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Hypothesis: The geometry and the mechanical property of
the round window membrane (RWM) have a fundamental
impact on the function of cochlea.
Background: Understanding the mechanical behavior of
RWM is important for cochlear surgery and design for the
cochlear implant. Although the anatomy of RWM has been
widely studied and described in the literature, argument
remains regarding the true shape of RWM. The mechanical
properties of RWM are also scarcely reported due to the
difficulty of the measurement of the small size RWM.
Methods: In this paper, micro-fringe projection was used to
reconstruct the 3-dimensional geometries of 14 RWMs.
Mechanical properties of the RWMs were subsequently
measured using finite element (FE) model and an inverse
method. The three-dimensional surface topographies and the

curvatures of the two major directions reconstructed from the
micro-fringe projection both demonstrated wide variations
among samples.
Results: The diameters of the RWMs vary from 1.65 to
2.2mm and the curvatures vary from �0.97 to 3.76mm�1.
The nonlinear elasticity parameters in the Ogden model for
each sample was measured and the average effective
Young’s modulus is approximately 1.98MPa.
Conclusion: The geometries and mechanical properties of
the human RWM measured in the work could potentially be
applied to surgery design and on modeling analysis for the
cochlea. Key Words: Finite element method—Human
round window—Inverse method—Micro-fringe projection.

Otol Neurotol 41:xxx–xxx, 2020.

Round window (RW) is one of the two openings from
the middle ear into the cochlea. When the acoustic
vibration enters the cochlea through the oval window,
the round window membrane (RWM) works as a valve,
balancing the pressure of the fluid in the cochlea by
vibrating with an opposite phase to the vibration of oval
window membrane (1–3). Because RWM can play an
even larger role for transmission of sound to the inner ear
than the tympanic membrane, it was called as secondary
tympanic membrane (4).

Clinically, the RW has been commonly used as a portal
for electrode insertion for cochlear implant (5). The
anatomical and topographical knowledge about the round
window region determines a successful insertion of the
electrode in the cochlea implant surgeries. In addition to
insertional implantation, floating mass transducer (FMT)
placed at the RWM is another feasible option for the

hearing rehabilitation of patients suffering from mixed,
conductive, and sensorineural hearing loss. Several clin-
ical studies have been conducted to investigate the effect
of different coupling methods (6,7). While the best
coupling technique and material for stimulating the
RWM remain undetermined (8–10), these studies show
that the attachment and RWM mechanical properties
directly affect the efficiency of the function of FMT.
For both clinical practices, a thorough knowledge of
anatomical intricacies and the properties pertaining to
the RWM is a must to obtain desirable excellency in the
surgical results.

Additionally, the geometries and the mechanical prop-
erties of RWM are also important for modeling the
middle ear or cochlea function, especially with finite
element (FE) models. Due to lack of accurate information
of the geometries and mechanical properties, most of the
authors assume the RWM as a flat ellipse shape and with
the same mechanical properties of some other tissues
(11–13). Although these models are able to simulate
experimental data, their geometrical parameters are not
closely related to anatomical or physiological properties.
Knowledge of real RWM morphology and the accurate
measurement of the mechanical properties of RWM are
critical for establishing highly realistic FE models for the
analysis of the human ear.
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To date, there are only a few data on mechanical
properties of RWM reported in the literature, probably
due to the difficult measurements on such a small size and
fragile tissue. Volume–pressure properties of RWM on
human temporal bone were first described by Ivarsson and
Pedersen (14). They observe the change of the volume
concealed by the RWM and the cochlear under the pres-
sure up to 20 cm H2O. Elastic properties of human RWM
were thenmeasured by Ishii et al. (15) using a force sensor
needle system, where a RWMwas stretched by the needle
and the elastic modulus was determined with the needle
force and the stretch ratio of the RWM. Ishii et al. (15) did
not consider the change of elastic modulus at large defor-
mation (hyperelastic effect). Recently, dynamic properties
were measured by Zhang and Gan (16) on human and Gan
et al. (17) on chinchilla in situ using the laser Doppler
vibrometry (LDV). In their study, the RWMwas forced to
vibrate with a speaker and the LDV laser was used to
measure the vibration velocity. In the latter two studies, the
material properties were determined indirectly using an
inverse method, (i.e., the material parameters were found
by fitting model predictions with experimental results),
where the complex geometry ofRWMwas not considered.
Here, we presented our study on the geometries and

mechanical properties of the RWM using a micro-fringe
projection technique. The RWMwas fully exposed in the

human temporal bone, and micro-fringe projection was
used to capture the geometry and displacement of RWM
driven by static pressures. FE model on each RWM was
established. An inverse method was used to determine the
hyperelastic properties of RWM. This study is expected
to fill the gap of material properties of RWM in situ and
provides information on RWM for future highly realistic
human ear FE modeling.

METHODS

Sample Preparation
Fourteen RWM samples from fresh human cadaver temporal

bones (eight left and six right) obtained through the Life Legacy
Foundation were used in this study. All donors were free from
the history of ear diseases associated with the RWM and the
average age of the donors was 70 (ranging from 46 to 79, four
men and six women). The protocol has been approved by the
U.S. Army Medical Research (USAMR) and Material Com-
mand Office of Research Protections (MCORP). Before the
measurement, a temporal bone was trimmed into a bony block
with a dimension of about 25mm� 25mm� 25mm, contain-
ing the intact cochlea. The bony structure in the middle ear was
first removed by a cut parallel to the RW to fully expose the
round window niche from the medial side (Fig. 1A). Using the
stapes as a reference, the bony structure of the cochlea was
carefully trimmed until RWM could be seen from the cochlea

FIG. 1. Sample preparation for the round window membrane: (A) Front view. The red line shows the location where the cut was applied to
expose the round windowmembrane from the cochlea side. (B) Back view. The RWM exposed from the cochlea side. (C) The RWM painted
with titanium oxide and projected with micro-fringes. The black dash line outlines the boundary of the RWM. RWM indicates round window
membrane.
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side. The RWMwas investigated and samples that with damage
RWM were excluded from the study. A tubing of 75mm long
with 1.25mm diameter was inserted into the RW and sealed air-
tight with two-part epoxy (Gorilla Glue, Inc.). Note that muco-
periosteal folds or ‘‘false round window membranes’’ (false
RWM) developed in the nearby promontory of RW are com-
monly found to seal the RW niche. In case the false RWM
existed in the RW, a sharp needle was used to puncture the false
RWM to avoid the possibility of blockading the air passage to
the RWM. Subsequently, the RWM was painted with a thin
layer of titanium oxide in saline (100mg/ml) to give a better
reflection for the micro-fringe projection. To maintain compli-
ance and hydration of the soft tissue during the sample prepa-
ration and experiment, the RWMs were moisturized with a
droplet of 0.9% saline every 15minutes. Figure 1B shows an
image of the typical temporal bone acquired by a CCD camera
through a microscope in this study.

Experimental Procedure
Figure 2 shows the schematic diagram of the experimental

setup. A micro-fringe projection system was used to determine
the deformed surface topography of the RWM under a pre-
scribed static pressure (Fig. 1C). In fringe projection, a set of
grating with pitch density of 20 cycles/mm (Edmund Optics,
Dwyer Instruments, Inc., Barrington, USA) was projected onto
the RWMand the image of the projected fringe on the surface of
the object was acquired by a digital camera (Nikon D7000;
Nikon Inc., Melville, USA). Another image of fringe projected
onto a reference plane under the same setup was also acquired.
The image of the projected fringes on the RWM was subse-
quently digitally superimposed with the image of projected
fringes on the reference plane to generate interferometry
(18,19). The surface profile of the RWM was then determined
by the virtual interferometry using a five-step-shifting method
(18,19). Note that the RWM is small with boundary covered by
painting. To accurately reconstruct the geometry of the RWM,
two images, one of RWM under no pressure and one under
pressure were superimposed to find the fixed points along the
boundary of the RWM.

During the measurement, the sample was placed on a gimbal
holder attached to a temporal bone bowl mounted on an XYZ
stage. This setup allowed the direction of the RWM surface to
be adjusted for the micro-fringe projection and for the obser-
vation by a camera. A pressure monitor system was used to
apply pressures on the RWM from the round window either
positive (bulging) or negative (vacuuming) values. The system
consists of two three-way stopcocks, a 20ml syringe, and a
water manometer with a resolution of 2.5mm water bar (Dwyer
Instruments, Inc. Series 1235). One of the three-way stopcocks
served as a valve to control the pressures applied on the RWM;
it allowed releasing pressure for the whole system, applying
pressure to the specimen, and locking up the pressure in the
temporal bone block. Another three-way stopcock was used to
switch between positive pressure and negative pressure applied
on the RWM. Before the measurement, each sample was
preconditioned by applying a pressure value of 1 kPa for five
cycles to allow the RWM to reach a steady state. Stepwise
pressures with increments of �0.125 kPa up to �1.0 kPa were
applied through a tube into the lateral side of the RWM and
monitored with the manometer. The resting time between each
step was approximately 2 seconds and the total time of the
measurement was approximately 2minutes. Surface profiles of
the RWMs under different pressures were acquired and the
corresponding volume displacements of the RWMs were cal-
culated. The detail of surface profile reconstruction can be
found in our previous publications (20,21).

Inverse Method
The mechanical properties of the RWM were determined

with an inverse method. The measurement of each RWM
sample was simulated in FE models using ANSYS 18. The
surface topography under the normal state, reconstructed from
the micro-fringe projection, was converted to a three-dimen-
sional model using the computer-aided design (CAD) software,
SolidWorks 2017. Since the RWM thickness is small compared
with its major or minor axis, it was modeled as a shell with a
thickness of 70mm (22,23) in ANSYS. The RWM was charac-
terized as a hyperelastic material with material behavior similar
to that of an elastomer. The niche of the RWM was fixed for all
degrees of freedom (no translations or rotations). The dimen-
sions of the RWMs samples were shown in Table 1. For each
individual sample, the volume displacement was simulated
under static pressures according to those applied to the
RWM in the experiment.

Ogden model was used as the constitutive material model to
describe the mechanical behavior of RWM under large defor-
mation. The tangent modulus, Et, is described as:

Et ¼ dT U

deU

¼
XN

i¼1

2mi

ai
½ ai � 1ð Þð1þ eU Þai�2 þ ð0:5ai

þ 1Þð1þ eU Þ�0:5ai�2�; i ¼ 1; 2 (1)

where,TU is the uniaxial stress, eU is the uniaxial strain, andai and
mi are the material parameters. The constitutive material param-
eters were determined through an iteration procedure such that
the difference of the volume displacements between the experi-
ment and simulation was minimized (20,21). Subsequently, the
Young’s modulus of RWM was calculated by linearly curve
fitting the tangent modulus at the strain below 10%.

FIG. 2. Schematic of measurement setup with micro-fringe pro-
jection and applied pressure.
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RESULTS

Figure 3 demonstrates the 3D surface reconstructions
of the 14 RWMs under the zero-pressure state. The z-
direction in the figure indicates the direction from the
lateral (middle ear) side to the medial (inner ear) side.
The boundary of each RWM is outlined and drawn in
Figure 3 above the 3D surface. A comparison between FE
simulated and the experimental measured surface profile
of a typical RWM sample under three different pressures
are also plotted in Figure 3 at three selected cross-
sections. The average difference is about 5%, which
validates our FE simulation.
The measured 3D surfaces demonstrate patterns that

are reported from existing literature: the boundary of
RWM is generally not round but appears close to ellipse
or cashew shape with a long axis and a short axis. The
curvature of a RWM is not necessarily unidirectional
but in some cases show both positive (convex) and
negative values (concave) depending on the in-plane
direction. The plane of the anterior and the inferior
section of the RWM is found to be more out-of-plane,
while the posterior and superior section is more in-plane
positioned. Additionally, the superior section often
profiles an unbroken arch while the inferiorly section
forms a more complicated shape. The 3D surfaces of
RWM also exhibit significant varieties of geometry,
which are seemly influenced by the variances of RW
boundaries anatomy (24,25). Lastly, different geome-
tries were also found between left and right ear for
individuals.
To investigate the convexity of the RWM, the cur-

vatures along long axis and short axis were calculated
by fitting the curves along these two axes with circular
functions. The curvatures of the 14 RWMs along the

two axes are listed in Table 1, where a positive value
indicates the RWM is convex toward cochlea and a
negative value indicates it is concave toward cochlea.
It shows that the curvature along the two axes of
the RWM can be either in identical or opposite direc-
tions. Nevertheless, most of the samples show inverse
convexity along the two axes. These results agree
with the saddle shape of RWM reported in previous
literatures (26,27).
The average size of the longest axis of the human

RWM is found to be 2.04mm (min, 1.87; max, 2.20; SD,
0.08). The smallest diameter, assessed perpendicular to
the longest axis (mostly near the RWMs mid-portion), is
1.81mm (min, 1.65; max, 1.97; SD, 0.08). The mean area
of the RWM is found to be 2.89mm2 and varied between
2.77 and 3.16mm2 (SD, 0.14). The data of the diameters
are given in Table 1.
Similar to the typical loading–displacement in a ten-

sile test, the relationship between pressure and volume
displacement is used to describe the mechanical response
of the RWMs. Figure 4 shows the pressure as a function
of the volume displacement of the 14 RWMs. The
pressure–volume displacement curves exhibit strong
nonlinearity. Sharing the same features of other soft
tissue such as tympanic membrane, the increase of
volume displacement significantly slows down as the
pressure rises up. This indicates that the RWM is a
hyperelastic material, i.e., the material becomes stiffer
as the stress increase. However, compared with that of the
tympanic membrane, volume displacements of RWM
show no significant difference between negative and
positive pressures. This can be due to the lower convexity
of the RWM compared with the tympanic membrane.
The symmetry of volume–displacement over positive/
negative pressures is consistent with that was observed

TABLE 1. Dimensions and material parameters of RWM in 14 human temporal bones measured with micro-fringe projection

Curvature (mm�1) Length (mm) Material Properties

Sample Short Long Short Long Area (mm2) m1 (MPa) a1 m2 (MPa) a2

TB-15-41 �0.67 0.38 1.97 2.04 3.15 0.40 0.66 0.48 0.89

TB-15-40 0.60 0.51 1.83 2.20 3.16 0.41 1.16 0.44 0.91

TB-15-39 0.35 �0.50 1.91 2.04 3.05 0.46 1.24 0.27 1.03

TB-15-36 �0.71 0.31 1.88 2.04 3.01 0.39 1.04 0.47 1.30

TB-15-35 0.30 �1.64 1.75 2.07 2.85 0.41 0.83 0.44 0.95

TB-15-33 0.66 �1.06 1.79 2.00 2.80 0.45 0.89 0.46 1.19

TB-15-32 0.86 1.10 1.76 2.09 2.89 0.36 1.11 0.37 0.96

TB-15-31 �0.97 0.62 1.89 1.87 2.77 0.58 0.99 0.40 1.11

TB-15-30 �0.43 0.31 1.65 2.14 2.78 0.41 1.16 0.44 0.91

TB-15-28 0.41 0.07 1.74 2.03 2.78 0.45 0.97 0.35 1.01

TB-15-27 0.35 �0.18 1.83 1.99 2.86 0.44 1.14 0.43 1.08

TB-15-26 �0.42 0.32 1.74 2.04 2.78 0.39 0.88 0.36 1.15

TB-15-25 0.58 3.76 1.77 1.92 2.67 0.28 1.13 0.42 1.19

TB-15-17 2.64 2.98 1.79 2.10 2.95 0.34 1.03 0.42 1.05

Mean 0.67 1.60 1.81 2.04 2.89 0.43 1.02 0.42 1.04

SD 1.95 4.21 0.08 0.08 0.14 0.06 0.15 0.06 0.17

RWM indicates round window membrane.
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from another study on human temporal bone conducted
by Ivarsson and Pedersen (14).

The parametersmi and ai from the inverse method are
listed in Table 1, with which, uniaxial stress–strain
relationship and the tangent modulus–strain relation-
ship of RWM can be obtained. Figure 5A shows the
uniaxial stress–strain relationship of the 14 RWM
samples up to the maximum strain (0.32, which is
determined from the FE simulation). The uniaxial
stress–strain curve of the RWM, also exhibits a strong
nonlinearity. The stress has an approximate linear sec-
tion when the strain is below 5%, then the increase rate
of stress continues descending. Correspondingly, tan-
gent modulus exhibits a continuous decrease and
approaching a constant value as shown in Figure 5B.
At a strain close to zero, the average tangent modulus is
2.48MPa, and slightly decreases to 1.30MPa at 30%
strain. The average Young’s modulus of the 14 RWM is
approximately 1.98MPa.

FIG. 4. Pressure–volume displacement relationship of 14 RWM.
RWM indicates round window membrane.

FIG. 3. 3D surface of 14 RWM reconstructed from micro-fringe projection. The shapes of the RW from medial views are plotted on top of
each 3D surface. The right bottom plot demonstrates the curve fitting between FE simulated (solid line) and experimental measured profiles
(dash line) of three pressures at three cross-sections. FE indicates finite element; RWM, round window membrane.
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DISCUSSION

Micro-fringe projection was proven to be a very
effective method to measure the surface topography of
RWM with microscopic precision for geometrical anal-
ysis. The 3-D geometry of the RWM can be clearly
established and the variations and irregular geometry
of the human RWM can be observed. The commonest
observed shape was an oval-shaped membrane (35.7%)
while a pear shape was scarcely seen in two (14.3%)
cases. To date, there is no empirical evidence that shows
the direct relationship between the geometry of RW and
the surface geometry of RWM. In this study, we focus on
the geometry and the mechanical properties only of the
RWM. The entrance of the RW and its niche was used as
a small conceal compartment to applied air pressure to
the RWM for mechanical properties measurement. The
RWM was exposed from the cochlear side and most of
the RW niche on this side was removed to enable the full
observation of the RWM. Therefore, the RW geometry is
not considered.
Histologically or anatomically, it was difficult to

define a plane for RWM because of the out-of-plane
geometry and irregular outline. Previous anatomic stud-
ies of the RWM have shown the combination of the
concave and convex surface structure of the RWM and its
similarity to ‘‘Pringels potato chip’’ (2,26–28) convex
toward the cochlea (22,29). The curvature was reported
as around 0.1mm�1 (30,31). However, the 3D recon-
struction of RWMs surface in this study shows that there
is no conclusive pattern associated with the convexity.
Meanwhile, a surprisingly large variation in curvature
values is found ranging from 0.3 to 3.76mm�1. Such a
large size variation is also against the conclusion about
RWM curvature of 0.1mm�1. It implies that the physio-
logic function of RWM is not, to a major degree,
dependent on its convexity. This finding is important

for cochlea implant design. Practically, cochlear implant
electrode arrays inserted through the RW are frequently
found to partially reshape the curvature of RWM (32).
The finding from the RWM curvature variety indicates
that the RMW convexity alternation is unlikely to be
responsible for the increased low-frequency tone thresh-
olds observed after surgery (33).
Although the convexity of the RWM may not have a

significant impact on the physiologic function, its curva-
ture, however, can be crucial for the design of floating
mass transducer (FMT) because numerous publications
show that the successful function of coupling strongly
relies on the knowledge of the geometry of RMW
(6,7,34,35). The anatomy of RWM has direct implication
for the design of FMT. An FMT must be designed to
maximize the energy transfer efficacy to the perilymph
fluid and minimize the stress within the RWM to mini-
mize the possibility of rupturing the RWM because of
repetitive extension and contraction of the membrane.
The convexity of the RWM determines the surface
tension of the RWM and the contact between the FMT
and RWM. However, RWM are commonly simulated as
with a flat ellipse surface in FMT simulation (13,36) and
inverse problem (16). Watanabe et al. (37) already show
that modifying the convexity of RWM can cause a
difference in determining Young’s modulus from inverse
method up to 40%. The detailed RWM topography data
measured in this study can potentially improve the FE
model for designing FMT and in determining mechanical
behavior of RWM using inverse method.
Reported data on the mechanical properties of RWM

in the literature are notably rare. To our knowledge, most
of the mechanical properties used in the FE modeling
were indirectly determined based on the validation from
the model (For instance Gan et al. (12) and Kwacz et al.
(38)). The only direct measured mechanical properties
reported in the literature are those from the indentation

FIG. 5. Mechanical properties determined through the inverse problem solving (A) stress–strain relationship for 14 human RWMs. (B)
Tangent modulus for 14 human RWMs derived from the stress–strain relationship. RWM indicates round window membrane.
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test (15), the dynamic mechanical testing (16,17), and
from the nano-indentation test (37). Mechanical proper-
ties of RWM reported in our work are the only data
from an in situ measurement. The results here show that
the mechanical response of RWM is highly nonlinear,
which behaves similarly to that of rubber. The average
young’s modulus of the RWM is 1.98MPa. This result is
comparable to the dynamic properties at low frequency
measured using dynamic mechanical testing (1.35–
2.22MPa) reported by Zhang and Gan. However, our
results are one magnitude smaller than those reported by
Watanabe et al. (37). In Watanabe’s work, a similar
inverse problem solving scheme was used to determine
the mechanical properties from the experimental nano-
indentation results. The difference between our results
and Watanabe’s results may stem from the fact that the
RWM was assumed to be elastic in Watanabe’s model,
which can overestimate the stiffness of the material
properties out of the elastic range of the material.

Both geometry and mechanical properties of RWM are
important information for cochlear implantation surgery
and FTM design. As observed in this study, while the
mechanical properties do not differ significantly among
the individual RWM, the surface geometries exhibit a
remarkably large variation. Surgery or transducer designed
based on statistic parameters from general surface profile
data may not yield a satisfactory outcome on hearing
rehabilitation for individuals. In this study, we explored
an optical method, micro-fringe projection to reconstruct
the 3D surface in situ for individualRWM. In the future, this
experimental setup can be replaced with more practical
clinical tools such as a confocal microscope or computa-
tional tomography to determine the surface in vivo. The
method of combination of using general RWMmechanical
properties and individual RWMgeometries will potentially
allow customize cochlear implantation and FMT coupling
design,whichwill improve the quality of clinical outcomes.

CONCLUSION

Geometries and mechanical properties of RWM were
measured using a micro-fringe projection technique. FE
models of RWM were created, with which, an inverse
method was used to determine the mechanical properties
of RWM by fitting the simulated pressure–volume dis-
placement with the experimental results. The geometries
of RWM were found to be non-planar and exhibit large
variation in terms of convexity. The curvatures of the
RWM surface vary along both long and short axis making
RWM a commonly saddle-like shape. The tangent mod-
ulus of RWM, non-linearly decreases with the stress. The
average Young’s modulus of RWM is about 1.98MPa.
The data in this study can potentially be used for building
highly realistic FE models of human ear, for assisting
cochlear implantation surgery and for designing new
generation RWM FMT.
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