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Introduction
Bone conduction (BC) describes the transmission of vi-
brations via osseous, cartilage and soft tissue pathways
that contribute to the hearing sensation. It is relevant for
ear-level devices such as headphones and hearing aids, for
example, in the context of the occlusion effect or the al-
teration of the perception of one’s own voice [1].
The finite element method (FEM) allows to simulate the
three-dimensional wave propagation in complex geome-
tries such as the human head, but it requires substan-
tial simplifications due to the spatial discretization, the
definition of domains and boundaries as well as the as-
signment of material models. Additionally, the measured
reference data used to validate a BC model exhibit inter-
subject variability and variations with respect to the ex-
citation and measurement of the vibrations.
This study investigates the grade of complexity needed
to simulate the propagation of bone-conducted sound in
the human head within the range of the variability found
in the measurements. The approach is to vary geomet-
rical and material parameters in a simple layered ellipse
model.
Two FEM-models of human heads used to investigate
BC serve as main references for the following analysis,
the BOHEAR model [2, 3], which consists of five mate-
rial domains, and the LiUHead model [4], in which six
different materials were assigned.

Baseline Model
As illustrated in Figure 1, the geometry of the baseline
model is a layered ellipse. It is assumed as rotationally
symmetric, so it approximates the superior part of an
average head with a length of 190mm and a width of
150mm [6]. The skull bone is modeled as a three-layered
structure with a soft diploe layer in between two (corti-
cal) bone layers. Overall, the model consists of six do-
mains and five materials: soft tissue, bone, diploe, CSF
and brain.
The thickness of the soft tissue layer is the average of the
male and female means for the soft tissue depth at the
forehead (supraglabella) [7]. The thickness of the diploe
layer is determined by averaging the measured values
in [8]. The thickness of the two bone layers is computed
by subtracting the diploe thickness from the average of
cranial thickness measures given in [9] and dividing it by
two. The thickness of the CSF layer is set to 3mm. The
materials are modeled as linear and isotropic, the base-
line parameters are taken from the LiUHead model [4].
The FEM simulations are conducted using the Acoustics
Module in COMSOL Multiphysics®. The vibrations are

Figure 1: Geometry of the baseline model. The length and
width of the half ellipse are 190mm and 75mm. The domains
and thicknesses are, from the outside in: soft tissue (4.7mm),
outer bone (2.0mm), diploe (2.3mm), inner bone (2.0mm),
CSF (3.0mm) and brain.

excited by a boundary load of 1N normal to an area with
a diameter of 3mm at the outer bone surface around the
symmetry axis to approximate the forehead stimulation
by BC hearing aids. The outer boundaries are modeled
as free. The frequency range is set from 100Hz to 10 kHz
with a logarithmically spaced resolution of 100 frequen-
cies per decade.
Separate mesh sizes are used for the materials. The max-
imum element size is set to a fifth of the shear wavelength
at 10 kHz in the bone and diploe domains and to a fifth
of the pressure wavelength in the CSF. The maximum
element size in the soft tissue is set to a twentieth of its
corresponding value for bone and to the same as for the
CSF in the brain domain.

Mechanical Point Impedance
Two point measures are used to evaluate the simulation
results, the mechanical point impedance and the accel-
erance. The mechanical point impedance is defined as
the normal force F at the excitation position divided by
the normal velocity v (averaged over the area the force
is applied to):

Zmech =
F

v
[Ns/m] (1)

The point impedance for the baseline model is shown in
Figure 2 with the corresponding LiUHead simulation re-
sults and measured impedances [11], both evaluated for
forehead excitation.
Typically, a mass-spring resonance can be found between
150 and 400Hz [11]. Below the resonance, the positive
phase indicates a mass-like motion of the head. Above
the resonance, the excitation acts on the stiffness of the
bone. At higher frequencies, losses become dominant.
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Figure 2: Magnitude and phase of the mechanical point
impedance evaluated for the baseline model, together with
the corresponding results for forehead excitation with the Li-
UHead model [4] and the average and spread of measurements
for six cadaver heads [11].

The results for the baseline model can be considered to
be at the lower boundary of the inter-subject variabil-
ity. The slightly lower resonance frequency and lower
magnitude in the stiffness-controlled frequency range in-
dicate a softer bone than found in the experimental av-
erage. Compared to the measurements, the two FEM
simulations show distinct low frequency resonances below
the mass-spring resonance, which correspond to standing
waves in the brain domain. The phase difference due to
the stronger increase of the phase towards 0° at higher
frequencies indicates an overestimation of the losses in
the FEM simulation in this frequency range.

Accelerance
The total accelerance is defined as the magnitude of the
acceleration vector at a certain position for an excitation
of 1N [11], expressed in for a rotationally symmetric ge-
ometry in cylindrical coordinates ρ and z as

atot =
√

|aρ|2 + |az|2
[
m/Ns2

]
(2)

In the LiUHead model and the experiments, the accel-
erance is evaluated at the cochlear promontory. In the
ellipse model, it is evaluated on the bone surface at the
center of the arc. The results are shown in Figure 3. As
indicated, positions closer to and further away from the
excitation lead to a higher or lower accelerance magni-
tude above 2 kHz, respectively.
The general trend of the accelerance is to be constant be-
low 800Hz and to increase above. The results of the two
FEM simulations are smaller in the constant part. In
contrast to the experimental and the LiUHead results,
the accelerance evaluated for the baseline model exhibits
more pronounced peaks and notches in the range above
800Hz, especially a distinct resonance at 900Hz. These
resonances and antiresonances correspond to frequencies
with a large displacement of the soft tissue in direction
of the excitation.
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Figure 3: Total accelerance evaluated for the baseline model,
together with the corresponding results for forehead excita-
tion with the LiUHead model [4] and the average of mea-
surements for six cadaver heads [11]. The dashed blue lines
show the results for an evaluation position 4 cm closer to the
excitation or further away, respectively.

Parameter Variation
In Figure 4 and Figure 5, the influence of the bone’s thick-
ness and Young’s modulus are illustrated. The thick-
ness of the three-layered bone is varied in three steps to
4mm, 6.3mm and 8.2mm. The thicknesses of the in-
ner and outer bone layers are changed symmetrically as
described above. The Young’s modulus of the bone is
varied to 1GPa, 4GPa and 12GPa. The remaining pa-
rameters, especially the thickness of the diploe layer, are
kept constant. The range of the parameters corresponds
to measured values [9, 12, 13]. A variation of the bone’s
density only has a negligible influence on the results and
a Poisson’s ratio of 0.3 is used for the bone both in the
BOHEAR and LiUHead model. Therefore, the influence
of a variation of these two parameters is not shown.
The influence of the materials in the different domains is

100 200 400 600 1k 2k 4k 6k 10k
40

50

60

70

80

M
ag

ni
tu

de
in

 d
B 

re
 1

 N
s/

m

Baseline Model
Experimental
Thickness
Young's Modulus

100 200 400 600 1k 2k 4k 6k 10k
Frequency in Hz

90

45

0

45

90

Ph
as

e
 in

 D
eg

re
e

Figure 4: Point impedance for a variation of the bone pa-
rameters. The thickness of the inner and outer layers are
varied simultaneously to 0.85mm, 2mm and 2.95mm. The
variations of the bone’s Young’s modulus are 1GPa, 4GPa,
and 12GPa.

further discussed by means of the results for a reduced
number of domains shown in Figure 6 and Figure 7. In

DAGA 2021 Wien

1242



100 200 400 600 1k 2k 4k 6k 10k
Frequency in Hz

20

10

0

10

20

30

Ac
ce

le
ra

nc
e

in
 d

B 
re

 1
 m

/N
s²

Baseline Model
Experimental
Thickness
Young's Modulus

Figure 5: Total accelerance for a variation of the bone pa-
rameters. The thickness of the inner and outer layers are
varied simultaneously to 0.85mm, 2mm and 2.95mm. The
variations of the bone’s Young’s modulus are 1GPa, 4GPa,
and 12GPa.

the case of modeling Without Diploe, the structure of the
bone is reduced to a single layer with the properties of
bone. The brain/CSF structure is varied in two ways:
Fluid Brain denotes the results when the brain is mod-
elled as a fluid volume with the properties of CSF, for
the case Without CSF the pressure acoustics CSF layer
is removed and replaced by the brain material.
Both the bone’s thickness and Young’s modulus deter-
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Figure 6: Point impedance for variations of the baseline
model with a reduced number of domains.

mine its stiffness. This is indicated by the change of the
point impedance’s resonance frequency (the zero-crossing
of the phase) and its magnitude in the stiffness-controlled
frequency range in Figure 4. In contrast to the point
impedance, the change of stiffness does not result in a
clear trend towards an amplification or reduction of the
accelerance.
As illustrated by the difference to the experimental mean
at higher frequencies in the phase of the point impedance
and the accelerance, the damping of the bone is not sig-
nificantly influenced by the two parameters. Instead, the
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Figure 7: Total accelerance for variations of the baseline
model with a reduced number of domains.

phase of the point impedance and the accelerance mag-
nitude for the simulation without the diploe layer in Fig-
ure 6 and Figure 7 indicate that the viscous losses in
the diploe layer are dominant. Accordingly, the losses
at higher frequencies are overestimated by modeling the
diploe as a layer in the geometry. The magnitude of the
point impedance without the diploe at the resonance is
higher than the experimental mean. So, the losses in the
bone material at low frequencies are smaller than in the
experimental average.
In contrast to the findings with the BOHEAR model [3],
modeling the brain as a fluid reduces the overall stiffness.
Replacing the fluid CSF by the solid brain material only
leads to negligible changes both for the point impedance
in Figure 6 and for the accelerance in Figure 7.
The effects of the variation of the parameters in the re-
maining domains are not shown here, as they can be
explained on the basis of the illustrated variations. A
variation of the tissue parameters does not change the
results with respect to the difference to the experimen-
tal mean, but mainly leads to a shift of the resonances
in the accelerance similar to the variation found for the
bone, though including the distinct resonance at 900Hz.
For a thickness of the diploe between 0.5mm and 3mm
and a Young’s modulus between 70MPa and 1GPa the
results stay within the range of the variation of the bone
parameters, except for the high frequency damping illus-
trated by the results without diploe layer in Figure 7.
The material parameters of the solid brain only affect
the output measures with respect to the standing waves
in the mechanical point impedance below its mass-spring
resonance.

Discussion
In comparison to the mechanical point impedance and
accelerance simulated with the LiUHead model, the re-
sults for the simple ellipse model presented here differ
from the experimental results by a similar amount. This
illustrates that both the geometry and the material pa-
rameters as well as their interaction are important when
using FEM to simulate BC.
With respect to the two output measures, the thickness
and Young’s modulus of the bone can be considered as
the most important parameters. Furthermore, the re-
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sults indicate that the complexity of the model could be
reduced by neglecting the CSF. By further adjusting the
viscous damping of the diploe material and the frictional
damping of the bone material to match the experimental
results, also the three-layered structure of the bone could
be reduced to a single material.
The variation of the bone parameters even extends the
inter-subject variability in the experimental results. This
illustrates the complex interaction of material properties
and the geometry in real heads. Taking into account the
FEM-inherent simplifications, it also justifies to adjust
material parameters in specific geometries to fit experi-
mental results.
Though the elliptic geometry approximates the superior
part of a skull, the larger bone thickness at the inner ear
is neglected. This certainly limits the validity of the ac-
celerance response compared to the experimental results.
Due to the missing geometrical details, the results are
restricted to point measures instead of three-dimensional
wave pattern [14]. For the same reason, the model is
not capable of simulating BC mechanisms, which include
parts the ear. Due to the symmetry, artifacts like the
distinct soft tissue resonance at 900Hz as well as the
standing waves in the brain domain at low frequencies
appear in the results and the model is limited with re-
spect to the excitation on the symmetry axis.
Despite the limitations and artifacts, the advantages of
the model are its simplicity and the small computational
effort due to the rotational symmetry. Therefore, it can
help to generate a-priori knowledge by reducing the com-
plexity of the parameter space as a supporting model for
FEM simulations based on complex geometries of the hu-
man head.

Conclusion
We presented a simple layered ellipse model to investi-
gate the influence of geometrical and material parameters
when simulating the BC wave propagation in the human
skull using FEM. The bone’s thickness and Young’s mod-
ulus could be identified as the most important parame-
ters with respect the the mechanical point impedance
and the accelerance. Furthermore, the results indicate
a reduction of the material domains to soft tissue, bone
and brain to be suitable.
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