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Influence of middle ear disorder in round-window stimulation
using a finite element human ear model
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Purpose: The aim of this work was to study the effect of middle ear disorder on round window (RW) stimulation, so as to provide
references for the optimal design of RW stimulation type middle ear implants (MEIs). Methods: A human ear finite-element model
was built by reverse engineering technique based on micro-computed tomography scanning images of human temporal bone, and was
validated by three sets of comparisons with experimental data. Then, based on this model, typical disorders in otosclerosis and otitis
media were simulated. Finally, their influences on the RW stimulation were analyzed by comparison of the displacements of the
basilar membrane. Results: For the otosclerosis, the stapedial abnormal bone growth severely deteriorated the equivalent sound pres-
sure of the RW stimulation at higher frequencies, while the hardening of ligaments and tendons prominently decreased the RW
stimulation at lower frequencies. Besides, among the hardening of the studied tissues, the influence of the stapedial annular liga-
ment’s hardening was much more significant. For the otitis media, the round window membrane (RWM)’s thickening mainly
decreased the RW stimulation’s performance at lower frequencies. When the elastic modulus’ reduction of the RWM was consid-
ered at the same time especially for the acute otitis media, it would raise the lower-frequency performance of the RW stimulation.
Conclusions: The influence of the middle ear disorder on the RW stimulation is considerable and variable, it should be considered
during the design of the RW stimulation type MEIs.
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1. Introduction

The situation of hearing loss is becoming more and
more serious in the society. The World Health Organi-
zation notes that there are nearly 360 million people
worldwide suffering from varying degrees of hearing
impairment. Based on the location of dysfunction,
hearing impairments are divided into two types: sen-
sorineural and conductive. With the development of
otology, conductive hearing loss can be improved by
drugs or surgeries. For the patients with sensorineural
hearing loss, the best choice is still the traditional
hearing aid as there is no effective treatment for them.
Unfortunately, there are some inherent defects in hear-
ing aids, such as ringing, occlusion of the ear canal,

limited amplification, and cosmetic appearance. To solve
this problem, different kinds of middle ear implants
(MEIs) have been proposed and developed [16]. Unlike
hearing aids that compensate hearing loss based on
their loudspeakers’ acoustical stimulation to the ear-
drum, MEIs commonly use their implanted actuators to
stimulate the ossicles to work, which is called forward
drive. However, some patients suffer from middle ear
disorders such as otosclerosis and otitis media (OM),
which makes it difficult to couple the actuator to an
ossicle. To address this issue, reverse drive or round
window (RW) stimulation, which stimulates the round
window membrane (RWM) by coupling the actuator to
the inner ear, was proposed and developed.

Despite encouraging clinical outcomes of the RW
stimulation, there is still a large uncertainty in its hear-
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ing compensation performance. In order to find out
the cause of this variability, a number of researches
have been performed. Arnold et al. [2] indicated that
placing the actuator perpendicularly to the RWM
could get better implant performance than in tight
fixation condition, and covering the actuator with
connective tissue would be more beneficial. Koka et
al. [14] also found that coupling the actuator with
RWM by soft tissue could enhance the acoustic en-
ergy transferring to the cochlea. Maier et al. [18] fur-
ther demonstrated that the static preloading applied
to the actuator would cause the diversity of MEIs’ per-
formance. Considering the finite-element (FE) method
shows a distinct advantage in simulating the tiny and
complex ear system, Zhang et al. [28] constructed
a three-dimensional FE model of the human ear, so as
to investigate the effect of MEIs’ parameters on RW
stimulation by changing the size and weight of the ac-
tuator. Their results showed that smaller actuator size
could make the RW stimulation’s capacity better. Fur-
ther, Tian et al. [25] reported that introducing a middle
layer between the RWM and the actuator could reduce
the actuator’s size requirements. In addition, Liu et al.’s
numerical results [17] proved that the higher the elastic
modulus of the middle layer set, the worse the perform-
ance of RW stimulation. All these studies have made
outstanding contributions in the improvement of RW
stimulation’s performance, but they are only concern-
ing on the design parameters of the actuator.

Since the RW stimulation is mainly used to treat
hearing loss with the coexistence of otosclerosis or
OM [5], the patient-specific variables associated with
these middle ear disorders may also influence the
capability of the RW stimulation. To investigate the
influence of the RWM’s lesion, Yao et al. [27] con-
structed a mechanical model of RWM. Their model-
predicted RWM’s responses showed that both the
shrinkage of the RWM (caused by otosclerosis) and
the thickening (caused by the OM) would reduce the
RWM’s displacement excited by RW stimulation. Gan
et al. [23] found that the RWM’s thickening would
coincide with its elastic modulus decease in acute
otitis media (AOM). Besides, the effect of the ossicu-
lar chain lesions in otosclerosis, such as the fixation of
the malleus, and the stapedial abnormal bone growth,
also need to be investigated.

Accordingly, in this paper, to study the effect of
otosclerosis and OM on round-window stimulation,
we constructed and verified a human ear FE model by
reverse engineering technique based on micro-computed
tomography (Micro-CT). Then, based on this model,
typical disorders associated with the otosclerosis and
OM were simulated. By comparing the basilar mem-

brane (BM) displacements at the frequency-dependent
characteristic positions, the effects of these disorders
on the RW stimulation performance were studied
comparatively. The results are intended to insure the
adequate compensation and support the optimal de-
sign of the RW stimulation type MEI.

2. Materials and methods

2.1. Human ear finite element model

In this study, first we established a human ear FE
model incorporating the middle ear and the cochlea.
The model mainly based on our previously established
human ear FE model [25]. According to a fresh tem-
poral bone of a 45-year-old male’s right ear, the mid-
dle ear section’s geometric model was established by
the technology of Micro-CT and reverse engineering
[3], [6]. Then using Hypermesh, a FE pre-processing
software, to generate its corresponding FE model which
consists of the tympanic membrane, ossicles (i.e., the
stapes, incus, and malleus), suspensory ligaments, and
tendons. A total of 804 three-noded shell elements were
created to mesh the eardrum and tympanic annulus
ligament. The other parts of the middle ear were
meshed by 48043 four-noded tetrahedral elements.
The geometric model of the cochlear section was con-
structed manually. The structure and size of the coch-
lear geometric model was the same as in our previous
report [25], but the difference was that the RWM’s
thickness of our current model was set to 70 μm [29].
The fluid in scala vestibuli and scala tympani were
meshed by 17577 and 13802 eight-noded hexahedral
elements. The BM was meshed by 482 four-noded shell
elements. A total of 408 four-noded tetrahedral ele-
ments were created to mesh the RWM. Figure 1 shows
the final constructed human ear FE model.

Assuming that the entire middle ear portion’s mate-
rial properties are uniform, isotropic and elastic, with
a Poisson’s ratio of 0.3 [8]. Referring to the published
data [8], [9], [25] and taking a cross-calibration on that,
the densities and the elastic moduli of the middle ear
components were ascertained and listed in Table 1. For
the cochlear section, the apex of its BM elastic modulus
was assumed to be 3 MPa, the middle was 15 MPa, and
the base was 40 MPa [25]. The fluid’s density and vol-
ume modulus in the cochlea were defined as 1000
kg/m3 and 2250 MPa, respectively [25]. The elastic
moduli of the RWM and the support of the BM were
2.32 MPa and 14100 MPa [29].



Influence of middle ear disorder in round-window stimulation using a finite element human ear model 5

Fig. 1. The constructed FE model of the human ear

Table 1. The ascertained properties of our model’s middle ear portion

Component Our model Published data

1 2 3
Eardrum
Density [kg/m3] 1.2 × 103 1.2 × 103 [25]
Young’s modulus [Pa]
Pars tensa 3 × 107 3 × 107 [25]
Pars flaccida 1 × 107 1 × 107 [25]
Malleus
Density [kg/m3]
Head 2.55 × 103 2.55 × 103 [8]
Neck 4.53 × 103 4.53 × 103 [8]
Young’s modulus [Pa] 1.41 × 1010 1.41 × 1010 [8]
Manubrium
Density [kg/m3] 1 × 103 1 × 103 [8]
Young’s modulus [Pa] 4.7 × 109 4.7 × 109 [8]
Incus
Density [kg/m3]
Long process 5.08 × 103 5.08 × 103 [8]
Short process 2.26 × 103 2.26 × 103 [8]
Body 2.36 × 103 2.36 × 103 [8]
Young’s modulus [Pa] 1.41 × 1010 1.41 × 1010 [8]
Stapes
Density [kg/m3] 2.2 × 103 2.2 × 103 [8]
Young’s modulus [Pa] 1.41 × 1010 1.41 × 1010 [8]
Incudomalleoular joint
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The energy loss of human ear was simulating by
setting the material properties of some soft issues in-
cluding incudomalleoular joint, incudostapedial joint,
eardrum pars flaccida, eardrum pars tensa, RWM and
stapedial annular ligament as viscoelastic. Their re-
laxation moduli can be obtained by Eq. (1).

)1()( 1/
10

teeEtE  , (1)

where, E0 is the elastic modulus, t is the time, e1 and τ1
are the viscoelasticity parameters; they all list in Table 2
[28]. Except these soft issues, Rayleigh damping was
applied to the other parts of human ear to simulate their
energy loss. Specifically,  = 0 s–1,  = 0.75 × 10–4 s
[8], and  = 0 s–1,  = 0.75 × 10–5 s [26], were the
damping coefficients of the middle ear and BM, re-
spectively.

To simulate the boundary condition for the FE
model, the ligaments, the tendons, the RWM and the

BM support were fixed; the internal fluid of the
cochlea was confined in the cochlea, and the normal
gradient of its pressure near the cochlear bone wall
was 0 Pa/m. Besides, fluid-structure interaction was
defined on the surfaces of the cochlear fluid elements
that contacted with the movable tissues, i.e., the foot-
plate of the stapes, the basilar membrane, and the
round window.

Table 2. The viscoelasticity parameters of the soft tissues
in our human ear FE model

Component e1 1/μs
Incudomalleolar joint 5.99 20
Incudostapedial joint 65.67 20
Eardrum pars flaccida 4 25
Eardrum pars tensa 6 25
Round window membrane 0.43 30
Stapedial annular ligament 3.76 24

1 2 3
Density [kg/m3] 3.2 × 103 3.2 × 103 [8]
Young’s modulus [Pa] 1.41 × 1010 1.41 × 1010 [8]
Incudostapedial joint
Density [kg/m3] 1.2 × 103 1.2 × 103 [8]
Young’s modulus [Pa] 4.4 × 105 6 × 105 [8]
Tympanic annulus ligament
Density [kg/m3] 1.2 × 103 1.2 × 103 [25]
Young’s modulus [Pa] 1.5 × 105 3 × 105 [25]
Superior mallear ligament
Density [kg/m3] 2.5 × 103 2.5 × 103 [25]
Young’s modulus [Pa] 4.9 × 104 4.9 × 104 [9]
Lateral mallear ligament
Density [kg/m3] 2.5 × 103 2.5 × 103 [25]
Young’s modulus [Pa] 6.7 × 104 6.7 × 104 [9]
Posterior incudal ligament
Density [kg/m3] 2.5 × 103 2.5 × 103 [25]
Young’s modulus [Pa] 6.5 × 107 6.5 × 107 [25]
Anterior mallear ligament
Density [kg/m3] 2.5 × 103 2.5 × 103 [25]
Young’s modulus [Pa] 2.1 × 107 2.1 × 107 [25]
Stapedial tendon
Density [kg/m3] 2.5 × 103 2.5 × 103 [25]
Young’s modulus [Pa] 2.6 × 107 5.2 × 107 [25]
Superior incudal ligament
Density [kg/m3] 2.5 × 103 1 × 103 [9]
Young’s modulus [Pa] 4.9 × 106 4.9 × 104 [9]
Tensor tympani tendon
Density [kg/m3] 2.5 × 103 2.5 × 103 [25]
Young’s modulus [Pa] 7 × 108 7 × 107 [25]
Stapedial annular ligament
Density [kg/m3] 1.2 × 103 1.2 × 103 [25]
Young’s modulus [Pa] 1.5 × 104 1 × 104 [9]
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2.2. Simulation of the otosclerosis
and otitis media in FE model

2.2.1. Otosclerosis

Otosclerosis can cause the damage to ossicular
chain, such as the fixation of ossicles [21] and abnor-
mal growth of the stapes [20]. To simulate the ossicles
fixation, we respectively increased the elastic moduli
of the corresponding ligaments and tendon: the ante-
rior mallear ligament (AML), lateral mallear ligament
(LML), superior mallear ligament (SML), tensor tym-
pani tendon (TTT), posterior incudal ligament (PIL),
superior incudal ligament (SIL), and the stapedial
annular ligament (SAL). Except the SAL, the elastic
moduli of other ligaments were increased by 1000
times to simulate their calcifications [13]. To simulate
the SAL’s change in the otosclerosis, its elastic
modulus was increased by 100 times to accomplish
a 30 dB sound conduction deterioration [13]. As for
the abnormal growth of stapes, we increased the sta-
pes mass by a factor of 5 to mimic this symptom [7].

2.2.2. Otitis media

Similar to Yao et al.’s study [27], we mainly fo-
cused on the effect of RWM’s lesion in OM. Based on
human temporal bone study, Sahni et al. [24] indicated
that different types of OM caused different thickness
of the RWM, such as serous otitis media (SOM), pu-
rulent otitis media (POM), chronic otitis media (COM)
and acute otitis media (AOM). The approximate values
of measured thicknesses for different form of OM are
listed in Table 3. To simulate these types of OM, the
RWM’s thicknesses was changed in our FE model
accordingly. Besides, in the AOM, Gan et al. [23] found
that the stiffness of the RWM decreased simultaneously.
Thus, the RWM’s elastic modulus reduced to 12% of
the original value at the same time in simulating the
AOM [23].

Table 3. The RWM’s thickness in different types of OM

Types Normal SOM POM COM AOM
RWM’s thickness /μm 70 89 95.6 111.4 140

2.3. Simulation of RW stimulation

The purpose of this paper was to study the effect
of the middle ear disorders on RW stimulation’s per-
formance, not the effect of MEI’s parameters, so the

specific structure of actuator was not considered in
the model. Considering the most common actuator
used in RW stimulation is electromagnetic one, which
is a force driven actuator, the RW stimulation was
simulated by applying a driving force onto the surface
of RW along the normal direction of the RW. To gen-
erate the equivalent BM response caused by a 90 dB
sound pressure applied on the tympanic membrane,
the magnitude of the applied force on the RWM was
set to 50 μN, according to Zhang et al. [28].

2.4. Calculation of the equivalent
sound pressure (ESP)

The sensation of hearing is owing to the response
of the cochlear BM at the frequency-dependent char-
acteristic position. Therefore, in order to evaluate the
MEIs’ performance accurately, we used the BM dis-
placement to assess the RW stimulation performance.
Specifically, the corresponding ESP of the RW stimu-
lation can be obtained by Eq. (2)











ac

rw
eq d

dP 10log2090 , (2)

where, dac and drw are the BM displacements that were
excited by a 90 dB SPL sound pressure on the tym-
panic membrane, and a 50 μN force on the RWM,
respectively.

3. Results

3.1. Validation of the FE model

In order to ensure the reliability of the model, it was
validated by comparison of three sets of data, which
were calculated by 90 dB SPL sound pressure applied
on the tympanic membrane.

The cochlear frequency selectivity, which acts as
a spectral analyzer and decomposes sounds into con-
stituent frequencies, is the most important property
characterizing the cochlea. Specifically, the BM next
to the cochlea’s base is sensitive to the higher fre-
quencies while the part next to the cochlea’s apex is
sensitive to the lower frequencies; different longitu-
dinal positions on the BM are sensitive to specific
frequencies. Since this property is fundamental to
hearing, it was initially selected to verify the reli-
ability of our model. As can be seen from Fig. 2, the



K. ZHOU et al.8

data obtained from our model agrees well with the
experimental values of Békésy et al. [4] and Skar-
stein et al. [15].

In addition, the BM vibration’s transfer function
was calculated at a specific BM position (12 mm from
the cochlear base). The results of model-predicted were
plotted to compare to the experimental values obtained
from Gundersen et al. [12] in Fig. 3. It shows that our
model-predicted BM’s relative motion amplitude and
the relative motion phase are all consistent with those
measured by Gundersen et al. [12] Figure 3a also
shows the sensitive frequency of 12 mm on the BM
along the cochlear longitudinal direction is 4000 Hz,
which complies with the results in Fig. 2.

Fig. 2. Correspondence between the characteristic frequency
and longitudinal position of BM

Fig. 3a. Amplitude of BM motion relative to stapes footplate motion
for the human cochlea at 12 mm from the stapes

Fig. 3b. Phase of BM motion relative to stapes footplate motion
for the human cochlea at 12 mm from the stapes

The cochlear input impedance reflects the acoustic
resistance between the middle ear and the cochlea.
Figure 4 shows that the cochlear impedance of the
model-calculated is consistent with the experimental
values obtained by Puria et al. [22] and Aibara et al.
[1]. Besides, the trend of the predicted curve complies
well with Puria et al.’s report.

Above three sets of comparisons demonstrate that
the human ear sound transmission characteristics can
be well reflected in our constructed human ear FE
model. Thus, the middle ear disorder’s influence on
the RW stimulation can be studied based on this
model.

Fig. 4. Comparison of cochlear input impedance
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Fig. 5. The effect of the malleus fixation on RW stimulation

Fig. 6. The effect of the incus fixation on RW stimulation

Fig. 7. The effect of the stapes fixation
and abnormal growth on RW stimulation

3.2. Effect of the typical lesions
in otosclerosis and otitis media

on RW stimulation

3.2.1. Effect of the malleus fixation
on RW stimulation

Figure 5 shows the model-predicted ESP curves of
four types of malleus fixation under the 50 μN RW
stimulation. The result of the normal ear was also
compared with their results. It can be seen that the
hardening of LML and SML have slight effect on RW
stimulation. In contrast, the hardening of the AML
and the TTT deteriorate the RW stimulation signifi-
cantly at lower frequencies (AML: <1000 Hz, TTT:
<2000 Hz); the corresponding maximum drop of their
ESPs is 2.6 dB and 4.4 dB at 500 Hz, respectively.

3.2.2. Effect of the incus fixation
on RW stimulation

The influences of two types of incus fixation on
RW stimulation are shown in Fig. 6. Likewise, the
hardening of PIL and SIL mainly affect the RW
stimulation performance at lower frequency (<800
Hz), with a maximum decrease of 2.1 dB and 1.9 dB
at 250 Hz, respectively. They have a little impact on
the RW stimulation’s ESP at mid-high frequencies.

3.2.3. Effect of the stapes fixation
and abnormal growth on RW stimulation

The influences of stapes fixation and stapes ab-
normal growth on RW stimulation performance are
shown in Fig. 7. It can be seen that the stapes abnor-
mal bone growth, which was simulated by increasing
the stapes mass 5-fold, has little effect on RW stimu-
lation’s lower-frequency performance (<500 Hz).
Whereas, the ESP starts to drop along with the in-
crease of the frequency, and the maximum amount of
deterioration on ESP is about 5.4 dB at 8000 Hz. The
hardening of the SAL slightly affects the ESP of RW
stimulation at higher frequencies (above 2000 Hz), but
deteriorates the RW stimulation performance promi-
nently at lower frequency, the maximum deterioration
is 19.5 dB at 250 Hz.

3.2.4. Effect of RWM lesions in otitis media
on RW stimulation

Figure 8 shows the RW stimulation’s ESP curves
with RWM lesions. It indicates that the change of the
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RWM’s thickness in SOM has smaller influence on
RW stimulation’s ESP than on the others, the maxi-
mum decrease is 2.4 dB at 250 Hz. However, with the
OM getting worse, it enlarges the effect on the RW
stimulation especially at the low frequency (<800 Hz).
Specifically, for the POM and COM, they deteriorate
the low-frequency ESP of the RW stimulation, with
a maximum decrease of 3.3 dB and 5.5 dB at 250 Hz,
respectively. In terms of the AOM, it will boost the
RW stimulation’s low-frequency response when the
elastic modulus change of the RWM is also consid-
ered, the maximum increase is 1.4 dB at 250 Hz.
Moreover, the AOM reduces the RW stimulation’s
mid-frequency response slightly, the maximum dete-
rioration is 1 dB at 600 Hz.

Fig. 8. The effect of the RWM lesions in OM
on RW stimulation

4. Discussion

Due to the complex geometry and ultrastructural
characteristic of the human ear, systematical experi-
mental research on RW stimulation based on human
ear temporal bone is difficult to conduct. Considering
the finite element method has the advantage for simu-
lating the complex biological system, many researchers
have used this method to study human ear sound
transmission mechanism [9], [10], [26] and assist the
design of middle ear implant [17], [28]. Thus, in this
paper, we also established a human ear FE model in-
cluding the middle ear and the cochlea to aid our
study. Since the cavity of the middle ear has a small
impedance on the ear movement, it does not appear in
this model [30]. Besides, the cochlea was simplified

as a straight tube rather than a spiral structure. The
cochlear spiral structure mainly improves the sound
spreading at lower frequencies [19], whereas the sen-
sorineural hearing loss concerned by MEIs mainly
occurs at high frequency. Thus, this model simplifica-
tion on the cochlea also has little effect on our study.

In the process of RW stimulation, RW and ossicular
chain connecting to the oval window can be regarded
as resistance to the energy transmission. Therefore,
the RW stimulation’s performance will be weakened
when their impedance increases. In terms of the effect
of the otosclerosis, our results show that the hardening
of all the ligaments and tendons mainly deteriorate the
RW stimulation performance at lower frequencies,
which can be explained by the fact that the stiffness
impedes the motion at low frequencies in dynamic
system. However, the degree of these deteriorations is
different among different ossicles’ fixations, the hard-
ening of the SAL that induces the stapes fixation has
a much more significant influence than the other
ligaments’ hardening associated with the fixation of
the malleus or incus. This may attribute to the lower
elastic modulus of the incudostapedial joint, which
decreases the influence of the movement of the mal-
leus and incus on the RW stimulation. In contrast to
the influence of these ligaments’ hardening, the stape-
dial abnormal bone growth reduces the performance
of the RW stimulation significantly at higher frequen-
cies. This result may be caused by a fact that adding
the mass shifts the resonance of whole system toward
the lower frequencies.

Along with the increase of the thickness of the
RWM caused by the OM, the RW stimulation’s low-
frequency performance is declined. This trend is com-
ply with Yao et al.’s report [27]. In contrast, for the
AOM, in which the RWM’s elastic modulus decrease
at the same time, its effect on the RW stimulation will
be different. Specifically, the AOM increase the RW
stimulation’s low-frequency performance slightly.

The above results prove that the middle ear dis-
order’s impact on the RW stimulation is consider-
able, especially the stapes’ fixation in otosclerosis, the
19.5 dB deterioration is large enough compared to the
RW stimulation’s outcomes (30 dB) reported in clini-
cal studies. Besides, different types of middle ear dis-
orders have different influences. The hardening of the
studied tissues and the thickening of the RWM mainly
deteriorated the lower-frequency performance of the
RW stimulation, while the stapedial abnormal bone
growth severely affected the performance at high fre-
quency. Thus, the effects of the middle ear disorder
need to be considered during the design of the actua-
tor for RW stimulation to reduce the postoperative

Frequency [Hz]

Eq
ui

va
le

nt
 S

ou
nd

 P
re

ss
ur

e 
[d

B]



Influence of middle ear disorder in round-window stimulation using a finite element human ear model 11

variability of the RW stimulation. The results of this
paper not only provide references for the follow-up
researches, but also provide supports for clinical ap-
plications of RW stimulation type MEIs.

Low-frequency band, especially below 100 Hz, is
very important for the perception of music quality in the
human ear, and the sensitivity of the human ear to these
low-frequency sounds is strengthened by the spiral
structure of the cochlea significantly. Specifically, the
spiral cochlea redistributes the incoming wave energy
toward the wall, especially along its innermost, tightest,
apical turn [19], and this part is sensitive to low fre-
quency. Therefore, for the analysis of the low frequency
below 100 Hz, establishing a spiral cochlea is the best
choice. Currently, a few upmarket hearing aids have
a wider working frequency band, while most hearing
aids work at a frequency range of 250–4000 Hz. In order
to provide a more complete reference for the design of
RW stimulation type MEIs, especially those considering
the low-frequency function, a spiral cochlear model
needs to be established in the next step. In addition, not
only the pathology of the disorders is diverse, but also its
combination form in clinical is variable, so more disor-
ders and its combination treated with RW stimulation
type MEIs will be analyzed in the future.

It should be mentioned that one limitation of our
current study is that the modeling is just based on one
human temporal bone. The anatomical differences of
the human ear can induce individual variation in our
results. To investigate the influence of human ear
geometries’ variation on FE model-predicted results,
Daniel et al. [11] established three human ear FE
models based on the scans of different human tempo-
ral bones, and compared the model-calculated stapes
responses with the same modeling definitions and
parameters. They found that the geometrical variation
only induce quantitative differences of 4 dB in the
lower frequencies and up to 6 dB around 2 kHz, but
similar shapes in the calculated response curves. Thus,
the patients’ individual geometrical differences may
alter our results quantitatively at lower frequencies
and frequencies around 2 kHz. Nevertheless, the over-
all trend of our results still holds under different indi-
vidual middle ear geometries.

5. Conclusion

To reduce the variability of the postoperative per-
formance of the RW stimulation, the influence of typi-
cal middle ear disorders in otosclerosis and otitis me-
dia on the RW stimulation has been comparatively

investigated. To aid this analysis, a human ear FE model
based a serial of Micro-CT scanning images was con-
structed and verified. Our results show that, in the
otosclerosis, the RW stimulation’s ESP was severely
deteriorated due to the stapedial abnormal bone
growth at higher frequencies, while the hardening of
ligaments and tendons prominently decreased the RW
stimulation at lower frequencies. Besides, among
hardening of the studied tissues, the influence of the
SAL’s hardening was much more significant. For the
OM, the thickening of the RWM mainly decreased the
RW stimulation’s performance at lower frequencies.
Whereas, when the elastic modulus’ reduction of the
RWM was considered at the same time for the AOM,
it boosted the lower-frequency performance of the RW
stimulation. The influence of the middle ear disorder
on the RW stimulation is considerable and variable,
and should be considered during the design of the RW
stimulation type MEIs.
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