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Abstract

Round window is one of the two openings into cochlea from the middle ear. Mechanical
properties of round window membrane (RWM) affect cochlear fluid motion and play an important
role in transmission of sound into cochlea. However, no measurement of mechanical properties of
RWM has been reported because of the complication of its location and small size. This paper
reports the first investigation on dynamic properties of human RWM using acoustic stimulation
and laser Doppler vibrometry measurement. The experiments on RWM specimens were
subsequently simulated in finite element (FE) model and an inverse-problem solving method was
used to determine the complex modulus in frequency-domain and the relaxation modulus in time-
domain. The results show that the average storage modulus of human RWM changes from 2.32 to
3.83 MPa and the average loss modulus from 0.085 to 0.925 MPa over frequencies of 200 to 8000
Hz. The effects of specimen geometry and experimental condition on complex modulus
measurements were discussed through FE modeling analysis. Dynamic properties of RWM
reported in this paper provide important data for study of middle ear and cochlear mechanics.
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INTRODUCTION

Round window is one of the two openings into the cochlea from the middle ear. The round
window membrane (RWM) vibrates with an opposite phase to acoustic vibrations entering
the cochlea through the stapes at the oval window, another opening of the cochlea to the
middle ear. RWM serves as a barrier between the middle ear cavity and cochlea and plays an
important role in middle ear and cochlear mechanics [1-3]. Mechanical properties of RWM
affect cochlear fluid motion and thus the movement of the basilar membrane.
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RWM consists of three layers from the middle ear to cochlear side: the outer epithelium,
core of connective tissue layer and inner epithelium [4, 5]. The core of connective tissue
contains collagen fibers, fibroblast and other elastic fibers and provides the main structural
support for RWM. Adult human RWM is usually thicker at the edge than at the center, and
its average thickness is about 70 um [4, 5].

Middle ear diseases such as otitis media usually induce the changes of RWM in thickness
and permeability and induce possible sensorineural hearing loss [6-8]. Recently, it has been
reported that the vibration transducer of middle ear implantable hearing device has been
attached on the RWM to stimulate cochlear fluid for restoring hearing level [9-11].
Beltrame et al. [12] coupled the floating mass transducer (Soundbridge, MED-EL, Austria)
onto the RWM and assessed its function for patients with mixed hearing loss associated with
otitis media or otosclerosis. Koka et al. [13] measured the cochlear microphonic and
mechanical (stapes velocity) response in chinchillas, which were induced by normal acoustic
stimulation and round window stimulation with an active middle ear prosthesis. Arnold et al.
[14] tested the effectiveness of different coupling methods with the floating mass transducer
on RWM in a human cadaver head and discussed the factor to improve the vibration
transfer. The studies on RWM using implantable transducers indicate that the attachment
method and RWM mechanical properties directly affect the efficiency of vibration
stimulation into the cochlea.

To better understand the role of RWM in normal, diseased, and implanted ears, the finite
element (FE) models of the human ear, including the middle ear cavity, RWM, and cochlea,
in addition to the ossicles and tympanic membrane, have been reported by Bohke and
Arnold [15], Gan et al. [16], and Zhang and Gan [17]. However, the mechanical properties
of RWM were assumed in these FE models because there were no mechanical properties of
RWM available in the literature. Bohnke and Arnold used 9.8 MPa as Young’s modulus of
RWM, Gan et al. used 0.35 MPa, and Zhang and Gan used 0.7 MPa for RWM. Noticeable
differences of the RWM elastic modulus were observed among these studies. The accurate
measurement on the mechanical properties of RWM is needed to improve the FE modeling
analysis of the human ear. As human RWM works under auditory frequency range, the
dynamic properties or complex modulus in the frequency domain has more value than the
static elastic modulus.

In this paper, we report a novel experimental setup to measure dynamic properties of human
RWM using acoustic driving and laser Doppler vibrometer (LDV). LDV is commonly used
to measure vibrations of the tympanic membrane (TM) and stapes footplate and determine
the transfer function of the middle ear [18, 19]. However, LDV has not been directly used to
measure mechanical properties of the ear tissue until the recent study on human TM by
Zhang and Gan [20]. They employed the mechanical testing system and LDV to measure
vibration of the TM sample in response to acoustic pressure over the frequency range of
200-8000 Hz. Dynamic properties of the TM were finally determined through the FE model
with acoustic-structure coupled analysis. Following the similar approach, we investigated
the dynamic properties of human RWM and report the results here. The generalized standard
linear viscoelastic solid model was used for RWM, and the dynamic properties of RWM
were derived by the inverse-problem solving method. The complex modulus over the
auditory frequency range provides new knowledge and needed data for the field of middle
ear and cochlea mechanics.
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METHODS

I. RWM specimen preparation

Eight RWM samples from fresh human cadaver temporal bones (three left and five right)
obtained through the Willed Body Program at the University of Oklahoma Health Sciences
Center were used for this study. All donors had no history of ear diseases associated with the
RWM and the average age of the donors was 70 (ranging from 59 to 82, 5 males and 3
females). To maintain soft tissue compliance and hydration within five days before the
experiment, the bones were immersed in a 0.9% saline solution mixed with providine (i.e.,
15% amount of providine in saline solution) at 5 °C until use. The temporal bone was cut
into a block (2x2x2 cm3) containing the middle ear cavity and cochlea. The middle ear
cavity was then opened and the TM with malleus attached was carefully removed under
microscope (Olympus SZX12). Incus and stapes remained intact in the specimen block, and
the round window niche was identified as well as the RWM (Fig. 1A). The cochlea was then
removed and RWM was exposed from both the middle ear and cochlear sides. The specimen
was examined under microscope to verify that the RWM was not damaged during the
preparation. Subsequently, we place microbeads (30 um in diameter, Mo-Sci Corp, Rolla,
MO) onto the center of the cochlear side of RWM as the laser reflecting target. The mass of
each bead is about 3.96x107> mg. Such a small mass should not affect the measurement.
Figure 1B shows a RWM specimen image obtained by a CCD camera in this study. The
RWM was in an elliptical shape with the short axis () and long axis (6). Table 1 lists the
dimensions of (g) and () measured from each specimen using the image analysis tools
(Adobe Photoshop 7.0) with the average long axis of 2.08 mm and short axis of 1.81 mm.

Il. Experimental setup

A laser Doppler vibrometer (HLV-1000, Polytech PI, Tustin, CA) was used to measure the
vibration of the RWM induced by acoustic driving, a technique recently developed in our
lab to determine dynamic properties of the human TM [20]. Figure 2 is the schematic
diagram of the experimental setup. Briefly, the RWM specimen with the bony wall was
fixed in a micro-manupulator and placed on a vibration isolation table. 80 dB SPL pure
tones across the frequency range of 200-8000 Hz were delivered to the middle ear side of
the RWM by a sound delivery tube (inner diameter 1 mm) connected to the speaker. The
sound signals were generated by the dynamic signal analyzer (DSA, HP 35670A, CA) and
amplified by the power amplifier (B & K 2718, Norcross, GA). The distance between the
tube end and the surface of RWM was set at 1 mm. A probe microphone (ER-7C, Etymotic
Research, IL) attached to the sound delivery tube was used for monitoring the input sound
pressure level. Because the round window niche formed a semi-closed chamber for sound
approaching to the RWM and the distance between the sound delivery tube end and the
RWM was small, the sound pressure was reasonably considered as evenly distributed onto
the RWM surface. The laser beam was focused on the microbeads, and the vibration at the
center of RWM was acquired by DSA and recorded on a computer for further analysis. The
vibration amplitude of the RWM was directly calculated from the voltage output of the laser
vibrometer velocity decoder.

It is well known that the stabilized mechanical state of biological soft tissue is only reached
after preconditioning in which the loading-unloading process was repeated usually for 3-5
cycles prior to the mechanical test [21]. Because of the extremely small size and fixed bony
boundary of the RWM specimen, it was impossible to carry out a standard preconditioning
procedure in a mechanical testing system. Harmonic 80 dB SPL sound stimuli were actually
applied to the sample during each measurement and could serve as preconditioning. To
doubly ensure the preconditioning and stabilization of the mechanical properties of RWM
samples, cyclic hydraulic pressure was loaded and unloaded onto the specimen surface by
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using saline solution in a 1 cc syringe. The peak pressure was estimated around 10 Pa. The
movement of RWM was observed under a surgical microscope. This process was repeated
for 5 cycles to reach the stabilized state for the specimen. After preconditioning, an 80 dB
SPL acoustic load across 200-8000 Hz was applied on the specimen, and the vibration was
recorded. Note that the RWM specimen was maintained in moist conditions by spraying
saline solution onto the middle ear side surface.

lll. Finite element modeling Analysis

Dynamic tests of the RWM specimens were simulated as finite element (FE) models in
ANSYS (ANSYS Inc, Canonsburg, PA). The FE model-based inverse-problem solving
method was used to determine the dynamic properties of RWM. The FE model analysis was
also used to estimate the effects of specimen geometry and experimental conditions on the
results of the RWM dynamic property measurement.

[lI-A Building the FE model of dynamic test—RWM in a normal ear is a thin,
semitransparent and nearly circular membrane with a diameter of about 1.8 mm. The
average thickness of a normal adult RWM was reported as 70 um by Goycoolea et al [4] and
Sahni et al. [6]. The smallest thickness of 56 um at the RWM center was reported by
Nomura [2]. In this study, each RWM specimen was modeled as an elliptical membrane
with uniform thickness of 70 um. The short axis @ and long axis & were based on our real
measurements listed in Table 1. Eight FE models of RWM samples were built, and Fig. 3A
shows the plane view of one RWM model while Fig. 3B shows the transverse view with
sound pressure applied on the middle ear side of the RWM. The reflective microbeads
attached on RWM for laser measurement were not simulated in FE model. The beads should
not affect the RWM vibration due to the small size and mass (3.96x107> mg per bead,
estimated as 0.0163% of the average mass of RWM specimen). The model was meshed by
5892 hexahedral elements (type Solid 185), and convergence analysis showed this element
number was adequate to reach accurate results. Density of the RWM was assumed as 1200
kg/m3, the same as that of TM [20]. 80 dB SPL across the frequency range of 200-8000 Hz
was applied onto the medial side of the RWM, similar to the experiment. The edge of the
RWM was set as fully clamped without free displacement based on the observation on
histology sections in the literature [22, 23]. The RWM was considered as an isotropic linear
viscoelastic material, and material properties are described in the next section.

[lI-B Constitutive model of RWM specimen—Biological soft tissues usually show
viscoelastic properties, and their dynamic properties are time or frequency dependant [21].
Standard linear solid model [24] was used to describe the viscoelastic behavior of RWM.
The relaxation modulus of RWM can be represented as:

t
E(t)=Eo+E16XP(—;) 1)

where £y is the relaxed elastic modulus at time = oo, (£y + £7) is the initial elastic modulus
at time £=0, and T is the relaxation time. For harmonic analysis, the complex modulus £" in
the frequency domain is

EY(w)=E (w)+iE’(w) ()

where £(w) is the storage modulus, £'(w) is the loss modulus, w is the angular frequency,
and £(w) and £'(w) can be expressed as:

E’(w)=Ey+E; T%wz/( 1 +T%a)2) 3)
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E’(w)=EiT10/(1+7T30)  (4)

n(w)=tan 6=E"(w)/E"(w)  (5)

where & is the phase angle of the complex modulus, and n(w) is the loss factor (defined as
the ratio of loss modulus to the storage modulus). The frequency-dependent storage modulus
E(w) and loss factor 1) (w) are applied into the FE model as the material properties of the
RWM.

llI-C. Vibration analysis—Classic vibration theory of the thin membrane was used to
analyze the motion of the RWM, similar to that used in our previous study on TM [20].
Forced vibration of the RWM induced by acoustic load or input sound pressure is governed

by:

m w

Vg — W
aE*h 0f?

(6)

where £ is the complex modulus which can be expressed as a real part and an imaginary
part, V is the Laplacian operator, wis the transverse displacement or flexibility, 77is the
mass per unit area, Pis the pressure applied onto the RWM, /s the thickness of RWM, and
a is a coefficient related to the RWM dimension. For harmonic vibration, sound pressure P
and displacement w can be expressed in a cylindered coordinate system as

P=P()=Pyc"®", w=w(r, ©, = W(r)(D(go)ei(m_é) Q)

where rand ¢ are the radial and angular coordinates, respectively, A7) and ®(p) must
satisfy the fixed boundary condition of the RWM, and & is the phase angle between the
pressure and displacement. Substitute Egs. (2—4) and (7) into Eq. (6), and the problem can
be converted into a Bessel-type differential equation. Using Bessel functions, the first order
(1,0) resonance frequency w/, has an expression of

W= ’ﬁE,_(wn) ®)
m

where B is a coefficient related to the RWM dimension and Poisson’s ratio. Eq. (8) shows
that the first order resonance frequency of the RWM w, is proportional to the square root of
its storage modulus £. This provides the theoretical proof that the mechanical properties of
the RWM can be determined by measuring the vibration resonance.

Under the first mode, the central (when r=0) displacement amplitude of the RWM, ng = w
(0, ¢, 0, resolved from Eg. (6) can be expressed as

wo(w)=

Py 1
aE’ (w) w2 (9
\/<1 — L)+ gre]

When w = O(static deformation state),

Py Py
2E ) ok, 9

wo(0)=

When w = w,, (resonance),
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()= Py  E(wn) Py 1
oken _CL/E’((A),,) E”(wy) aE (wy) 7(w,) D

Displacement amplification ratio /R defined as the displacement at resonance frequency over
the displacement at static state is then expressed as:

_ wolwy) _ Ey
wo(0)  E’(wp)n(wy)

(12)

Equations (8), (10), and (12) show that the resonance frequency w,, displacement amplitude
at static state (approximately using the amplitude at 200 Hz) (0) wg, and displacement
amplification ratio R are all related to frequency-dependent storage modulus £ and the loss
factor n of the RWM, and finally determined by the three parameters, £y, £1, and Ty (EQs.
3-5). However, it was still very difficult to derive a theoretical solution. Thus, the FE
modeling and inverse-problem solving method were used to determine the parameters (£,
£, and t4) and the complex modulus £

[lI-D Inverse-problem solving method—The inverse-problem solving approach was
used to determine three parameters, £y, £1, and t1, and finally to obtain the complex
modulus of the RWM. The FE model of each RWM sample was used to verify these
parameters as well as the complex modulus by comparing the FE model-derived
displacement-frequency curve with the experimental measurement curve. A brief description
of the optimization process includes four steps: 1) the initial values of 1.0 MPa, 0.8 MPa and
30 us were selected for £y, £1, and tq, respectively; 2) The storage modulus £(w) calculated
by Eqg. (3) and loss factor n(w) by Eq. (5) were input into the FE model; 3) Harmonic
analysis of the FE model was then conducted from 200 to 8000 Hz with an interval of 50
Hz. Vibrations of the central node of the RWM induced by sound pressure of 80 dB SPL
were calculated from the FE model; 4) The model-derived displacement-frequency curve
was compared with the experimental curve for each sample. The correlation coefficient
between the two sets of data was calculated. If the coefficient met the set value, the process
was ended and the parameters of £y, £1, and T4 were determined. If the correlation
coefficient did not meet the set value, £y, £1, and T were adjusted based on Egs. (3-5), (8),
(10), and (12), and the iteration process was repeated from step 2). Through this process, the
values of £y, £1, and t; were optimized and determined. Finally, £y, £1, and t1 were
substituted into Eqgs. (3-5) to obtain the complex modulus and loss factor of the RWM as
functions of frequency.

Figure 4 shows the displacement amplitude-frequency curves of eight RWM specimens
recorded from experimental measurements. Each specimen has a prominent displacement
peak between 1500 and 2100 Hz. The displacement at low frequency (below 500 Hz) has a
range between 34 and 68 nm. The resonance frequency 7, = w,/ 21 and amplification ratio
R of each RWM specimen are listed in Table 1. The mean resonance frequency was 1818
+193 Hz. The amplification ratio #was ranged between 2.88 and 5.66 with a mean value of
3.68+0.89.

FE models were created to simulate the dynamic experiments of RWM specimens. As an
example, Fig. 5 shows the results from two specimens: the vibration amplitude-frequency
curves derived from the FE modeling (dash lines) and the experimental measurements (solid
lines). Figure 5A was obtained from specimen RWM-4 with a resonance frequency of 2132
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Hz from experiment and 2150 Hz from FE model. Figure 5B was obtained from specimen
RWM-8 with a resonance frequency of 1896 Hz from experiment and 1900 Hz from FE
model. In general, the FE modeling results agreed well with the experimental data over the
entire frequency range, particularly near the resonance frequency. Some very small peaks at
a lower frequency (for example, at 1 kHz of RWM-4) were not considered as the primary
resonance peak. The curves from the FE model were obtained under ideal conditions and
had no such artificial peaks. The potential resources of these peaks may come from the
sound distortion or the experimental setup.

Three parameters £y, £1, and t; for each RWM specimen obtained through the inverse-
problem solving with the FE model are listed in Table 2. The value of £y ranged from 1.86
to 2.80 MPa, £; ranged from 1.38 to 2.70 MPa, while t; ranged from 27 to 36 ps. There are
some differences between the specimens for each parameter, which may be caused by
individual variations between RWM specimens (physiological conditions, geometric
dimensions) and the variations between experimental setups. Based on these parameters, the
storage modulus £, loss modulus £°, and loss factor n) of all eight specimens were
calculated and displayed in Fig. 6 across the frequency range of 200 to 8000 Hz. Figure 6A
shows that the storage modulus increased with frequency for all specimens. The largest
storage modulus values were 2.80 MPa at 200 Hz, and 4.68 MPa at 8000 Hz (RWM-3), and
the smallest storage modulus values were 1.86 MPa at 200 Hz, and 3.35 MPa at 8000 Hz
(RWM-2). As shown in Fig. 6B, the loss modulus increased with the increase of frequency
and reached its maximum values around 4500-6000 Hz before decreasing. The largest loss
modulus was 0.117 MPa at 200 Hz (RWM-6), and 1.24 MPa at 8000 Hz (RWM-3). The
smallest loss modulus was 0.047 MPa at 200 Hz and 0.659 MPa at 8000 Hz (RWM-4).
Figure 6C shows the loss factor obtained from the eight specimens. The change of the loss
factor with frequency was similar to that of the loss modulus: increasing rapidly at
frequencies below 4000 Hz, and then reaching the maximum values at around 4500-6000
Hz.

Mean values of the complex modulus and the loss factor with S.D. obtained from the eight
specimens are shown in Fig. 7. Figure 7A shows the mean storage modulus was 2.32 +0.29
MPa at 200 Hz and 3.83+0.52 MPa at 8000 Hz. The storage modulus increased slowly
below 1000 Hz and increased rapidly over 1000 Hz. Figure 7B shows that the mean loss
modulus was 0.085 £0.022 MPa at 200 Hz and 0.925+0.192 MPa at 8000 Hz. The
maximum loss modulus was 1.038+0.225 MPa at 5000 Hz. The loss modulus is much
smaller than the storage modulus. As shown in Fig. 7C, the mean loss factor was 0.037
+0.009 at 200 Hz and 0.240+0.023 at 8000 Hz. The maximum loss factor was 0.323+0.051
at 3500 Hz.

In addition to complex modulus in frequency domain, we used the parameters listed in Table
2 to calculate the relaxation modulus in time domain for RWM specimens using Eq. (1).
Figure 8A shows the relaxation modulus of eight specimens. The initial modulus (at time
t=0) ranged from 3.80 to 5.50 MPa, and the static modulus (at time t=00) ranged from 1.86
to 2.80 MPa. As shown in this figure, RWM specimens reached the relaxation state at 200
ps. Figure 8B shows the mean relaxation modulus changing with time. The mean initial
modulus was 4.40+0.63 MPa, and the mean static modulus was 2.32+0.29 MPa.

DISCUSSION

I. Effect of specimen shape and thickness variation on the complex modulus

In this study, the RWM was simulated as a flat membrane structure in the FE model as the
first step. However, the real human RWM has a slight convexity towards the cochlea [4, 5].
To estimate the effect of that assumption on results, a FE model with a curved surface was
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created based on specimen RWM-6. The dimensions of sample RWM-6 were close to the
mean values of all specimens. A curvature was chosen as 0.1 mm~ based on published
image observations [22, 23]. The viscoelastic parameters &g, £, and tq derived from the
model with a curved surface were 2.31 MPa, 2.40 MPa, and 36 s, respectively. These
values are slightly smaller than that derived from the model with a flat surface (See Table 2).
The assumption of a flat RWM did not affect the results significantly.

FE model of the RWM was created using the actual long axis and short axis measured from
each specimen (Table 1). However, the thickness of 70 um was used for all RWM
specimens based on published data [4]. The real thickness of RWM specimen varies with the
samples, which may affect the complex modulus derived from the FE model. To assess the
effect of thickness variation on complex modulus of RWM, the FE models with different
thicknesses were created based on specimen RWM-6. The thickness was changed from 70
pum (named as control) to 60 and 80 pm, and the other parameters were maintained as the
same as the control (specimen RWM-6). The parameters £y, £, and t; derived from the
models with different thicknesses are listed in the first three rows of Table 3. The storage
modulus and loss modulus from these models are shown in Fig. 9. These results show that
the complex modulus values obtained from the model may change up to 38% compared with
control results when RWM thickness changed 14% from the control value.

Human RWM is thicker at the edge and thinner toward the center [4, 22, and 23]. The
uneven thickness distribution may also affect the resonance frequency and vibration mode of
the RWM. To estimate this effect on the complex modulus, a FE model with thickness of 80
um at the edge and 60 um at the center was created based on specimen RWM-6. The
parameters, £q, £1 and t; were determined as 2.25 MPa, 2.34 MPa, and 35 s, respectively.
The storage modulus was about 10% smaller than that derived from the FE model with
uniform thickness of 70 um.

II. Effect of experimental conditions on the complex modulus

In all experiments, the sound pressure (80 dB SPL) was delivered at 1 mm away from the
RWM through the tube with inner diameter of 1 mm. In modeling analysis, we assumed that
the sound pressure was uniformly applied on the RWM surface because of the round
window niche making a semi-closed chamber around the RWM. To estimate the effect of
uneven sound pressure applied on the specimen for calculation results of the complex
modulus, we modified the distribution of sound pressure on RWM with pressure at the edge
lower than that at the center. The sound pressure distribution at 1 mm away from the sound
source was calculated following the procedure reported by Zhang and Gan [20].

Briefly, an open air field with diameter of 0.2 m was built surrounding a circular plate with a
diameter of 2 mm (simulating the RWM) and the sound delivery tube had diameter of 1 mm.
The acoustic-structure interface was defined on the boundary between the air and the plate.
The pressure distribution on the plate was first obtained through the acoustic-structure
coupled analysis and then applied into the FE model of the RWM. The sound pressure at the
center of a circular area (1 mm diameter) was 80 dB SPL and gradually reduced to 75 dB at
the edge. The calculated complex modulus parameters £y, £1 and 1 of specimen RWM-6
from the FE model were 2.46 MPa, 2.70 MPa and 35 ps, respectively, as listed in Table 3
(fourth row). These values are very close to those determined from the control model listed
in the first row of Table 3. Thus, the acoustic load variation caused by the sound delivering
tube may not have a noticeable effect on the results.

Another variation of the experiment conditions is the moisture content of the specimen
during the experiment. It was reported that the moisture or hydration level may affect
mechanical properties of the soft tissues and fibrous composites [25-27]. The low moisture
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content or dehydration makes the tissue stiffer. The human RWM is a soft tissue with
collagen fibers as the main supporting structure. The mechanical properties of the RWM
specimen are naturally affected by moisture content. To maintain the specimen in an ideal
physiological condition, a saline solution was sprayed onto the specimen during the
experiment. The amounts of saline and measurement time were controlled to ensure the
results being consistent. In this study, the dynamic measurement was started 30 seconds
after the saline was added onto the specimen. Each run of the measurement was finished
within 6 seconds for frequency sweeping between 200 to 8000 Hz. The moisture content of
the RWM specimen is not anticipated to have noticeable changes in such a short period of
time.

Another potential effect of the moisture content on the measurement is the additional mass
probably added to the specimen since the resonance frequency is sensitive to mass. To
assess the effect of fluid mass on measurement, a water layer with thickness of 5 um or 10
pum was added to the FE model in the middle ear side of the RWM. The complex modulus
parameters £y, £1 and T, of specimen RWM-6 were determined and listed in the last two
rows of Table 3. Figure 10 shows the storage modulus and loss modulus variations in
response to water layer thickness or moisture content. These results show that additional
water layer thickness affected the storage modulus up to 13% and the loss modulus up to
28%. The water layer affected the loss modulus more than the storage modulus and affected
the storage modulus at higher frequencies more than that at lower frequencies. The results
suggest that, if there was additional fluid on the RWM surface and it was not taken into
account in FE model, the complex modulus obtained by the inverse-problem solving method
should be smaller than the real values. In this study, the moisture content of the RWM
specimens were maintained by spraying of saline solution on the specimen, and the
specimen was checked under the microscope before measurement to verify there was not
much additional fluid on specimen surface. Although the fluid layer thickness could not be
measured precisely, we estimated that the fluid layer in this study was less than 10 pm and
that this thickness would not affect the RWM storage modulus measurement more than
13%.

In this study, the displacement was obtained from the center point of the RWM sample in
the experimental measurement. The information from the displacement at the center of the
membrane is enough to obtain the mechanical properties of the RWM with the help of the
FE model. However, the complex vibration modes do exist in the RWM sample as well as in
the FE model. We are unable to measure the modes of the RWM in this study, but the FE
model can be used to analyze the complex patterns of the RWM. In this study, the primary
displacement peak presented at (0, 0) mode (at the lowest resonance frequency) of the
RWM. The displacement curves were not used to characterize these complex mode patterns,
which is far beyond the scope of this study.

lll. Contribution of this study and future work

Dynamic properties of the human RWM over the auditory frequency range were measured
for the first time in this study. The results reported here added new knowledge to the
biomechanics of human ear and can be applied into the FE modeling of middle ear transfer
function as well as cochlea mechanics. In published FE models, a relatively large range of
static elastic moduli from 0.35 to 9.8 MPa were assigned to RWM [15-17]. In this study, the
mean static modulus was measured as 2.32 MPa, which was in the range chosen by these
published FE models. Moreover, the stapes footplate displacement at high frequency (above
5000 Hz) derived from Gan et al.’s model [16] is lower than the experimental value
measured in the human temporal bones. Application of the frequency-dependent modulus
obtained in this study into the FE model of human ear may enhance the model accuracy for
prediction of middle ear function.
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Future studies on the mechanical properties of RWM and their applications may be
expanded in three directions:

1. Dynamic properties of the RWM in pathological ears, such as otitis media. Otitis
media may significantly change the thickness [6] and permeability [7] of the RWM.
The morphological variations may also change the mechanical properties of the
RWM. To understand the relationship between the morphology of the RWM and its
physical and mechanical properties in diseased ears will assist clinical diagnosis
and drug treatment of otitis media induced mixed hearing loss.

2. Application of dynamic properties of the RWM into FE model of the human ear.
As one of two windows connecting the middle ear and cochlea, RWM plays an
important role in the interaction between the cochlea and middle ear, particularly
when fluid is filled in the middle ear cavity (i.e., otitis media).

3. Coupling between RWM and the implantable transducer for design and function
evaluation of implantable hearing devices. The FE model of the human ear will be
used to optimize the coupling location and method based on mechanical properties
of the RWM.

CONCLUSION

In this study, an experimental setup to measure the dynamic properties of the human RWM
specimens was developed. Vibrations of the RWM in response to acoustic driving were
measured by laser Doppler vibrometry over the auditory frequency range of 200-8000 Hz.
The dynamic experiments on RWM specimens were simulated in FE models, and generally
good agreements between the experimental measurements and FE modeling were observed
in all RWM specimens. Dynamic properties of the RWM were derived by the inverse-
problem solving method and presented as the complex modulus in frequency-domain and
relaxation modulus in time-domain. The mean value of the storage modulus of eight RWM
specimens was 2.32 £0.29 MPa at 200 Hz and 3.83+0.52 MPa at 8000 Hz, while the mean
loss modulus was 0.085 £0.022 MPa at 200 Hz and 0.925+0.192 MPa at 8000 Hz. The
effects of the specimen thickness variation and experimental conditions, including the sound
pressure distribution and the moisture of the specimen, on the complex modulus
measurements were discussed using the FE modeling analysis. The dynamic properties of
the RWM reported in this study provide new knowledge on the RWM and middle ear and
cochlea mechanics.
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Figure 1.

(A) The RWM specimen with the incus and stapes harvested from a human temporal bone.
This picture shows the relative location of the RWM to the incus, stapes and round window
niche. (B) Enlarged RWM specimen image with 1mm reference bas. (a) is the short axis of
RWM, and (b) is the long axis of RWM.
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Figure 2.

The schematic of the experiment setup for the dynamic test on the RWM specimen. Sound
pressure is delivered onto the center of the RWM specimen and monitored by a probe
microphone from a speaker which is connected to a power amplifier and a dynamic signal
analyzer (DSA). The specimen vibration is measured by laser Doppler Vibrometry (LDV)
and recorded in a computer.
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RWM

\Sound
pressure

Figure 3.
The FE model of the dynamic experiment on the RWM specimen (RWM-1). (A) The plane

view of the RWM model from the middle ear side. The edge was fully clamped. (B) The
side view of the RWM model with sound pressure applied onto the RWM from cochlear

side.
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Figure 4.
The vibration amplitude-frequency curves measured from the dynamic experiments on eight
RWM specimens over the frequency range of 200-8000 Hz under 80 dB SPL.
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Figure 5.

The FE modeling results (dash line) obtained from two RWM models in comparison with
the corresponding experimental curves (solid line). (A) Specimen RWM-4; (B) Specimen
RWM-8. The sound pressure was set at 80 dB SPL.
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Figure 6.

The complex modulus determined from the FE modeling analysis for eight RWM specimens
over the frequency range of 200-8000 Hz. (A) Storage modulus £; (B) Loss modulus £
(C) Loss factor 1.
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Figure 7.
The mean complex modulus of the eight RWM specimens with standard deviations (S.D.).
(A) Storage modulus £; (B) Loss modulus £"; (C) Loss factor 1.
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Figure 8.

The relaxation modulus in the time domain obtained from the complex modulus in
frequency domain. (A) Individual relaxation modulus-relaxation time curves for the eight
RWM specimens. (B) Mean relaxation modulus-relaxation time curve with S.D. for the
eight RWM specimens.
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Figure 9.

The effect of the specimen thickness variations on the complex modulus determined from

the FE modeling analysis for the specimen RWM-6.
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Figure 10.
The complex modulus £ and £' determined from the FE modeling analysis for specimen
RWM-6 with different fluid layers added.
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The viscoelastic parameters of RWM specimens determined from FE modeling analysis using inverse-

Table 2

problem solving method.

RWM Eo E; T
Specimen  (MPa) (MPa)  (us)
RWM-1 211 175 32
RWM-2 186 194 36
RWM-3 280 272 30
RWM-4 250 138 27
RWM-5 226 194 30
RWM-6 251 263 36
RWM-7 228 240 33
RWM-8 224 196 35
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List of the viscoelastic parameters of a RWM specimen (RWM-6) determined from FE modeling analysis

under various changes in specimen geometry, sound pressure distribution and moisture (fluid) level.

RWM model Eo E; T
(MPa)  (MPa)  (us)
Control (RWM-6) 251 2.63 36
Thickness-60 3.42 341 38
Thickness-80 1.88 211 34
Uneven acoustic load ~ 2.46 2.70 35
Fluid-5 2.61 2.93 34.5
Fluid-10 2.74 3.18 33
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