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Purpose: Bone conduction stimulation applied on the otic capsule may be used in a conductive hearing loss treatment as an alterna-
tive to the bone conduction implants in clinical practice. A finite element study was used to evaluate the force amplitude and direction
needed for the stimulation. Methods: A finite element model of a female temporal bone with a precisely reconstructed cochlea was sub-
jected to a harmonic analysis assuming two types of stimulation. At first, the displacement amplitude in the form of air conduction
stimulation was applied on the stapes footplate. Then the force amplitude was applied on the otic capsule in the form of bone conduction
stimulation. The two force directions were considered: 1) the primary direction, when a typical opening is performed during mastoidec-
tomy, and was coincident with the axis of an imaginary cone, inscribed in the opening, and 2) the direction perpendicular to the stapes
footplate. The force amplitude was set so that the response from the cochlea corresponded to the result of air conduction stimulation
applied on the stapes footplate. Results: The amplitude and phase of vibration and the volume displacement on the round window mem-
brane were considered as well as vibrations of the basilar membrane, spiral lamina, and promontory. Conclusions: The cochlear response
was comparable for the two types of stimulation. The efficiency of bone conduction stimulation depended on the force direction. For the
primary direction, the force was a few times smaller than for the direction perpendicular to the stapes footplate.
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1. Introduction

The effectiveness of ear stimulation by bone con-
duction (BC) depends on a type and position of a stimu-
lator, as it was shown in experimental tests. Håkansson
et al. [11] observed an increased promontory accelera-
tion for a smaller distance between the otic capsule and
BC implant. The results of research by Eeg-Olofsson
et al. [3] indicated that hearing perception from BC
sound can be correlated with the vibration of the otic
capsule, induced by the bone-anchored hearing sys-
tems (BAHS), located on the squamous part. Experi-
mental studies were also carried out on the inner ear

to investigate vibrations of the round window (RW)
membrane and the stapes footplate (SF) as well as
vibrations of the basilar membrane (BM) and the spi-
ral lamina (SL) for the air and bone conduction path-
ways [1], [24], [25], [26].

In addition to experimental studies, the BC phe-
nomenon was also modeled numerically by using the
finite element (FE) method. The model by Chang et al.
[2], including the entire head, did not contain detailed
description of the inner ear, because its purpose was to
identify the role of different tissues in the vibration
transmission. The isolated external, middle, or inner
ear structures were numerically modeled to investigate
the physics of sound transmission [5], [6], implants of
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the stapes [13], [14], and a transducer for the RW
stimulation [18].

The purpose of this FE study was to investigate the
effectiveness of direct BC stimulation applied on the otic
capsule, which may be used in a conductive hearing loss
treatment as an alternative to the BAHS or other bone
conduction implants. The results of numerical simulation
aimed to answer questions: what is the value of force
needed for BC stimulation applied on the otic capsule,
and whether the direction of stimulation is an impor-
tant factor for BC stimulation.

2. Materials and methods

2.1. FE model

The right temporal bone of a 25-year-old woman
was scanned using the computer tomography (CT)
(Fig. 1a) and processed in the ScanIp software (Syn-
opsys Inc., Mountain View, California, United States).
The resulting iges file contained the surface of com-
pact bone described by triangular surfaces with the
edge length of 0.5 mm. The inner ear was scanned at
a higher resolution, and the edge size was 0.05 mm.
The geometry was then processed using the ANSYS

program (ANSYS Inc., Canonsburg, Pennsylvania,
United States). The temporal bone was divided into
cortical and trabecular part, and the air cells were
neglected (Fig. 1b). The otic capsule surrounded the
cochlea of nearly anatomical shape (Fig. 2e).

Fig. 1. The frontal cross-section of the temporal bone:
(a) an image from the computer tomography,

(b) similar view of the finite element (FE) model

When creating a geometric model, points in the se-
lected cross-sections were used to create spline curves.
Surfaces were interpolated using Coon’s path, and vol-
umes were created. The inner ear geometry was repre-
sented by the set of volumes to create a hexahedral FE
mesh, particularly at the interface between the fluid and
solid tissues. Except for the cochlea, the temporal bone
was discretized by tetrahedral FEs. The temporal bone
and the inner ear were described by over 12 000 areas

Fig. 2. Finite element (FE) model of the right temporal bone; (a) the oval window with axes, (b) the round window (RW) membrane
and its normal direction: points A and B – mark surrounding bone, point C – marks the center, (c) lateral view,

(d) fluid space of the cochlea, (e) the bony labirynth and the stapes, (f) interior of the cochlea and coordinate s (0, L),
(g) cross section through one of the turns of the cochlea with marked characteristic points: D – base of the spiral lamina (SL),

E – edge of the spiral lamina (SL), F – center of the basilar membrane (BM), (h) cross-section of the cochlea

(a)

(b)

(f)

(c) (d)

(e)

(g) (h)
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and about two thousand volumes. The FE model con-
sisted of about 560 000 nodes and almost two million
FEs (Fig. 2c). The outer surface of the bone was covered
by FEs with the added mass per unit area imitating soft
tissues and the brain fluid near the bone.

Displacements in solid tissues and nodal pressures
in the fluid were calculated numerically using the FE
method. For the solid structures, a set of equations
representing the equation of motion of a discrete sys-
tem was considered (Eq. (1)):
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where the left side was the sum of the mass matrix
multiplied by the vector of nodal accelerations, the
damping matrix multiplied by the nodal velocity vec-
tor, and the stiffness matrix multiplied by the nodal
displacement vector. The right side was represented
by the vector of nodal load applied as a harmonic
function of frequency and time. A lossy acoustic wave
equation without mass sources was considered for the
fluid (Eq. (2)):
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which contained the Laplacian of acoustic pressure
with respect to Cartesian coordinates, the second de-
rivative of pressure over time divided by the sound
velocity squared, and additional component including
viscosity of the fluid and the Laplacian of the first
derivative of pressure over time. The sound velocity
was calculated as a square root of the bulk modulus
per mean fluid density. The coupling of the fluid and
structure displacements in the direction normal to the
interface was assumed, including the sound absorption
applied as the boundary admittance (Eq. (3)), and
equilibrium of stress in the structure and the fluid
pressure at the interface (Eq. (4)).
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To imitate the air conduction (AC) pathway due to
vibrations of the eardrum, the harmonic displacement
and rotations were applied at the SF. For BC stimula-
tion, a harmonic force was applied on the mass ele-
ment attached to the otic capsule. Therefore, BC
stimulation was parameterized in terms of space, am-
plitude, direction, and frequency.

2.2. Properties of tissues

Solid tissues in the presented FE model were as-
sumed as isotropic, and some linear elastic and vis-
coelastic properties were defined as functions of posi-
tion and frequency. The assumption about linearity
enabled scaling the results to compare effects of AC
and BC stimulation.

The skull bone consists of the external and internal
plates of compact bone separated by the layer of trab-
ecular bone. The properties of compact bone, like the
degree of anisotropy and direction of the maximum
stiffness axis depend on site. The external and internal
layers have different thickness and stiffness [20]. In dy-
namic tests, compact bone exhibited viscoelastic proper-
ties depending on strain rate [12], [17]. In a human tem-
poral bone, the internal compact plate covers the petrous
part and the diploe is replaced by the tympanic cavity
and air cells. Due to the structure complexity, the com-
pact bone was assumed as isotropic and viscoelastic.
The storage cE  and loss cE   moduli (Eqs. (5), (6))
were dependent on the frequency f (Hz).

)MPa(9628)ln(369  fEc , (5)

)MPa(15.26 308.0fEc  . (6)

The above data were based on experimental meas-
urements of human femoral bones [17]. In the pre-
sented model, the thickness of cortical bone depended
on site (Fig. 1).

Dynamic properties of trabecular bone strongly
depend on the tissue density [16], [19]. In the experi-
mental test conducted at low frequencies, the storage
modulus and the loss factor were almost constant [21].
In the presented model, the density of trabecular bone
was defined as the average value of the range meas-
ured by Ouyang et al. [19]. The constant stiffness of
trabecular bone was assumed, and the structural
damping was defined as a linear function of frequency
based on the experimental data [21] and tuned for the
entire frequency range using the FE model with BC
stimulation (Table 1).

In numerical studies on the inner ear, the RW
membrane with a flat surface was modelled assuming
isotropic and linear elastic properties [5], [6], [13],
[14]. Viscoelastic properties were also considered for
the flat RW surface, assuming the standard linear
solid model, and a good agreement was achieved be-
tween numerical results and the experiment [7]. In the
presented model, the RW membrane surface was con-
vex like in a real cochlea, although it had only one
curvature (Fig. 2b). The area of the RW membrane
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was 2.49 mm2 and the thickness was 0.07 mm. The
RW membrane was modelled as a viscoelastic mate-
rial, and the storage and loss moduli were tuned to
meet two criteria. The first was the displacement am-
plitude measured by Asai et al. [1] at the center of the
RW in the normal direction, for the entire frequency
range from 0.2 to 10 kHz. The second criterion was
related to the vibration modes shown in [26] for fre-
quencies of 1, 2.5, 6, and 10 kHz. Numerical results
were compared to the experimental data to get similar
mode shapes. The storage rE  and the loss rE   moduli
(Eq. 7, 8) were dependent on the frequency f (Hz), and
a was log10( f ).
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The BM is a complex anisotropic structure with
the nonlinear stiffness. In the active model of the
cochlea, the magnitude of vibration on the BM is am-
plified due to the presence of living outer hair cells. In
this study, the passive linear behavior of the BM was
assumed with no cochlear amplification, similarly as
in the previous numerical simulations [6], [14]. The
length of BM was 29.36 mm, the width was defined as
a function of distance measured along the cochlea
(Fig. 2f), from 0.074 mm at the base to 0.5 mm at the
apex [4], and the thickness was assumed as 0.093 mm.
The validation of the BM was performed based on ex-
perimental data. The criteria included the position of
maximum vibration of the BM as a function of fre-
quency according to [8] and the displacement amplitude
and phase of a travelling wave at the selected point
located 12 mm from the RW [9], [24]. The Young’s
modulus of the BM was set as an exponential function of
the distance s measured from its base (Eq. (9)). The
damping consisted of a frequency independent coeffi-
cient defined as an exponential function of the dis-
tance s (Eq. (10)), and a frequency dependent part
constant along the BM (Table 1).
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The SL structure is anisotropic due to the presence
of nerve fibers. Based on CT imaging, it was difficult
to determine the boundary between the flexible part of
the SL and its stiffer base (Fig. 2f). It is known, that
the properties of the SL significantly affect vibrations
of the BM [23]. Too high stiffness of the SL, espe-
cially in the region close to the basal part of the coch-
lea, resulted in decreased amplitude and phase delay on
the BM. The base of the SL was modeled as a compact
bone forming the outer contour of the modiolus (Fig.
2h). For the flexible part of the SL, a linear isotropic
material was used, with the Young’s modulus chang-
ing along the cochlea (Eq. (11)), and with the fre-
quency independent damping (Table 1).

Table 1. Tissue properties used for the finite element (FE) model

Tissue Data Reference

Compact
bone

cE  (Eq. (5)), cE  (Eq. (6))
c= 0.3
c= 1.8 g/cm3

[17]
[20]

Trabecular
bone

Et = 87 MPa
t = 0.3
βt = 4.4563·10–5 s
t = 0.056
t = 1.2 g/cm3

[21]
[16]
[21]
[19]

Round
window

rE  (Eq. (7)), rE   (Eq. (8))
r= 0.3
r= 1.2 g/cm3

[13]
[7]

Basilar
membrane

Eb (Eq. (9))
b = 0.49
βb = 1.27·10–5 s, b (Eq. (10))
b = 1.2 g/cm3

[13]

Spiral
lamina

Es (Eq. (11))
s = 0.3
βs = 0 s, s = 0.02
s = 2.2 g/cm3

Spiral
ligament

El = 20 MPa
l = 0.49
βl = 0 s, l = 0.05
l = 1.2 g/cm3

[23]
[6]

Stapes

Ef = 17100 MPa
f = 0.3
βf = 1.6×10–4 s, f = 0
f = 2.3 g/cm3

[14]

Annular
ligament

Ea = 4 MPa
a = 0.49
βa = 1.3×10–5 s, a = 0.0918
a = 1.2 g/cm3

[23]
[6]

Perilymph
fluid

K = 2150 MPa
c = 1469 m/s
 = 6.98×10–4 Ns/m2

 = 0.994 g/cm3

[14]

Note: E – Young’s modulus, E′ – storage modulus, E″ – loss
modulus, K – bulk modulus,  – Poisson’s ratio,  – density,
coefficients of structural damping: β – frequency-dependent,
 – frequency-independent,  – dynamic viscosity, c – speed of
sound
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The only part of the middle ear included in the
presented model was the stapes (Fig. 2a, e). The lack
of the remaining ossicles, muscles, and ligaments was
replaced by restoring all movements at the SF includ-
ing piston-like and rocking motions [22]. The stapes
was modelled using a linear isotropic material, with
frequency-dependent damping (Table 1).

The annular ligament limits the SF movement and
thus protects the cochlea. The spiral ligament partici-
pates in dynamic processes in the cochlea. Both tis-
sues were modelled using a linear elastic, isotropic,
and nearly incompressible material [23]. The thick-
ness of the annular ligament was 0.16 mm and the
width of the spiral ligament was about 0.4 mm. When
the model was stimulated by the SF movement, the
annular ligament was flexible. The Young’s modulus
and frequency – independent and – dependent damping
coefficients were tuned during validation (Table 1).
Too high stiffness of the annular ligament resulted in
decreased amplitudes on the RW and BM. Similarly,
the amplitude drop was also observed for too low
stiffness and damping properties, due to opposite vi-
bration phases of the stapes and the annular ligament.
The spiral ligament had only the frequency-dependent
part of damping (Table 1).

The fluid in the scala vestibuli and tympani and in
the semicircular canals was modeled as viscous and
compressible. A helicotrema with a cross–section of
0.14 mm2 was included at the ending of scale (Fig. 2d).

The Raisner’s membrane was neglected due to its
small thickness, so only one type of the cochlear fluid
was considered – a perilymph. Because the fluid flow
was not considered, the dynamic viscosity was used
only for the vibration damping (Table 1). A slight
energy dissipation at the interface between the fluid
and structure was included as the boundary admit-
tance of 0.008, chosen from the range of 0 to 1 during
validation of the cochlea.

2.3. FE analyses

Numerical simulations of the FE model were per-
formed using the ANSYS17.2 program (ANSYS Inc.,
Canonsburg, Pennsylvania, United States). After verifi-
cation (model continuity, material properties assign-
ment, mesh density, numerical integration schemes,
distortion criteria), the model was validated based on
experimental data. Harmonic analyses were performed
for 17 frequencies from the hearing range (0.2, 0.3, 0.4,
0.5, 0.63, 0.8, 1.0, 1.25, 1.6, 2.0, 2.5, 3.15, 4.0, 6.0, 6.3,
8 and 10 kHz) [13]. The temporal bone was supported
by fixing the displacements on the surfaces connected
with adjacent skull bones (sphenoid, occipital, parietal,
and zygomatic) (Fig. 3b). The outer surface (area of
10 040 mm2 – inside and outside the skull) was covered
by uniformly distributed mass, imitating soft tissues
near the tempotal bone. The surface density value has
been adjusted during validation to 0.0025 g/mm2.

The two different types of harmonic load were
considered. The FE model with the SF movement imi-

Fig. 3. Finite element (FE) model assumptions; (a) an imaginary cone
inscribed in the typical opening performed during mastoidectomy – the axis of the cone determined the primary direction

of the force for bone conduction (BC) stimulation, (b) fixed support of the bone boundary, (c) applied loads:
the two forces for BC stimulation and the movement of the stapes footplate (SF)

for air conduction (AC) stimulation – the z axis was perpendicular to the SF

(a) (b)

(c)
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tating the AC pathway was used to validate the coch-
lea, and as the reference for BC stimulation. The
stimulation included translation of the SF in the perpen-
dicular direction (z), and rotations along the long (x) and
short (y) axes (Fig. 3c). A harmonic function of transla-
tion uSF( f, t) = ASF( f )·sin(2ft) was applied at a sin-
gle node located at point R and coupled to the nodes
located on the SF outer surface by using multipoint
constraints. The displacement amplitudes ASF( f ) were
based on experimental measurements for the sound pres-
sure level of 80 dB [1]. A positive value of uSF( f, t)
denoted squeezing the stapes into the oval window.
The amplitudes and phases of rotations SF( f, t) and
SF( f, t) were recalculated from rotational velocities,
experimentally measured and normalized by the ear-
canal pressure by Sim et al. [22]. The phases of rotations
corresponded to the phase of translation uSF( f, t).

The FE model stimulated by a harmonic force
imitating the BC pathway was initially used to vali-
date the temporal bone properties. However, the main
target was to find the value of force needed for BC
stimulation applied on the otic capsule, and to investi-
gate the effect of the stimulation direction. BC analy-
sis was performed for two directions of the force ap-
plied on the otic capsule. The primary direction was
coincident with the axis of an imaginary cone, in-
scribed in the typical opening performed during mas-
toidectomy (Fig. 3a). The apex of the cone was lo-
cated on the otic capsule surface above the lateral
semicircular canal (point P). The second direction was
perpendicular to the SF and was tilted forward from the
axis of the cone (Fig. 3c). The BC stimulator was as-
sumed as a titanium cylinder with diameter of 3 mm,
height of 5 mm, and density of 4.5 g/cm3 (Fig. 3c).
The mass of the stimulator was concentrated in a sin-
gle node located at point P and coupled to the nodes
lying on the otic capsule surface under the base of the
cylinder. A harmonic function of force F ( f, t) =
FSF ( f, t) = Fa sin(2f·t) was applied at point P. The
force amplitude Fa = 0.1 N was assumed as constant
for the entire frequency range, similarly as in the ex-
periment conducted on cadavers by Kwacz et al. [15].
The positive force value was directed toward the otic
capsule. For BC stimulation, the two conditions were
considered regarding the stapes movement. The first
was a free stapes, when the annular ligament was as-
sumed as flexible (Table 1). The second was the im-
mobilized SF (otosclerotic condition), when the prop-
erties of the annular ligament were replaced by
compact bone.

Nodal displacements of solid tissues were deter-
mined as complex numbers. The absolute values of
amplitudes and phases were based on the real and

imaginary part of the solution. The relative amplitudes
were determined by subtracting the vibration of the
surrounding bone from the vibration of the flexible
tissue. For the RW membrane, the vibration direction
perpendicular to the surface at point C was considered
(Fig. 2b). The relative amplitude at the RW center was
calculated as the average value based on the promon-
tory vibration at points A and B (Eq. (12)).




2 2

2 2

1 ( ) ( )
2

( ) ( ) .

rel Re Re Im Im
C C A C A

Re Re Im Im
C B C B

A u u u u

u u u u

   

    (12)

The volume displacement (VD) on the RW mem-
brane was calculated as a complex number, using the
procedure described in [24]. Assuming rigid body
motion of the promontory, 48 points located on the
RW perimeter were used to determine the averaged
movement of the bone, including translation in the
direction perpendicular to the RW surface at its cen-
ter, and rotations about the two axes shown as dashed
lines in Fig. 2b. The real and imaginary part of the
promontory movement was then subtracted from the
displacement of the RW surface in the normal direc-
tion, to get the relative displacement. In the presented
model, the RW surface was divided by 436 triangles
having vertices in nodal points belonged to the sur-
face. The relative displacement at the centroid of each
triangle was multiplied by its surface, and then sum-
marized to calculate the VD.

In each cross-section of the cochlea (Fig. 2g), the
three characteristic points were chosen to calculate the
relative displacement amplitudes in the direction par-
allel to the modiolus axis: point E on the SL edge and
point F – on the BM. The relative displacement am-
plitudes on the SL edge and the BM center (Eq. (13))
were based on the displacement at point D. The dis-
tance between the two neighboring cross-sections was
about 0.06 to 0.14 mm.

2 2( ) ( ) ; , .rel Re Re Im Im
i i D i DA u u u u i E F    

(13)

The relative amplitudes were also used to scale the
force amplitude for BC stimulation at a given fre-
quency, so that the displacement amplitude was close
to the result of AC stimulation applied on the SF.
Force FRW regarding the vibration on the RW mem-
brane center was based on the applied load Fa and
relative displacements (Eq. (12)), respectively for AC
and BC stimulation (Eq. (14)). For the entire RW
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membrane, force FVD was based on VD amplitudes
(Eq. (15)).
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Force amplitudes were also scaled regarding the
BM center and the SL edge, based on the relative dis-
placements from the Eq. (13). The entire number of
cross-sections along the cochlea was 317, but the sum
was calculated over a smaller number n, to exclude the
cross-sections, where the relative amplitudes obtained
for BC stimulation were close to zero (Eqs. (16) and
(17)).
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3. Results

3.1. AC stimulation applied to the SF

The amplitude of the RW displacement for AC
stimulation was the highest at its center for nearly entire
frequency range except for 4 and 5 kHz (Fig. 4a). The
differences between the phase angles of selected points
were increasing along with frequency (Fig. 4b), rela-
tively to the vibration mode changes (Fig. 4a). At low
frequencies, the phase of the RW displacement was
opposite to the SF translation phase. The mode shape
was almost constant below 1 kHz (Fig. 4a).

The magnitude ratio of the BM displacement
(Fig. 5a) was calculated along of the cochlea as the
20 log10(AF(s, f )/ASF( f )), where AF(s, f ) was the dis-
placement amplitude at point F in each cross-section
(Fig. 2g), and ASF( f ) was the displacement amplitude
applied on the SF for a given frequency. The position
of maximum vibration on the BM was compared with

Fig. 4. Vibration of the round window (RW) membrane for air conduction (AC) stimulation applied on the stapes footplate (SF):
(a) the absolute displacement amplitudes at 9 points located on the RW surface compared to the experiment [1], the mode shapes

for selected frequencies (phase about 0.25 of the vibration period), (b) phases calculated relatively to the SF vibration

Fig. 5. Vibration of the basilar membrane (BM) for air conduction (AC) stimulation applied on the stapes footplate (SF)
along the cochlea: (a) the ratio of the absolute displacement amplitude on the BM to the translation applied on the SF,

and the characteristic frequencies (crosses) compared with [8] (dashed line), (b) an accumulated phase of the BM displacement

(a) (b)

(a) (b)
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the Greenwood function [8], where a characteristic
frequency was defined as the frequency providing the
maximum displacement amplitude at a given point
along the BM length (Fig. 5a).

At low and high frequencies, numerical results
agreed with the Greenwood function [8]. For other
frequencies, the position of maximum vibration was
slightly shifted towards the base of the cochlea. An
accumulated phase on the BM was shown for the
distance range, where the travelling wave occurred
(Fig. 5b). The BM and SL vibrations in the cross-
section located 12 mm from base were compared
to experimental data [9], [24]. The magnitude ratio
of the SL displacement was calculated as the
20 log10(AE(s, f )/ASF( f )), where AE(s, f ) was the dis-
placement amplitude at point E. For the presented
model, the course of the magnitude ratio for the entire
frequency range was similar as measured by Stenfelt
et al. [24], although the numerical results were under-
estimated at low frequencies (Fig. 6a). Phases were
close to the experimental data [24] and similar for the
BM and the SL edge (Fig. 6b).

3.2. BC stimulation
applied on the otic capsule

The results of the VD on the RW membrane for
BC stimulation assuming the model with the free sta-
pes were close to obtained for the immobilized stapes
at low frequencies up to 0.8 kHz, and then smaller
because of opposite vibration phases on the SF and
the RW membrane (Fig. 7a). The VD for the model
with the free stapes was close to the experimental data
[15] at 0.5 kHz and above 2 kHz. Results of AC stimu-
lation were comparable with [25], considering that

those measurements were performed for male speci-
mens with greater size of the SF and the RW, com-
pared with the female temporal bone used in this
study. For BC stimulation and low frequencies, the
force amplitude of 0.1 N provided similar value of the
VD as for AC stimulation. For the frequencies above
0.8 kHz the force magnitude was too high. The phase
courses were similar, although more irregular for BC
stimulation with the free stapes (Fig. 7b).

The promontory displacement was not depending
on the stapes mobility (Figs. 8a, b). The numerical
results of BC stimulation were close to those obtained
experimentally ([15]) except for 2.5 kHz and were
about three orders of magnitude greater than obtained
for AC stimulation.

For the FE model with the immobilized stapes, the
force amplitudes needed for BC stimulation were cal-
culated according to Eqs. (14)–(17) (Fig. 9). The
forces for the primary direction (Fig. 9a) were lower
than for the direction perpendicular to the SF (Fig. 9b).
It was interesting, that the course of the force am-
plitude for the primary direction was like the course
of the translation applied on the SF for AC stimula-
tion (Fig. 4a). The ratio of FVDSF( f )/FVD( f ) was
about 4 up to 0.4 kHz, decreased to 1 at 0.8 kHz, re-
mained constant to 2.5 kHz, increased to about 7 at
5 kHz, and was constant up to 10 kHz. The course of
FRWSF( f )/FRW( f ) was similar as for the VD. The
ratio of FBMSF( f )/FBM( f ) was about 5 up to 1.25 kHz,
rapidly decreased to 1 at 1.6 kHz, was constant to
2.5 kHz, increased to 3.5 at 4 kHz, and then was con-
stant. The course of FSLSF( f )/FSL( f ) was similar as
for the BM, except 0.2 and 0.63 kHz. The discrepancy
between the force amplitudes needed for excitation of
the RW and the BM was much greater, if the force
direction was perpendicular to the SF.

Fig. 6. Vibrations of the basilar membrane (BM) and the spiral lamina (SL) edge in the cross-section located 12 mm from base,
for air conduction (AC) stimulation applied on the stapes footplate (SF): (a) ratios of the absolute displacement amplitudes on the BM

and the SL edge, related to the translation applied on the SF, (b) accumulated phases of displacements on the BM and the SL edge

(a) (b)
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Vibration of the BM for AC stimulation applied on
the SF was compared to the two directions of BC
stimulation, applied on the otic capsule, and assuming

the immobilized stapes (Fig. 10). The force ampli-
tudes FVD( f ) and FVDSF( f ) were calculated from the
Eq. (15), to get the same values of the VD on the RW

Fig. 7. The volume displacement (VD) of the round window (RW) membrane:
(a) amplitude, (b) phase. Numerical results compared with the experiment by Kwacz et al. [15].

AC, BC – air and bone conduction stimulation

Fig. 8. The promontory displacement in the direction perpendicular to the round window (RW):
(a) amplitude, (b) phase. Numerical results compared with the experiment by Kwacz et al. [15].

AC, BC – air and bone conduction

Fig. 9. Amplitudes of harmonic forces for bone conduction (BC) stimulation
applied on the otic capsule resulting in similar results as obtained for air conduction (AC) stimulation:

(a) the force in the primary direction, (b) the force in the direction perpendicular to the stapes footplate (SF)

(a) (b)

(a) (b)

(a) (b)
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membrane, as were obtained for AC stimulation. The
harmonic force for the primary direction was set as
FBC( f, t) = FVD( f ) sin(2 f t), and the force for the
direction perpendicular to the SF was FBCSF( f, t) =
FVDSF( f ) sin(2 f t).

The real and imaginary parts of displacements
along the BM were used to calculate the absolute en-
velope of vibration. The relative envelope was based
on the relative displacement amplitude at point F in
each cross-section (Eq. (13)), regarding the vibration
of the SL base. For AC stimulation, the vibration of
the bone was not significant for all frequencies, and,
consequently, the relative and absolute envelopes
were nearly the same. For the primary direction of BC
stimulation at low frequencies (0.2 and 1 kHz), the
displacement amplitudes of the SL base significantly

influenced the BM vibration. Above 2.5 Hz, the dis-
placement of the SL base was not significant. The
shape of the relative envelope for the primary direc-
tion was similar as for AC stimulation, although the
magnitude at 2.5 Hz was about two times greater. For
the force direction perpendicular to the SF, the dis-
placement of the bone at low frequencies was several
times greater than for the primary direction, and the
shape of the relative envelope was different than for
AC stimulation. At high frequencies of 6.3 and 10 kHz,
the magnitude of the relative envelope was greater for
BCSF stimulation, and the shape was similar as for
AC stimulation. Position of the maximum vibration of
the BM was closer to the theory [8] for the primary
direction, compared to the direction perpendicular to
the SF (Fig. 10).

Fig. 10. Vibration of the basilar membrane (BM) as a function of the normalized distance along the cochlea,
for air conduction (AC) stimulation and the two directions of bone conduction (BC) stimulation:

primary and perpendicular to the stapes footplate (SF). The finite element (FE) model
with the immobilized stapes was considered for BC stimulation
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4. Discussion

The presented FE model was used to supplement
experimental studies, which in the case of patient
studies, in addition to ethical regulations, are limited
by the patient’s time under anesthesia and difficulties
in access to the examined place, usually performed by
violation of adjacent tissues. Thus, the use of numeri-
cal modelling was justified, considering that it was
closely related to the parallelly conducted experimen-
tal research [15].

The force amplitudes obtained from FE analysis
may be used to adjust the power of the BC stimula-
tor. The results of this study showed the direction of
the force applied on the otic capsule to be an impor-
tant factor determining the effectiveness of BC
stimulation. This issue should be further investigated
to find the optimal direction for the entire frequency
range.

As shown in this study, the dynamic response of
the structure strongly depended on the mass and stiff-
ness distribution. Although the shape of the temporal
bone was reconstructed as precisely as possible, is was
difficult to model the large scatter of the bony tissue
properties. To determine the bone contour, a certain
threshold on the gray scaled CT images was set, but
the heterogeneity of the structure was not considered.
At the FE model processing, the region of cortical
bone was approximately determined by selecting the
subsequent layers of finite elements. Nevertheless,
the model was well fitted to the experimental data
(Fig. 8). Beside the stiffness and mass distribution,
the resonance frequencies of the structure also de-
pended on boundary conditions. In the presented
model, the temporal bone border was fixed assuming
that the skull adjacent to the temporal bone has infi-
nite stiffness, which resulted in overestimated reso-
nance frequencies. This effect was compensated by
adjusting the mass of soft tissues on the temporal
bone surface. The first resonance frequency for the
entire skull reported by Håkansson et al. [10] was
about 0.8 kHz, so the fixed displacement on the bor-
der seems to be acceptable only for the BC stimula-
tion applied on the otic capsule, but not on the
squamous part.

In this study, the passive cochlear model was used,
because the cochlea was validated based on experi-
mental tests on cadavers [1], [24], [26]. Further re-
search is needed to find out, how the response of the
cochlea for BC stimulation would be influenced by
cochlear amplification. Validation of the cochlea was
an iterative process, because the vibration of the RW

membrane also depended on the BM properties as
well as the BM properties required considering flexi-
bility of the SL. The shape of the RW membrane was
smoothed, so the mode shapes from numerical analy-
sis did not exactly match other experimental results
[26]. However, the maximum vibrations on the RW
membrane center were adjusted to decrease the differ-
ence between the numerical and experimental results
to ±10%. It should be mentioned that larger spread of
results between specimens was observed in the test
[1]. In the presented model, location of the maximum
amplitude on the BM was determined for the vibration
direction parallel to the modiolus axis, while the BM
had the helical shape with a variable slope, so that the
results may be slightly different, compared with the
theory [8]. The middle and outer ear structures were
not included in the presented FE model, and for BC
stimulation, the stapes were assumed as free or immo-
bilized. The analyzed otosclerotic condition (immobi-
lized stapes) mimicked the conductive component of
hearing loss, and we believe that the results obtained
in this condition are of practical importance, however,
further research is needed.

5. Conclusions

The cochlear response for BC stimulation was
comparable with the result obtained for AC stimu-
lation. The forces amplitudes needed for BC stimu-
lation were changing with frequency and depended
on the direction. The optimal direction of BC
stimulation applied on the otic capsule was not co-
incident with the direction perpendicular to the sta-
pes footplate. The effectiveness of BC stimulation
was higher when the force was more oriented to-
wards the cochlea. The primary direction (coinci-
dent with the axis of an imaginary cone) was chosen
because of its availability during mastoidectomy,
however, it was also advantageous compared to the
direction perpendicular to the stapes footplate, be-
cause of the smaller force amplitude needed for BC
stimulation. Due to the small thickness of compact
bone in the proximity of the lateral semicircular
canal, a different site of BC stimulation should also
be considered.
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