = 343.2 m/s.

Fig. 4. Model mesh of the 2D axisymmetric human ear with
external ear canal and the other structures. FE meshes are
assumed to be free triangular with a maximum element size that
supposed to bel /4.
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boundary conditions, they have been investigated in four
different boundary condition con� gurations when a sound
pressure of 80 dB SPL was applied at the ear canal
entrance. Generally, the obtained results of the four
boundary condition con� gurations including internal
sound boundary hard wall (Fig. 4a), free boundaries
(Fig. 4b), � xed boundaries (Fig. 4c), load and � xed
boundaries (Fig. 4d), show that at low frequencies the TM
displacements maintained almost constant values of
4.8 nm, which is the same for all viscous constants d up
to 0.5 kHz. In addition, according to the value of d we can
distinguish three types of answers:
– undamped model, that is to say, d had a null value. In this

case, it was observed that there were two peaks
respectively at 2.6 and 3.8 kHz. The increase of d
changed the form of responses.

– when d varied from 0.05 to 0.3 N.s/m the response form
had a shape of underdamped model, the displacement

magnitude is proportional to frequency and had a
maximum that can be observed in the 0.9–2.6 kHz
frequency range. This frequency range differs for each
boundary condition con� guration as summarized in
Table 3. Then, this value decreased with an increase in
frequency.

– while, the displacement curves are overdamped when d
was greater than 0.3 N.s/m for internal sound boundary
hard wall, free boundaries,� xed boundaries and load and
� xed boundaries. Although, those of the� xed boundary
con� guration started taking the shape of over damped
when d was bigger than 0.4 N.s/m.

It has been shown that the amplitude and frequency
corresponding to the maximum displacement decreased
with an increase of viscous constant value d. For the
con� guration b) where the acoustic structure interface
between the ear canal and skin tissues was modeled as an

(a) (b)

(c) (d)

Fig. 5. The obtained umbo displacement results for the four boundary condition con� gurations including internal sound boundary
hard wall (a), free boundaries (b),� xed boundaries (c), load and� xed boundaries (d), when a sound pressure of 80 dB SPL was applied
at the ear canal entrance.
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Table 3. The maximum absolute umbo displacement result in terms of frequencies (Hz) and magnitude (nm) at four
different boundary conditions.

Damping viscous constant d (N.s/m)

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Boundary
conditions

Sound boundary
hard wall

Frequency resonance
(Hz)

2600 2500 2300 2100 1700 1200– – –

Magnitude (nm) 18.8 11 7.82 6.22 5.33 4.88 – – –

Fixed boundaries
Frequency resonance
(Hz)

2600 2500 2500 2500 2500 2200 1600 900–

Magnitude (nm) 26.5 18.8 13.2 11.1 7.8 6.1 5.19 4.82

Free boundaries
Frequency resonance
(Hz)

2600 2500 2200 1700 1700 1700– – –

Magnitude (nm) 18.7 10.86 7.65 6.25 5.57 4.98 – – –

Fixed & load
boundaries

Frequency resonance
(Hz)

2600 2500 2500 2100 1600 900 – – –

Magnitude (nm) 18.8 11.1 7.8 6.1 5.19 4.82 – – –

A. Chahbi et al.: Eur. Phys. J. Appl. Phys. 93, 20902 (2021) 7
internal sound hard boundary wall, the maximum displace-
ments of the umbo were obtained at the frequency range o
1.2–2.6 kHz. On the other hand, the other con� gurations a,
c and d, where the acoustic structure interface is suppose
to be free, the maximum displacements were obtained a
0.9, 2.6 kHz frequency range for the model with con� gura-
tion a (external edges of cartilage and bony tissues ar
assumed to be free) as well as for con� guration d (external
edges of cartilage is� xed and those of bony tissues are
exposed to mechanical loading). Yet, con� guration c (the
external edges of cartilage and bony tissues are� xed) had a
maximum displacement at 1.7, 2.6 kHz.
t

a

e.

(a)

(b)

Fig. 6. Effect of the external ear canal on the sound pressure in
the three different locations of external ear canal, (a) ear canal
locations, (b) sound pressure as a function of frequency at three
different locations of the ear canal, point B: red line, point C:
green line, the sound pressure at point A is illustrated in black.
3.2 Sound pressure distribution

Figure 6b shows the numerically obtained sound pressure
at three different locations of the ear canal: a- at the
entrance of the ear canal (point A), b- in the middle of ear
canal (point B); and c- near to the umbo exactly at a
distance of 1.7 mm (point C) when a pressure of 80 dB is
applied at the ear canal entrance. The distribution of the
sound pressure at the tympanic membrane was almos
uniform over the whole frequency range, except for a very
small variation of 0.015 dB that is not very signi� cant.
Although the pressure at the entrance and the middle ear
canal was varied, the difference was within 0.4 Pa.

To know how the ear canal on the sound pressure will be
affected, the pressure gain at the umbo to that at the ear
canal entrance was also calculated.Figure 7 illustrates the
numerically obtained ratio of the pressure at a distance of
1.7 mm from the umbo to that applied at the ear canal
entrance which is designed by a straight cylinder as shown
in Figure 6a. The ratio calculated by Koike et al. [4] using a
simpli� ed shape of the ear canal that is represented as
straight cylinder with a constant cross-sectional area and
its length is the same as that of our model which is also
shown for comparison (red line inFig. 7). The obtained
result shows a good agreement over all the frequency rang
20902-p7
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Fig. 7. Pressure gain caused by the external ear canal. Our model
result was plotted in black line, while the red curve shows the
pressure gain obtained by Koike et al. [4].
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They indicate that the sound pressure ratio increased with
an increase in frequency and had a maximum of 2–3 kHz
frequency range due to the resonance of the ear canal. Th
ear canal can be considered as a sound tube, and it has be
reported that the sound pressure close to the tympanic
membrane becomes greater than that at the entrance of the
ear canal.

G dB½ � ¼ 20:log10
Pout

P in

� �
ð5Þ

where Pout is the sound pressure close to the tympanic
membrane andPin is the sound pressure at the ear cana
entrance in (Pa).

4 Conclusion

In this study, the frequency domain responses of our 2D
axisymmetric model of human ear to dynamic stimuli has
been investigated using the FE analysis. All computations
were carried out using Comsol Multiphysics to calculate
the frequency corresponding to the maximum displace-
ment of umbo. The model consists of the ear canal, skin
bone and cartilaginous tissues, and TM. On the other hand,
the three middle ear bones, middle ear cavity and cochlea
were replaced by equivalent mechanical impedanc
through adding a mass spring damper system as a propose
method to simplify the investigation of human middle and
internal ear in� uence on tympanic membrane. To supply
inertia, a mass of 8 mg was added, also a spring to appl
elastic and damping boundary conditions were affected
Tympanic membrane displacements have been studied in
different cases of boundary condition con� gurations
including viscous damping coef� cient d, � xed or free
constraints and boundary load. On this basis, a wave plan
of 80 dB was applied at ear canal entrance that is assume
to be a sound pressure source. The most important result
of this paper can be expressed as follows:
2090
–

2-p
the maximum displacements at the umbo are obtained at
the range of 900–2600 Hz.
–
 the obtained numerical displacements at the umbo in
terms of magnitude and frequency are strongly in� u-
enced by the chosen values of viscous constant d, an
slightly in � uenced by the constraints and boundary load.
–
 the pressure ratio in front of the tympanic membrane to
that applied to the ear canal entrance was enhanced
compared to that at the ear canal entrance.

The 2D axisymmetric model is a simpli� ed model, it
doesn’t present a model that is assumed to have high
validity and won ’t be able to simulate the dynamic
behavior of human ear at a very high frequencies uppe
than 6000 Hz. Yet, it makes it possible to predict how the
TM functions at low and middle frequency domains.
Therefore, our objective in the next research is to develop a
3D model respecting accurate anatomical properties.
n
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