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Numerical analysis of the tympanic membrane vibrations
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1. Introduction

The human auditory system is a remarkable engi-
neering design that is made up of complex geometries, many
material properties and different dynamic responses to
transform the acoustic input into an electrical output for hu-
mans to understand. The thing that is usually understood as
ear, in reality, is only the small part of this sophisticated
hearing organ. The human ear is composed of three parts:
outer or external ear, middle ear and inner ear (Fig. 1.). The
specific anatomical structure separating the outer and mid-
dle ear is the eardrum (Tympanic Membrane).
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Fig. 1 The human ear system [1]

The investigation of Tympanic Membrane (TM)
mechanics is important for understanding the acoustical and
mechanical properties of the sound-path from the ear to the
cochlea. The vibrations of the TM play a key role for sound
transmission to the inner ear [2]. Finally, the tympanic mem-
brane realises two functions [3]:

1. The transfer of sound waves to the ossicles;

2. The transmission of atmospheric pressure.

Ossicular anatomy and middle ear mechanics, be-
sides its acoustical function, is as well influenced by non-
acoustical loads, for example, atmospheric pressure varia-
tions. The ear works as a pressure receptor [4]. There are
unresolved issues in understanding the tympanic membrane
and its behaviour [2].

There are many diseases, which cause the tym-
panic membrane defects; the most common is the tympanic
membrane perforation. For example, acute or chronic otitis

media may result in defects of part or of the entire tympanic
membrane [5]. Myringoplasty is considered the simplest re-
constructive procedure of the middle ear [6]. In order to re-
pair the perforation of TM, different types of grafts are used.
After the myringoplasty, the healing TM becomes thicker,
and the whole layer gets the same features as the normal
TM. The changes that the tympanic membrane is overcom-
ing after the myringoplasty are usually unclear and cannot
be easily predicted. However, the TM restores the functional
features. The disposed problematic is visualised in Fig. 2.
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Fig. 2 Tympanic membrane: a - with perforation before the
middle ear surgery; b - thicker, but intact TM after
the surgical repairing

The accurate model of the tympanic membrane,
which simulates the acoustic-mechanical transmission,
could improve the clinical surgical intervention [7]. For
such kind of problems, the method of Finite Elements (FE)
becomes an important tool, especially for the investigation
of specific problems, such as [8, 9] middle ear acoustic-me-
chanical behaviour, the introduction of different kinds of
implants and prosthesis.

Due to the above mentioned reasons, tympanic
membrane was investigated in these ways:

- the composition of FE model and the fre-

guency response analysis for healthy TM and
TM with perforation according to the sound
frequency,

- the analysis of the displacements of the intact

TM and the TM after the operation of myrin-
goplasty according to the predicted fixation
place.

The frequency response analysis was provided for
the intact ear and the TM with perforation. During the
myringoplasty surgery, the geometrical changes of TM and
its fixation is up to the surgeon. The study of the effect for
the TM displacements according to the fixation position was
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performed. In both study cases, the dynamic load was taken
into account.

2. Finite element model of the tympanic membrane

A variety of TM FE models can be found in the
literature that differ in geometry, mesh/element, boundary
condition and material properties [7].

In the tympanic membrane study from a mechani-
cal point of view, the first objective was to create a geomet-
rical model. Several groups have determined the geometric
parameters of each middle ear component by using anatom-
ical data or the data directly obtained from the measure-
ments of temporal bones [7]. 3D Model of the middle ear
assembly is presented in Fig. 3 (for more details, read [10]).

Fig. 3 The assembly of middle ear,
SolidWorks®2012 ([10])

performed in

Zhao [11] summarises the results of the investiga-
tion defining the geometries of the middle ear. The Table 1
provide the results of these findings and the geometries used
in numerical simulations as well.

ble 2 summarises the mechanical material properties for lin-
ear elastic modelling.

Table 2
Mechanical properties of TM finite element model
Density, kg/m?® 1200
Young’s modulus, MPa 21
Poisson’s coefficient 0.3

Table 1
Geometry configurations of the TM
Parameter Real
dimensions Model
[11]
Diameter along the 8.0+10.98 10
manubrium, mm
Diameter perpendicular to 7.5+9.22 8
the manubrium, mm
Height of the cone, mm 1.42-2.0 0.91+1.91
Surface area, mm? 55.8+79 59.7+71.2
Thickness, mm 0.05+0.169 0.1-0.5

Concerning the FE modelling, different element
types have been employed and the conclusion has been set
that mainly shell elements are used for TM modelling [7],
[11]. Material characterisation of the TM tissues still repre-
sents a debated issue due to the variety of tests, typically in
vitro, but also in vivo [7]. The questions for the discussions
are also: the thickness of tympanic membrane, the isotropic
or orthotropic material characteristics, and the human or an-
imal material characteristics. The majority of authors
[7, 11, 12] agree on the characteristics of the density and
Poisson’s coefficient. The value of 21 MPa of Young’s
modulus was mentioned as giving the best results [13]. Ta-

TM being the soft tissue is modelled as viscoelastic
material. Viscoelasticity is modelled by using a complex
modulus in the frequency domain [13]:

E(w)=E, (w)+iE,(w)= El(w)[1+in(w)] , (D)

here w - the angular frequency; E1(w) - the storage modulus
that accounts for the elastic portion (comparable to the con-
ventional elastic Young’s modulus); E2(w) - the loss modu-
lus that accounts for the viscous portion; # - the loss factor
and i - imaginary unit.

Several groups of authors [7, 14, 15] investigated
the TM damping against the frequency range. The loss fac-
tor of 7.8% was more or less constant across the measured
frequency range [14]. For the harmonic analysis, the loss
factor of 7.8% has been selected as well for the adequacy of
speech frequency range. Moreover, the stiffness damping
parameter was set = 10*s [7].

The most important frequencies for speech under-
standing are 500, 1000, 2000 Hz. This is the human voice
frequency range, and the hearing is the most sensible in hu-
man ear to the frequency and amplitude modulation.

In the hearing system, the sound waves represent
the dynamic pressure. The perceived sound consists of peri-
odic acoustic pressure variations (sound pressure). The TM
is moved by the sound pressure and works as sound recep-
tor. The Sound Pressure Level (SPL) is the hearing feeling
quantitative parameter. Following the mathematical rela-
tion, it can be used to define the pressure on the tympanic
membrane:

SPL = 20log [&J , 2
Po

where po = 2-10° Pa is the reference sound pressure; p; is
the pressure exerted on the TM.

Taking into account the physiological aspect that
the TM is affected by pressure, the load of pressure was ap-
plied from the direction of external auditory canal. For the
selection of the geometry of TM for frequency response
analysis, the authors used findings of the previous hearing
static analysis [16].

2.1. The static analysis of tympanic membrane

There are no data about the most common TM ge-
ometries in the human ear. The most typical three geome-
tries of the eardrum were selected for the further analysis
and created according to the angle of the cone as 10°, 20°
and 30°. Perhaps the most expressive TM model is with an-
gle of inclination of 30° as presented in Fig. 4.



Fig. 4 The tympanic membrane model of angle of 30°

A uniform input pressure stimulus, corresponding
to quiet room (20dB) was applied to the lateral side of the
TM as presented in Fig. 5. The same Fig. 5 presents the ex-
ample of fixture on all periphery of TM.

Pressure applied
consistently

Fig. 5 The example of application of load on TM
(shape of 30°) with all periphery fixture

During the myringoplasty surgery the tympanic
membrane is becoming thicker, because the cartilage is
fixed to cover the perforation. Also, the operation is due to
close the hole of the TM. From that point of view, to study
numerically the effect on TM displacements is of high im-
portance. Generally, the surface area of perforation in TM is
6 mm?2. Fig. 6 presents the numerical TM with perforation
in the direction of manubrium.

Fig. 6 Perforated TM for static FE analysis

Finally, summarising the presented aspects on in-
tact and non-intact TM, the tympanic membrane displace-
ment analysis was performed in the following way:

- the influence of the TM geometry to its displace-
ments (TM fully clamped);

- the influence of the TM geometry to its displace-
ments according to the clamping type.

For numerical FE modelling, the mesh size sensi-
tivity analysis was performed, and the triangular element of
0.3 mm length was selected for the further numerical analy-
sis on CatiaV5R21. The tympanic membrane movements
are dependent on the morphology [3]. Usually, the cartilage
material is used in myringoplasty. Three geometries, ac-
cording to the angle (10°, 20° and 30°) of the cone of the
TM, were selected for numerical analysis to test the influ-
ence of TM perforation in the case of TM thickness 0.1 mm.
The statement was proved in this analysis (Fig. 7).

From the Fig. 7 it is evident that the shape of TM
of 10° is the most sensitive and presents the highest dis-
placements comparing with the other geometries. Compar-
ing the displacement results of normal, intact TM without
the hole, the displacements of eardrum of 10° are 75%
higher than the displacements in the case of eardrum of 30°.
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Fig. 7 TM displacements according to the shape: normal
TM (thickness 0.1 mm) without and with perforation
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Fig. 8 TM displacements according to 4 fixture positions:
thickness 0.1 mm — normal TM and thickness 0.3,
0.4, 0.5 mm after the myringoplasty
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Fig. 9 TM displacements according to the complete fixture:
thickness 0.1 mm — normal TM and thickness 0.3,
0.4, 0.5 mm after the myringoplasty

In the next stage, the numerical analysis was per-
formed in order to define the TM fixation influence on the
results of displacements in the case of healthy ear without
perforation and in the case of the thicker TM (after opera-
tion). The cartilage slices prepared for the middle ear sur-
gery that were performed in Lithuanian University Health
Sciences are not thicker than 0.5 mm. Other authors [5] pro-
vide the same suggestion about the cartilage preparation.



Fig. 8 and Fig. 9 present the TM displacements according to
the fixture of TM and the geometry (shape and thickness).
The calculated data suggest that the most sensitive TM ac-
cording the TM shape is the TM with the angle of the cone
of 10°. Moreover, the results of static analysis show that the
type of boundary conditions influences more than 2 times
the TM displacements for all the geometries.

Summarising the findings from this static numeri-
cal study, it can be concluded that the intact TM (with com-
mon thickness 0.1 mm) is as well sensitive to the boundary
conditions. Moreover, the extreme influence is defined ac-
cording to the shape of TM. Nevertheless, the results of
Fig. 8 and Fig. 9 show that the reconstructed TM (becomes
thicker) is less sensible to the boundary conditions. The

freq_smsh(5)=500 Boundary: z-displacement [m] Max: 0
Deformation: Displacement 610-10
-1
-2
-3
-4
-5
-6
-7
Min: -7.091e-10
a

freq_smsh(15)=1500 Boundary: z-displacement [m] Max: 1.98e-9
Deformation: Displacement

Min: -8.637e-12
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statement could be made that the numerical model of the re-
paired TM could be simpler compared to the healthy TM
numerical model, but this statement needs experimental val-
idation.

2.2. Tympanic membrane frequency response analysis

The tympanic membrane frequency analysis was
performed in Comsol Multiphysics 3.5a environment, con-
sidering the human voice frequency. From the previously
summarized findings the selected geometry of TM was with
angle of cone of 10° with fully clamped periphery of TM to
the ear canal. Table 3 presents the harmonic input pressure
stimulus, applied to the lateral side of the TM.
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Fig. 10 Frequency response of intact tympanic membrane (the shape —angle of cone of 10°, thickness— 0.1 mm):

a-500 Hz; b -1000 Hz; ¢ - 1500 Hz; d - 2000 Hz
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Fig. 11 Frequency response of tympanic membrane with perforation (the shape — angle of cone of 10°, thickness — 0.1 mm,
perforation area — 6 mm?): a - 500 Hz; b - 1000 Hz; ¢ - 1500 Hz; d - 2000 Hz



Two sets of frequency response analysis were per-
formed: for intact TM (Fig. 10) and TM with perforation
(Fig. 11). In both study cases the thickness was 0.1 mm.

Table 3
Harmonic input pressure stimulus
Sound pressure level, dB 45
Pressure transferred, Pa, found by
Eqg. (1) 0.003557
Frequency, Hz
Men Sound level= 500
1000
1500
Women Sound level= 2000

To the best of our knowledge, there are no data
about perforated tympanic membrane numerical modelling.
The author De Greef [13] performed the identification of
magnitude of vibrations and respectively the numerical sim-
ulation in the range of frequencies: 1 kHz, 7 kHz, 16 kHz.
Numerical results were compared with experimental pre-
sented in [13]. The adequacy with accuracy of 10% was
achieved comparing the formation and the magnitude of
peaks. Two peaks are forming in the zone in pars tensa
(against the malleus was unvalued in our model) comparing
with experimental results [13].

3. Conclusions

In this work, the key aspect was the composition of
linear elastic Finite Element model for harmonic analysis of
intact tympanic membrane and tympanic membrane with
central perforation. The numerical analysis of vibrations
was performed in 500, 1000, 1500, 2000 Hz frequencies
with the intensity of 45dB, trying to investigate how the in-
tact and perforated tympanic membranes move. The ac-
quired data in 1000 Hz fits the literature data.

From the numerical analysis we receive that maxi-
mum amplitude in healthy and perforated tympanic mem-
brane differs two times in 1500 Hz, 70 times in 2000 Hz,
while in 500 and 1000 Hz they move similarly. The numer-
ical results fit the medical examinations that the central tym-
panic membrane perforation affects more high and middle
range frequency than the low range one. In other words, the
human with central perforation hears worse women speech
or high frequency range.

Also performed static analysis shows that the tym-
panic membrane fixation place affects its movements after
the myringoplasty according to the geometry of the

tympanic membrane: smaller angle of the cone
means the higher sensitivity of TM displacements.
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Summary

The intact tympanic membrane ensures a good
hearing quality for humans. Sometimes, the tympanic mem-
brane is perforated and because of that the hearing suffers.
The tympanic membrane is reconstructed by covering the
perforation with autogenous tissues that changes the tym-
panic membrane geometry, and the hearing is restored. Dur-
ing the hearing restoration operation, the surgeon influences
the thickness of the tympanic membrane and the fixation
type.

Nevertheless, it is still not clear why in some cases
the hearing is deeply affected by small perforation. For this
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reason, a numerical model has been constructed for the in-
tact and perforated tympanic membrane with common
6mm? perforation. The numerical analysis of vibrations was
performed in 500, 1000, 1500, 2000 Hz frequencies with the
intensity of 45 dB aiming to investigate how the healthy and
perforated tympanic membranes move.

The acquired data at 1000 Hz correspond to the lit-
erature data. Numerical analysis shows that the maximum
amplitude in intact and perforated tympanic membranes dif-
fers 2 times in 1500 Hz, 70 times in 2000 Hz, while in 500
and 1000 Hz they move similarly.

The analysis on how the tympanic membrane fixa-
tion place affects its movements after the myringoplasty and
according to the geometry of the tympanic membrane was
also performed.

Keywords: Tympanic membrane, eardrum, frequency re-
sponse, myringoplasty, Finite Element Modeling (FEM).
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