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Introduction

Bone conduction (BC) describes the transmission of
structural vibrations in the human head that lead to a
hearing sensation. Usually, five BC components are con-
sidered [1]. For the outer and middle ear component, the
vibrations are induced to the inner ear via a relative mo-
tion between the stapes and the surrounding bone at the
oval window. Another component is the pressure trans-
mission via fluid pathways between the skull interior and
the cochlear cavity. In this study, the focus is on the in-
ertial and compressional component. These are based on
the phenomenon that a wave propagating through the
bone causes a basilar membrane (BM) displacement due
to an inertial motion of the cochlear fluid as well as an
alteration of the inner ear volume.

In the context of hearing devices, BC is relevant for the
occlusion effect and the alteration of one’s own voice per-
ception. While such devices mainly affect the outer ear
component, it is unclear how these changes are related
to the overall BC perception, how the transmission path-
ways inside the head look like and if directional effects of
the BC components need to be considered.

This study adds up to that by investigating the direc-
tional dependence of the inertial and compressional com-
ponents based on finite-element simulations of the inner
ear.

Model of the Inner Ear

The model of the inner ear is shown in Figure 1. It
consists of an osseous cuboid including the inner ear and
is based on a part of the BOHEAR model developed by
Taschke in 2005 [2]. The geometry was extracted from
75 anatomical slices of 20 pm thickness.

Figure 1: Model Geometry. Left: Geometry of the osseous
cuboid and the coordinate system with view on the oval and
round window. Right: Geometry of the inner ear included in
the cuboid.

All materials were modelled as isotropic. The fluid-
filled compartments (vestibulum and semicircular ducts,
scala vestibuli, scala tympani, scala media) were con-
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sidered as water. The surrounding bone (including the
spiral lamina) and the spiral ligament were modelled as
solid mechanics domains. The round window and Reiss-
ner’s membrane were modelled as shell boundaries with a
thickness of 100 pm and 2 pm, respectively. An overview
on the material properties is given in Table 1.

Table 1: Material properties in the structural mechanics do-
mains and shell boundaries.

Material Paramet;rs e
Poisson’s Density in oung’s Loss
Ratio kg/m3 Modulus Factor
in MPa
Bone 0.3 1800 8000 0.1
Spiral 0.3 1000 10 0.25
Ligament
Round
Window 0.25 1000 0.336 0.8
Reissner’s
Membrane 0.2 1000 0.1 0.5
Basilar
Membrane 0.45 1000 8-1 0.25

The BM was modelled with a linearly increasing width
from 80 pm at the base to 500 pm at the apex as well
as a linearly decreasing thickness and Young’s modulus
ranging from 20 to 5 pm and 8 to 1 MPa, respectively.
These properties were tuned by inspecting the BM veloc-
ity magnitudes [3] and the best frequency map [4], which
describes the relation between the excitation frequency
and the position of the corresponding maximum of the
travelling wave on the BM.

The simulations were conduced using COMSOL Multi-
physics@®) Version 6.0 [5]. The BM was meshed with a
mapped mesh of eight elements in radial direction and
a maximum element size of 1/16 mm in longitudinal di-
rection. The length parameter needed to implement the
material’s inhomogeneity and varying thickness was ob-
tained by solving the partial differential equation Au =0
subsequently on the spiral ligament edge and on the BM
boundary. The solution of the first computation was used
as a boundary condition on the corresponding edge for
the second computation. These studies are termed Coef-
ficient Form PDE in the simulation software.

For air conduction excitation, a normal inward velocity
was applied at the oval window, while the surface of the
cuboid was set to be fixed.

A series resonator impedance based on measurements [6]
was assigned to the oval window for the BC simulations.
Three BC excitation types translation, compression and
wave-like were applied in x, y and z-direction, respec-
tively. Opposite cut surfaces normal to the respective
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direction were assigned with a normal velocity in the
same direction for translation and in opposite directions
for compression, while all other faces were considered as
free. For the wave-like excitation, a normal velocity was
applied to one cut surface while the other cut surfaces
were assigned with an average wave impedance for pres-
sure and shear waves (termed low reflecting boundary in
the software). Free motion was allowed for the surfaces
that also oscillate freely in a skull. Visual inspection con-
firmed the motion to be similar to a longitudinal wave
propagating through the cuboid.

Results

The magnitude of the normal velocity was evaluated on
the centerline of the BM and the velocity on the spi-
ral lamina was substracted to obtain the envelope of the
travelling wave.
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Figure 2: Magnitude of the basilar membrane velocity along
the distance from the base for the air conduction excitation
(AC) as well as the wave-like excitation in the three orthogo-
nal directions. The results are shown for 200 Hz, 1 kHz and
6 kHz and normalized to the respective maximum.

In Figure 2, the velocity is shown along the distance from
the base for the air conduction excitation as well as for
the wave-like BC excitation in the three directions.
From base to apex, a steady increase up to a certain
maximum can be observed followed by a sharp decrease
above. The maxima occur closer to the base for higher
frequencies. This illustrates the decreasing local stiff-
ness in radial direction as underlying mechanism for the
mapping, which changes with the width, thickness and
Young’s modulus.

The most important finding from Figure 2 is that the
envelopes are very similar for the air conduction as well
as for the BC excitation in the three directions. This in-
dicates that the general mechanism of a travelling wave
on the BM is generally the same for air conduction and
the different BC components [7].

In the BM regions with a low amplitude of the travelling

wave, a displacement of the BM is caused by the sound
transmitted via secondary pathways such as through the
spiral lamina. This motion appears as noise floor as vis-
ible, e.g., for the 6 kHz curve. As the velocity responses
are normalized with respect to their maximum, the noise
floor appears at different magnitudes in Figure 2.
Directional Dependence

To investigate the directional dependence of the BC re-
sponse, the velocities along the BM for the excitation in
the three directions are normalized by the response for
excitation in x-direction in Figure 3. They are further
divided through the associated areas of the cut surfaces
the exciting velocity was assigned to.
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Figure 3: Ratio between the basilar membrane velocities
for the wawve-like excitation in x, y and z direction and the
corresponding response in x-direction for 200 Hz, 1 kHz and
6 kHz. The velocities are further normalized by the associated
areas the exciting velocity was assigned to.

The curves can be split into two parts. In regions with
a low amplitude of the travelling wave on the BM, the
sound transmitted through secondary paths is related for
the different directions. In those regions, the resulting
curves do not give further insights.

In regions with a significant amplitude, a directional de-
pendence is visible as a constant offset of 3 to 10 dB
between the curves. The levels change from 200 Hz
to 1 kHz, while they are similar for 1 kHz and 6 kHz.
The fact that the curves for the excitation in y- and z-
direction are below 0 dB indicates the excitation in x-
direction to be most effective. It is hypothesized that
this is caused by the motion of the fluid in the vestibu-
lum, which induces a higher pressure difference in the
cochlear part of the inner ear volume when excited in
the x-direction towards the cochlea than in the other di-
rections.

Translation and Compression

In Figure 4, the velocity ratios are shown for the trans-
lational excitation of the model. Similar to the wave-like
excitation, the levels change from 200 Hz to 1 kHz in
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regions with significant amplitude of the travelling wave.
At 6 kHz, the pattern of a constant offset is replaced by
an irregular deviation.
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Figure 4: Ratio between the basilar membrane velocities
for translation in x, y and z direction and the corresponding
response in x-direction for 200 Hz, 1 kHz and 6 kHz. The
velocities are further normalized by the associated areas the
exciting velocity was assigned to.

Kim et al. [8] conducted similar simulations by translat-
ing a finite-element model of the inner ear in different
directions. Likewise, they observed a dependence of the
velocity ratio on both the direction and the frequency in
the same order of magnitude, except for the artefacts in-
duced by the secondary pathways and at 6 kHz. Reasons
for these deviation might be the excitation via the sur-
rounding osseous cuboid or small geometry differences
between the models (especially at the basal end of the
scala tympani [2]).

In Figure 5, the velocity ratios are shown for the compres-
sional excitation. In regions with a significant travelling
wave amplitude, the ratios are within 2 dB. This indi-
cates that a compression symmetrically to the center of
gravity of the inner ear leads to the same BM velocity in-
dependent of the direction, if the associated surface areas
of the excitation are considered. As the normalization by
these areas is equivalent to an excitation with the same
volume velocity in the different directions (the product
of velocity and assigned area), this illustrates the com-
pressional component to be considered as volume velocity
sources acting on the volume of the inner ear [2, 9].
Inertial and Compressional Component

To identify the inertial and compressional component in
the results for the wave-like excitation, the velocity ratios
for the translation (Figure 4) are shown normalized by
the velocity ratios for the wave-like excitation (Figure 3)
in Figure 6.

At 200 Hz, the lines are at 0 dB in the region with a
significant travelling wave amplitude. This identifies the
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Figure 5: Ratio between the basilar membrane velocities for
the compression in x, y and z direction and the corresponding
response in x-direction for 200 Hz, 1 kHz and 6 kHz. The
velocities are further normalized by the associated areas the
exciting velocity was assigned to.

inertial component to be dominant, which is in line with
the consideration, that the wavelength in the bone sur-
rounding the inner ear is much larger than the dimensions
of the cuboid at low frequencies.

At 6 kHz, an irregular offset of up to 10 dB can be seen.
While the variation can be related to a translation in
Figure 4, the offset between the curves can be related to
the directional dependence already observed in Figure 3.
The relation between the compression response and the
wave-like excitation, which is not shown here, further in-
dicates that the offset is not related to the compressional
excitation, either. Therefore, these results illustrate a
superposition of the inertial component (related to the
translational excitation) and a deformation of the inner
ear volume. The deformation is directionally dependent
and of different nature than the compressional excitation.
At 1 kHz, the curves are at 0 dB for the x and y-direction.
Accordingly, the inertial component is dominant. In con-
trast, an offset of about 6 dB is found for the excitation in
z-direction, which indicates a deformation of the cochlea
(different than the compressional excitation). These re-
sults at 1 kHz highlight a complex directional and fre-
quency dependent transition from the inertial component
being dominant at low frequencies to the superposition
of the inertial and compressional component at higher
frequencies.

Conclusion

Finite-element simulations of an inner ear model in an
osseous cuboid were conducted to investigate the direc-
tional dependence of the inertial and compressional BC
components. Beside an air conduction excitation, three
types of BC excitation were applied in three orthogo-
nal directions, respectively: a translational excitation, a
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Figure 6: Ratio of the basilar membrane velocity ratios for
the translation and wave-like excitation in x, y and z direction
for 200 Hz, 1 kHz and 6 kHz.

compressional excitation and a longitudinal wave-like ex-
citation.

The envelopes of the travelling wave on the BM were
found to be similar for the air conduction as well as for
the BC excitations in the different directions. The mag-
nitude of the BM velocity was directionally dependent for
the translational excitation (and accordingly for the in-
ertial component) and directionally independent for the
compression case, as the areas were considered to which
the exciting velocity was assigned to.

The wave-like excitation was investigated by comparing
the BM response for the different directions and excita-
tion types. At low frequencies, the inertial component
was dominant while at higher frequencies it was super-
imposed by a (local) deformation of the inner ear. In
between, a complex frequency and directionally depen-
dent transition was found.

Outlook

The details of the transition from low to high frequencies
are to be investigated further by applying the methods
presented here to the whole frequency range of interest.
The variation and complexity observed for the different
BC excitation types indicates an integration of the model
into a whole head model [2, 10, 11, 12, 13] to be reason-
able to understand to what extend the findings of this
study hold for sources inside (e.g., one’s own voice) and
outside the human head (e.g., BC hearing aids, sound
fields). Such a model could be further used to examine
the relation of the BC components and corresponding
transmission pathways.

Acknowledgements

The work presented here was funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foun-
dation) — Project-ID 352015383 — SFB 1330 A4

934

References

[1] Stenfelt, S.: Acoustic and physiologic aspects of
bone conduction hearing. Advances in Oto-rhino-
laryngology 71 (2011), 10-21

[2] Taschke, H.: Mechanismen der Knochenschall-
leitung. Dissertation, Ruhr University Bochum
(2005)

[3] Stenfelt, S., Puria, S., Hato, N. and Goode, R.L.:

Basilar membrane and osseous spiral lamina motion
in human cadavers with air and bone conduction
stimuli. Hearing Research 181 (2003), 131-143

Greenwood, D.D.: A cochlear frequency-position
function for several species — 29 years later. The
Journal of the Acoustical Society of America 87(6)
(1990), 2592-2605

COMSOL Multiphysics® Version 6.0. COMSOL
AB, Stockholm, Sweden., URL: www.comsol.com

Puria, S.: Measurements of human middle ear for-
ward and reverse acoustics: Implications for otoa-
coustic emissions. The Journal of the Acoustical So-
ciety of America 113 (2003), 2773-2789

Békésy, G.v.: Zur Theorie des Horens bei der
Schallaufnahme durch Knochenleitung. Annalen der
Physik 405 (1932), 111-136

Kim, N., Steele, C.R. and Puria, S.: The Importance
of the hook region of the cochlea for bone-conduction
hearing. Biophysical Journal 107 (2014), 233-241

Stenfelt, S.: Inner ear contribution to bone conduc-
tion hearing in the human. Hearing Research 329
(2015), 41-51

Chang, Y., Kim, N., and Stenfelt, S.: The develop-
ment of a whole-head human finite-element model
for simulation of the transmission of bone-conducted

sound. The Journal of the Acoustical Society of
America 140(3) (2016), 1635-1651

Li, J. et al.: Experimental and numerical studies on
vibration modes and transcranial attenuation char-
acteristics in unilateral bone conduction hearing.
Shock and Vibration (2020)

[12] Lim, J. et al.: Development of a finite element model
of a human head including auditory periphery for
understanding of bone-conducted hearing. Hearing

Research 108337 (2021)

Xu, H. et al.: Simulation of the objective occlu-
sion effect induced by bone-conducted stimulation
using a three-dimensional finite-element model of a
human head. The Journal of the Acoustical Society
of America 150(5) (2021), 4018-4030



