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Abstract. The inner ear or cochlea is a bone structure of spiral shape and is composed of
mainly two conical chambers which are filled with fluid and separated by a soft membrane, the
basilar membrane. In case of a healthy ear, the closed hydraulic system is excited through the
vibration of the stapes. According to present hearing theory, this leads to pressure waves in
the cochlear fluid which in turn results in the characteristic vibration behavior of the basilar
membrane. Related to the sound frequency, hair cells in certain areas of the basilar membrane
are stimulated and cause hearing nerve stimulation.

As reported in literature, the stapedial motion is mainly piston-like for low frequencies,
whereas for higher frequencies rocking motions increasingly occur. Since purely rocking mo-
tions of the stapes footplate generate no net fluid displacement, several researches doubt that
these motion components can lead to basilar membrane vibration and thus to hearing impres-
sion. Therefore, in this study a Finite Element model with simplified geometry of the human
cochlea is developed using Eulerian-based acoustic elements to model the inner ear fluid. First
the vibrations of the basilar membrane are calculated for a purely piston-like excitation mode.
Then, these results are compared with the basilar membrane vibration pattern evoked by purely
rocking motion around the short axis of the stapes footplate.
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1 INTRODUCTION

The inner ear or cochlea is the sensory organ where mechanical vibrations are transferred to
nerve stimuli. It is a bone structure of spiral shape and is composed of conical chambers which
are filled with fluid and separated by a soft membrane, the basilar membrane. At the apical
end, the upper chamber, scala vestibuli, is connected to the lower chamber, scala tympani,
through the helicotrema. At the basal end, the scala tympani is closed by the soft round window
membrane, whereas the scala vestibuli is linked to the fluid-filled vestibulum. This in turn is
connected to the middle ear through the stapes located at the top of the vestibulum. The cochlea
can, therefore, be considered as a closed hydraulic system with fluid properties similar to water.

For a healthy ear, sound is received by the eardrum, transmitted through the middle ear ossic-
ular chain and finally excites the hydraulic system through the vibration of the stapes footplate.
The stapedial vibration leads to the propagation of pressure waves in the cochlear fluid which
in turn results in the characteristic vibration of the basilar membrane. According to present
hearing theory, the oscillation of the basilar membrane reaches a maximum amplitude at a char-
acteristic location along the cochlear partition, which depends on the excitation frequency. This
behavior is also called tonotopy. Particularly at this frequency-depending location, hair cells on
the basilar membrane are stimulated and cause hearing nerve stimulation.

Experiments on temporal bones indicate, that the physiological motion of the stapes footplate
is mainly piston-like for acoustic stimulation frequencies below 1 kHz. For higher frequencies,
the rocking motions along the long and short axis of the stapes footplate become increasingly
dominant and the stapes footplate motion becomes complex [1, 2]. However, it is not clarified
whether and to what extend these rocking motions are capable to evoke the characteristic basilar
membrane vibration, because these rotational components lead to no net fluid displacement
in the scala vestibuli [3]. Since the cochlea with its complex geometry represents a closed
hydraulic system, the small vibrations of the basilar membrane and fluid pressure distributions
are almost impossible to measure. Therefore, in this study a Finite Element (FE) model of the
inner ear with simplified geometry is developed. First the basilar membrane vibration due to
purely piston-like stapes footplate motion is investigated. Then, these results are compared with
the basilar membrane vibration resulting from purely rocking motions of the stapes.

2 FE MODEL

In the following section, the geometry, material properties, and applied boundary conditions
for the simplified FE model of the human cochlea are presented. Since the cochlear fluid is
slightly compressible and represents an enclosed fluid volume with no mean flow, acoustic
elements are used to describe the behavior of the inner ear fluid. The discretized equation for
the pressure-formulated, linear acoustic elements as well as the formulation between acoustic
and structural elements to describe the cochlear fluid-structure interactions are introduced.

2.1 Geometry, material properties, and boundary conditions

The FE model with its simplified geometry is shown in Figure 1. For preliminary investiga-
tions, the chambers are modeled cube-shaped and uncoiled. The fluid-filled scala vestibuli and
scala tympani are divided through the basilar membrane, which is embedded in the rigid bony
wall. At the apex, the chambers are connected through the helicotrema. At the base, the scala
vestibuli is linked to the fluid-filled vestibulum, which interacts with the middle ear through the
stapes footplate. The scala tympani, however, is closed by the round window membrane which
is embedded in the lateral basal wall.
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Figure 1: Model of the human cochlea with simplified geometry.

The dimensions of the cochlear fluid spaces and structural components are summarized in Ta-
ble 1 and are gathered from anatomical data published in literature, from the evaluation of addi-
tional CT-data or from other cochlea FE models. The fluid chambers have a width of 1.37mm
and are slightly different in height, thus the fluid volume of the scala vestibuli is slightly lower
compared to that of the scala tympani. The entire cochlea model has a length of 35.9mm. It
should be noted, that the width of the basilar membrane increases from base towards the apex, in
contrast its thickness decreases along the cochlear partition. Taking into account the area of the
stapes footplate and round window membrane reported in literature, their shapes are assumed
to be rectangular.

The material properties used for the FE model are listed in Table 2. The density, viscosity,
and sound velocity of the inner ear fluid are in the same range as water [19]. As reported in liter-
ature, the basilar membrane comprises transversally orientated fibers which are embedded in an
elastic ground substance. Therefore, the orthotropic material formulation described in [20] for
a guinea pig is used fitting the Young’s modulus to that of a human basilar membrane [13]. Fur-
ther, a structural damping for the basilar membrane is applied with a modal damping of ξ = 0.1.
For the round window membrane linear elastic material properties are assumed. The rims of
the basilar and round window membrane have fixed translations. The stapes footplate and bony
wall are represented as rigid bodies, the latter one is additionally fixed in space.

2.2 Coupling acoustic with structural elements for fluid-structure interaction

The FE model is created using ANSYS Mechanical APDL 15.0. The structural compo-
nents are meshed with standard shell elements. For the fluid domain the pressure-formulated
or Eulerian-based acoustic elements are used, referred to as FLUID30 in ANSYS. The acoustic
wave equation for a fluid with viscosity ηf , sound velocity cf , and density ρf is defined by

∇2p− 1

c2f

∂2p

∂t2
+

4ηf
3ρfc2f

∇2∂p

∂t
= 0. (1)

The equation describes the spatial propagation of pressure waves in a fluid with no net flow
rate and no source, neglecting effects of thermal conductivity. Further, a compressible fluid
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Table 1: Dimensions of the cochlea model.

fluid spaces
vestibulum volume 50mm3 [4, 5]
scala vestibuli volume 35.3mm3 [6, 7, 8, 9, 10]
scala tympani volume 44.2mm3 [6, 7, 8, 9, 10]
helicotrema area (y x z) 0.64mm2(1.37 x 0.46mm) [7]
structural components
basilar membrane length 30.4mm [11]

width basal 0.1mm [12, 13, 5]
width apical 0.5mm [12, 13, 5]
thickness basal 7.5µm [12, 13, 14]
thickness apical 2.5µm [12, 13, 14]

bony wall length 30.4mm
width 1.37mm
thickness basal 7.5µm
thickness apical 2.5µm

round window membrane area (x x z) 2.1mm2(1.04 x 2mm) [15]
thickness 65µm [16, 17]

stapes footplate area (y′ x z′) 3mm2(1.18 x 2.5mm) [18]

where density changes are due to pressure variations is assumed and the equation is limited to
relatively small pressures p, such that the changes in density are small compared to the mean
density. By discretizing Eq. 1, the finite element equation for the pressure-formulated, linear
acoustic element is

Mf p̈+Cf ṗ+Kf p = Ff , (2)

where Mf , Cf and Kf are the equivalent fluid mass, damping and stiffness matrices. Further, Ff

represents the vector of applied fluid loads and p the vector of the unknown nodal acoustic
pressures.

To describe the interaction between the inner ear fluid and the stapes footplate, basilar mem-
brane and round window membrane, the acoustic pressure is related to the resulting normal
displacement of the structure, using a coupling matrix R that accounts for the effective surface
area associated with each node on the interface. This leads to the equations of the two-way
coupled fluid-structure interaction problem

Mf p̈+Cf ṗ+Kf p = Ff − ρfRT ü, (3)
Ms ü+Cs u̇+Ks u = Fs +Rp.

There, Ms, Cs and Ks are the structural fluid mass, damping and stiffness matrices, Fs is the
vector of applied structural loads and u is the vector of unknown nodal displacements. These
equations can be formed into a matrix equation, where the assembled mass and stiffness matri-
ces are unsymmetric. Using the linear pressure-formulated acoustic elements to model the fluid
domain, the FLUID30-element in ANSYS has one pressure DOF and three additional displace-
ment DOFs at the fluid-structure interface. However, elements inside the fluid domain have
only pressure DOFs. For the FLUID30-elements located on the exterior surfaces of the scala
vestibuli, scala tympani and vestibulum, the absorption coefficient is set to zero representing a
rigid wall boundary condition.
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Table 2: Material properties for the cochlea model.

cochlear fluid
density ρf 1000 kg/m3 [19]
viscosity ηf 0.001Pa s [19]
sound velocity cf 1500m/s [19]
basilar membrane
Young’s modulus basal Ey,b 50MPa [13]

apical Ey,a 3MPa [13]
Ex = Ez Ey,a [20]

shear modulus Gxy = Gxz = Gyz Ey,a/2.99 [20]
Poisson ratio νxy = νzy 0.49Ey,a/Ey [20]

νxz 1− (0.49Ey,a/Ey) [20]
modal damping ξ 0.1
round window membrane
density ρrw 1200 kg/m3 [13]
Young’s modulus Erw 0.35MPa [13]
Poisson ratio νrw 0.3 [13]

3 RESULTS

The cochlea model is excited by the motion of the stapes footplate. In this study, first the
vibration of the basilar membrane due to purely piston-like motion of the stapes footplate along
the x′ axis for 0.5, 1, 2 and 4 kHz is investigated. Then, these results are compared at 1 kHz
with the basilar membrane vibration pattern for purely rocking motion around the short axis y′

of the footplate. For both excitation modes, physiological amplitudes are used and applied to
the rigid stapes footplate as kinematic boundary conditions, Table 3. For the following results,
the transversal deflections in x-direction of the steady basilar membrane vibration are evaluated
in the xz-plane.

Table 3: Displacement amplitude x′ (piston-like) and rotational amplitude βy′ (rocking) applied to the stapes
footplate to excite the cochlea model. The amplitudes are gained from physiological data [2] for an ear canal
pressure of 1Pa.

frequency 0.5 kHz 1 kHz 2 kHz 4 kHz
piston motion x′ [nm] 1.80 38.20 7.96 1.99
rocking motion βy′ [µrad] 7.96

For an excitation frequency of 1 kHz, the transversal deflections of the basilar membrane for
three discrete time points of a cycle as well as the envelope of the membrane pattern is shown
in Figure 2.

The piston-like motion of the stapes footplate leads to a vibration of the basilar membrane.
Due to the fluid viscosity and the structural damping, adjacent partitions of the basilar mem-
brane vibrate with an increasing delay in phase from base towards the apex. The spatially
moving oscillation nodes result in a travelling wave of the basilar membrane. Thereby, the
amplitude increases from the base towards the apex reaching a maximum amplitude at a char-
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Figure 2: Vibration of the basilar membrane due to piston-like excitation for x′ = 38.2 nm at 1 kHz.

acteristic point along the cochlea indicated by the envelope in Figure 2. Beyond this point, the
amplitude decreases rapidly and the adjacent apical domain of the basilar membrane remains at
rest. Further, the basilar membrane vibrations for the piston-like stapedial amplitudes accord-
ing to Table 3 are calculated. The basilar membrane amplitudes for excitation frequencies of
0.5, 1, 2 and 4 kHz are shown in Figure 3.
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Figure 3: Envelopes of the basilar membrane vibration due to piston-like stapes footplate motion for different
excitation frequencies.

By increasing the excitation frequency, the maximum amplitude is shifted towards the base
of the cochlear partition. This behavior leads to a unique mapping of each excitation frequency
to a distinct location along the basilar membrane. This tonotopic behavior as well as the vibra-
tion pattern of the basilar membrane are in agreement with the present hearing theory, described
in Section 1. Comparing the maximum basilar membrane amplitudes for the different excita-
tion frequencies, the global maximum amplitude occurs for an excitation frequency of 1 kHz.
Assuming, that the amplitude at the characteristic place is a measure for the perceived sound
intensity, this result is consistent with the lowest hearing threshold level for human ears at
around 1 kHz [21].

Finally, the cochlea model is excited by rocking motion around the short axis of the stapes
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footplate with an amplitude of βy′ = 7.96µrad. The normalized envelope and the transversal
deflections of the basilar membrane for one point of time of a cycle are shown in Figure 4.
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Figure 4: Vibrations of the basilar membrane at 1 kHz for purely piston-like and rocking motions of the stapes
footplate.

For an excitation frequency of 1 kHz, the rocking motion of the stapes footplate leads to a
vibration of the basilar membrane. The comparison with the normalized membrane deflections
of Figure 2 shows, that the evoked basilar membrane pattern is the same as for the piston-like
excitation mode. Obviously, the vibration pattern of the basilar membrane depends primarily
on the excitation frequency, not on the mode of excitation. Except in the basal domain, slight
differences in the vibration pattern are visible resulting from differences between the basal fluid
pressure distributions, Figure 5.
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Figure 5: Vibrations of the basilar membrane in the basal domain for 1 kHz.

For the excitation frequency of 1 kHz, the maximum amplitude of the basilar membrane
due to stapedial rocking motion is around 43 dB lower compared with that for the piston-like
motion. Thus, for this excitation frequency the contribution of stapedial rocking motion to
hearing impression is assumed to be low. However, at this frequency the amplitude of the
piston-like motion of the stapes footplate is maximum and decreases considerably for higher
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frequencies, Table 3. Therefore, further investigations are intended to study the vibration of the
basilar membrane over the entire auditory frequency range for both modes of excitation.

4 CONCLUSION

In this study, an FE model of the human cochlea with a simplified geometry is developed.
Using Eulerian-based acoustic elements to describe the inner ear fluid, the related equations for
the two-way coupled fluid-structure interaction are described. For the piston-like motion of the
stapes footplate, the FE model represents the characteristic basilar membrane vibration with a
distinct maximum amplitude along the cochlear partition and the results are in agreement with
the tonotopic hearing theory. It is further found that also purely rocking motion around the short
axis of the stapes footplate is capable to evoke the characteristic basilar membrane vibration.
Apart from slight differences in the basal domain, the resulting patterns of the basilar membrane
for both excitation modes are identical. For an excitation frequency of 1 kHz, the maximum
basilar membrane amplitude due to rocking motion of the stapes footplate is around 43 dB
lower than for the piston-like motion. However, according to physiological data the stapedial
amplitude for the piston-like motion decreases for higher frequencies. Therefore, in a next step
the basilar membrane vibrations for both excitation modes need to be studied for the entire
auditory frequency range.
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