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Abstract: Based on the modern microelectromechanical systems technology, we present a revolu-
tionary miniaturized artificial cochlear sensory epithelium for future implantation tests on guinea
pigs. The device was curved to fit the spiral structure of the cochlea and miniaturized to a maximum
dimension of <1 mm to be implanted in the cochlea. First, the effect of the curved configuration on
the oscillation characteristics of a trapezoidal membrane was evaluated using the relatively larger
devices, which had a trapezoidal and a comparable curved shape designed for high-precision in vitro
measurements. Both experimental and numerical analyses were used to determine the resonance fre-
quencies and positions, and multiple oscillation modes were clearly observed. Because the maximum
oscillation amplitude positions, i.e., the resonance positions, differed depending on the resonance
frequencies in both trapezoidal and curved membrane devices, the sound frequency was determined
based on the resonance position, thus reproducing the frequency selectivity of the basilar membrane
in the organ of Corti. Furthermore, the resonance frequencies and positions of these two devices
with different configurations were determined to be quantitatively consistent and similar in terms of
mechanical dynamics. This result shows that despite a curved angle of 50–60°, the effect of the curved
shape on oscillation characteristics was negligible. Second, the nanometer-scale oscillation of the
miniaturized device was successfully measured, and the local resonance frequency in air was varied
from 157 to 277 kHz using an experimental system that could measure the amplitude distribution
in a two-dimensional (2D) plane with a high accuracy and reproducibility at a high speed. The
miniaturized device developed in this study was shown to have frequency selectivity, and when the
device was implanted in the cochlea, it was expected to discriminate frequencies in the same manner
as the basilar membrane in the biological system. This study established methods for fabricating
and evaluating the miniaturized device, and the proposed miniaturized device in a curved shape
demonstrated the feasibility of next-generation cochlear implants.

Keywords: sensorineural hearing loss; cochlear implant; poly(vinylidene fluoride trifluoroethylene);
fully implantable device; frequency selectivity

1. Introduction

Sound is perceived by humans by converting sound vibrations into neural signals
in the cochlea. The cochlea has a two-and-a-half turn spiral structure with a base radius
of 7 mm and a height of 5 mm [1]. In this study, the basilar membrane and the organ
of Corti are considered as the core structures that mechanically and electrically recognize
sound, and we focus on their biological functions. When the cochlear spiral is uncoiled
and straightened for simple understanding, the basilar membrane would appear as a
trapezoidal membrane that varies in width from 0.1 to 0.5 mm over its length of 30 mm.
Because of the spatially inhomogeneous stiffness of the basilar membrane, the position at
low stiffness resonates with lower frequencies and the position at high stiffness resonates
with higher frequencies. Thus, the basilar membrane differentiates sound frequencies based
on resonance positions, which is known as the frequency selectivity function. Two types of
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hair cells are aligned along the side edge of the basilar membrane and respond differently to
the basilar membrane oscillations. The oscillations of the basilar membrane are controlled
by the active expansion and contraction of the outer hair cells’ body. The dynamic range
and frequency selectivity of hearing in human are considerably improved because of
the cells’ somatic electromotility, allowing them to discriminate the sound pressures of
0–120 dB and frequencies of 20 Hz–20 kHz [2,3]. When the basilar membrane oscillates in
response to external sound stimuli, the inner hair cells produce neurotransmitters, which
are transmitted to the brain as nerve signals, allowing us to recognize sound. However,
the loss of function in hair cell can result in sensorineural hearing loss, which is one of the
causes of deafness and the inability to detect sound. Damaged hair cells never regenerate
in humans [4], and cochlear implants, which are extensively commercialized, are the most
effective treatment for sensorineural hearing loss [5,6]. The cochlear implant comprises
both external and internal devices. The external device captures sounds and converts
them into electrical signals, which are discharged through electrodes implanted in the
cochlea to electrically activate nerve cells rather than the damaged hair cells. Although
cochlear implants are recognized as the best clinical solution to sensorineural hearing loss
in the current technology and their designs and performance have been improved since
their inception [7,8], there are certain inconveniences because of the presence of external
devices [9]. Typically, patients remove batteries during sleeping and bathing, and their
excessive energy consumption necessitates frequent charging. Furthermore, the expense
of cochlear implantation is extremely high and some people prefer not using a cochlear
implant. Recently, there has been considerable interest in a fully insertable cochlear implant
as the future technology that does not require any extracorporeal devices, and advances
in fabrication technologies using microelectromechanical systems (MEMS) have made it
possible to fabricate transducers on a micrometer scale.

Many research groups have developed various prototypes for fully insertable cochlear
implants that do not require any external apparatus. The concept of developing such
implants is based on biomimetics, with the key functions being the frequency selectivity
of the basilar membrane and the conversion of sound/electrical signals of the inner hair
cells. Commonly used methods for reproducing the frequency selectivity include the fabri-
cation of trapezoidal membranes [10–18] and beams of different lengths [19–24]. Organic
piezoelectric materials made of polyvinylidene difluoride (PVDF) [10,11,13,17,18,24] or
poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE) [25] and inorganic materials
comprising lead zirconate titanate [12,23], zinc oxide [14], and aluminum nitride [19–21]
have been used for sound/electrical signal conversion. We and several other research
groups have attempted to stimulate the auditory nerve using the prototypes when the
device was placed outside the guinea pig’s body, and electrodes were inserted into the
cochlea. Auditory brainstem responses were successfully measured, and the feasibility of a
fully insertable cochlear implant was confirmed for the first time [26–28]. However, two
commonly known bottlenecks in the development of fully insertable cochlear implants
are (1) the lack of power available to stimulate the nerve using biocompatible materials
and (2) the difficulty of achieving a reproducible frequency range within the dimensions
of the cochlea. We [17,18,29] and other groups [30–33] addressed the former issue by
developing a nonlinear feedback control system that mimics the amplification of outer
hair cells. However, there have been few studies of microdevices being implanted in the
cochlea, and their performance, particularly in terms of mechanical dynamics, has yet to be
thoroughly established. In this study, a novel curved and miniaturized artificial cochlear
sensory epithelium that can be implanted in the cochlea was fabricated, and the oscillation
characteristics were analyzed using experimental and numerical methods. The in vitro
prototypes first investigated the difference in the resonance characteristics of trapezoidal
and curved membrane devices with the set boundary conditions of the synthetic basilar
membrane. The prototype device was oscillated at multiple frequencies in the experiment,
and the oscillation amplitude at each position in the trapezoidal and curved membrane
was measured to analyze local resonance frequencies and positions. Furthermore, natural
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frequencies and eigenmodes were numerically obtained using the finite element method.
The resonance characteristics of both trapezoidal and curved membrane devices were re-
ported to be quantitatively consistent, and the effect of the designs on implanting the device
in the cochlea was negligible, as anticipated by the simple Euler–Bernoulli beam theory.
Second, a miniaturized device, which can be implanted into the cochlea, was fabricated
using MEMS technologies for in vivo experiments in future. The oscillation characteristics
of the miniaturized device comprising an organic piezoelectric film P(VDF-TrFE) were
measured; additionally, eigenfrequencies and modes were evaluated. The local resonance
frequencies in air experiments and numerical analysis were 157–277 and 103–178 kHz, re-
spectively, and the resonance positions obtained in the experimental and numerical results
were in quantitatively good agreement. One of the possibilities of a fully insertable cochlear
implant is frequency discrimination in a manner identical to the basilar membrane, and the
frequency response of the proposed device was quantitatively validated.

2. Theoretical and Experimental Methods
2.1. Prototype of the Artificial Cochlear Sensory Epithelium and Experimental Setup for
High-Throughput Oscillation Measurements

To examine the effects of curving an artificial cochlear sensory epithelium, the oscilla-
tion characteristics of a trapezoidal membrane device, which has been examined in previous
studies [10,17,18], and a curved one were compared. Therefore, the trapezoidal and curved
membrane prototypes for in vitro experiments were fabricated in this study. An acrylic
plate with a trapezoidal or curved shape hole was molded using a three-dimensional (3D)
printer (Objet Eden 260S, Stratasys, Eden Prairie, MN, USA). A piezoelectric membrane
made of PVDF was used for the prototypes. As the compound membrane, Al thin-film
electrodes were deposited on both sides of the PVDF film (KF piezo film, Kureha, Tokyo,
Japan) with a thickness of 110 µm. The artificial cochlear sensory epithelium shown in
Figure 1 was fabricated by sandwiching the compound membrane between the two acrylic
plates with the trapezoidal or curved shape hole and constructing a fixed boundary at
the edge of the hole. It is important to thoroughly determine the boundary conditions for
uniquely identifying the vibrate mode in a continuum, and we confirmed that the fixed
boundary conditions are satisfied using extensive trial and error. The x and y axes of the
trapezoidal membrane device are defined as the trapezoid’s longitudinal and orthogonal
directions, respectively. In the curved membrane device, curvilinear coordinates (ξ, η) are
used, indicating that the ξ-axis is defined as the arc with a radius of 30 mm and an angle of
60° and the η-axis as the direction perpendicular to it. The trapezoidal membrane has a
length of 31.4 mm in the x direction and has the widths in the y direction of 2 and 4 mm
at x = 0 and 31.4 mm, respectively. The curved membrane has a length of 31.4 mm in the
ξ direction and has the widths in the η direction of 2 and 4 mm at ξ = 0 and 31.4 mm,
respectively. In the research field of the hearing system, the present device is a well-used
model in which the cochlea is unrolled and straightened, and multiple prototypes with a
similar shape have been developed as a first step toward the development of fully insertable
cochlear implants.

In the experiment with the in vitro devices, an AC voltage V = Vin sin(2π fint) am-
plified 10 times via a high-speed bipolar power supply (HSA4014, NF Corp., Kanagawa,
Japan) was applied to the devices through the deposited electrodes. The inverse piezoelec-
tric effect induced the oscillation of the device, thereby preventing the effects of oscillation
of the acrylic plates and the stage on which the device was mounted and enabling a
highly accurate measurement with an accuracy of <5%. A laser Doppler vibrometer (LDV;
AT0023/AT3600, Graphtec Corp., Tokyo, Japan) was used to measure the device’s oscilla-
tion while an automatic stage (SGSP26-150/SGSP20-35, Sigma Koki Co., Ltd., Japan) was
moved to scan the measurement position. A data acquisition (DAQ) system was used to
control the experimental apparatus and analyze the results. This DAQ system comprised a
controller (NI PXIe-1082, NI PXIe-8840, National Instruments, Austin, TX, USA), a multi-
channel analog output module (NI PXIe-6738, National Instruments, Austin, TX, USA) for
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electrical stimulation, and a vibration module (NI PXIe-4492, National Instruments, Austin,
TX, USA) for high-throughput data analysis. The input frequency fin was varied from 8 to
13 kHz in 0.1 kHz steps, and the amplitude of the displacement in the z-axis was analyzed
to measure the natural frequency and oscillation modes. The sampling rate and number of
samples were set to 200 kHz and 200, respectively. The frequency bands below 0.5 kHz and
above 20 kHz, which are outside the measuring range, were cut using the LDV’s high- and
low-pass filters.
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Figure 1. In vitro experiment using the prototype devices of an artificial cochlear sensory epithe-
lium. Trapezoidal and curved membrane devices were fabricated to examine the effect of a curved
device on the oscillation characteristics. (a) Dimensions of a trapezoidal artificial cochlear sensory
epithelium and (b) photograph. (c) Dimensions of a curved artificial cochlear sensory epithelium and
(d) photograph. A piezoelectric membrane made of PVDF film was used for these prototype devices.
Al thin electrodes were deposited on both sides of the PVDF film. The compound membrane was
sandwiched between acrylic plates with a trapezoidal or curved shape hole, and fixed boundaries
of the prototype devices were determined by the edges of the hole. In the photographs (b,d), the
red solid lines indicate the fixed boundaries of the devices, silver color the acrylic plate with the
trapezoidal or curved shape hole, and black color the Al electrodes deposited on the PVDF film.

2.2. Fabrication of the Miniaturized Artificial Cochlear Sensory Epithelium Based on
MEMS Technologies

Figure 2a shows the schematic of the miniaturized artificial cochlear sensory epithe-
lium for in vivo experiments using guinea pigs. In the future, the device will be installed
in the cochlea as an alternative to the organ of Corti: the frequency of a sound is specified
based on the spatial position of the resonance and the auditory nerve is electrically stimu-
lated using the potential difference generated using the piezoelectric effect. The device’s
dimensions were optimized and miniaturized to the point where it could be implanted
into the animal’s cochlea, as shown in Figure 2b. The width of the outer frame was 500 µm,
which is sufficiently narrow to fit in the cochlear duct. The device was curved to fit the
biological cochlea, which has a spiral structure. Although the cochlea has two-and-a-half
turns (900°), this device was designed for 50° as a first step, and the angle of turn will
be increased in the future. In the miniaturized device, curvilinear coordinates (ξ, η) are
used, indicating that the ξ-axis is defined as the arc with a radius of 1.15 mm and an angle
of 50°, and the η-axis is defined as the direction perpendicular to it. The miniaturized
device has a length of 803 µm in the ξ direction and the widths in the η direction of 100 and
300 µm at ξ = 0 and 803 µm, respectively. As shown in Figure 2c, the device had a stacked
structure. An elastic layer was installed in the miniaturized device such that the neutral
axis of the film is shifted to provide strong piezoelectric signals, which are used to stimulate
the auditory nerve. A piezoelectric film installed on the miniaturized device was made of
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PVDF-TrFE. It has been shown that PVDF-TrFE is more suitable for transducers than PVDF
because the electromechanical coupling factor k31 of PVDF-TrFE (k31 = 0.3 [34]) is higher
than that of PVDF (k31 = 0.14 [35]), and the mechanical tan δm and dielectric loss tangent
tan δe of PVDF-TrFE (tan δm = 0.0335 and tan δe = 0.089 [36]) are lower than those of PVDF
(tan δm = 0.0789 and tan δe = 0.184 [36]). Three pairs of upper electrodes are used to obtain
electrical signals based on biological tonotopy and control the oscillation through feedback
control [10,17,18,29]. Because the electrodes are metallic and the piezoelectric film and
elastic layer are organic materials, the adhesion of these materials is difficult. However, this
is achieved by introducing Ti as an adhesive layer. To develop an artificial cochlear sensory
epithelium for next-generation cochlear implants, it is necessary to verify the frequency
selectivity and piezoelectricity. In this study, only the capacitance of the miniaturized
device was successfully measured as an electrical evaluation (0.463 pF), and this result
was almost the same value derived from the physical properties (0.433 pF) [37]. On the
other hand, the dimensions of the electrodes attached to the micrometer-scale device were
0.008 mm2, and the method of connecting the device to the electrical measurement setup
has not been established. In our previous studies [17,18,24], voltages of a few mV could be
measured, but the device is miniaturized to the micrometer-scale, and the magnitude of
the voltage will decrease on the micro-volt, making it difficult to obtain reproducible data.
In this study, we focused on investigating the resonance characteristics for accumulating
basic features of the miniaturized device as a first step, and the piezoelectricity of the
miniaturized device must be measured in the future.

(a)

< 1 mm Cochlea

Device

Cochlear nerve

(c) Elastic layer
(SU-8)

Electrode
(Ti/Au/Ti)

Piezoelectric film
(PVDF-TrFE)

Electrode
(Ti/Au/Ti)

Substrate
(SU-8)

(b)

Recognition
electrode

40º50º

Control
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Unit: mm

0.1

0.3

r = 0.9
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Figure 2. (a) Schematic of a miniaturized artificial cochlear sensory epithelium for in vivo experiments.
The device is designed to be implanted in the cochlea to develop a fully insertable cochlear implant. (b)
Photomicrograph of the miniaturized device. Recognition electrodes for measuring the piezoelectric
output and control electrodes for applying electrical potential to amplify oscillations are deposited
with reference to our previous researches [10,17,18]. (c) Configuration of the device. The piezoelectric
effect generates potential differences that are used to electrically stimulate the auditory nerve in an
attempt to restore hearing.

The fabrication process of the miniaturized artificial cochlear sensory epithelium is
described as follows and summarized in Figure 3. The device developed in this study was
fabricated from resin materials except for the electrodes, whereas a previous study [26] used
deep-etching processes for preparing substrates; therefore, the device will be fabricated by
injection molding in the future, and stable mass production is expected.

(i) A glass substrate (C024321, Matsunami Glass Ind., Ltd., Osaka, Japan) was ultrasoni-
cally cleaned using isopropanol.

(ii) A sacrificial layer of Cr:Au:Cr = 70:50:70 nm was sputtered on the glass substrate.
(iii) A negative photoresist of SU-8 (3005, Kayaku Advanced Materials, Inc., Westborough,

MA, USA) for preparing an elastic layer was diluted with the same weight of cyclopen-
tanone and uniformly coated on the surface of the sacrificial layer for 30 s using a
spin coater at a rotation speed of 6000 rpm (MS-B100, Mikasa Co., Ltd., Tokyo, Japan).
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Setting the thickness of SU-8 as 1 µm, the glass substrate was baked on a hotplate at
65 ◦C for 1 min and at 95 ◦C for 6 min. Subsequently, a design of the elastic layer was
printed on the SU-8 surface using a maskless ultraviolet (UV) exposure equipment
(µMLA, Heidelberg Instruments Mikrotechnik GmbH, Heidelberg, Germany), and the
glass was baked again at 65 ◦C for 1 min and at 95 ◦C for 6 min. The glass substrate
was immersed in a developer (SU-8 Developer, Kayaku Advanced Materials, Inc.,
Westborough, MA, USA) for 90 s and rinsed using isopropanol. Finally, the glass
substrate was baked at 150 ◦C for 5 min.

(iv) A positive photoresist (AZ5214E, Merck, Darmstadt, Germany) is spin-coated on
SU-8 for 30 s at 4000 rpm. A design of the upper electrodes was printed on the
photoresist surface after prebaking for 1 min at 100 ◦C. After a reversal bake for
3 min at 120 ◦C, the entire surface of the glass substrate was exposed to UV light.
The exposed photoresist was developed by immersing the membrane in developer
solution (NMD-W 2.38%, TOKYO OHKA KOGYO Co., Ltd., Tokyo, Japan) for 90 min
and rinsing with ultrapure water. To remove the photoresist, the glass substrate was
immersed in ethanol for 2 min. Upper electrodes were prepared employing Au with a
thickness of 50 nm and Ti with a thickness of 10 nm as an adhesion layer using the
sputter-deposition technique. Patterned electrodes were obtained using the lift-off
process with N,N-dimethylformamide.

(v) To exclude contaminants and moisture, a P(VDF-TrFE) solution was prepared in a
glove box. P(VDF/TrFE) powder (75/25 mol%) (FC25, Piezotech, Pierre-Benite, France)
was dried at 130 ◦C for >12 h. The powder was dissolved in a diethyl carbonate solvent
for >12 h at 130 ◦C. After setting the thickness of P(VDF-TrFE) film as 1 µm via spin
coating at 1000 rpm for 30 s twice, the glass was baked on a hotplate at 130 ◦C for 3 min.

(vi) After coating the P(VDF-TrFE) layer, the Ti/Au/Ti layer was sputtered to act as bottom
electrodes.

(vii) The glass was baked at 130 ◦C for 2 h for the crystallization of the P(VDF-TrFE) film.
During polarization processing, a DC voltage of 100 V was applied to the P(VDF-TrFE)
layer for 5 min.

(viii) A negative photoresist of SU-8 (3050, Kayaku Advanced Materials, Inc., Westborough,
MA, USA) was uniformly coated for 30 s on the substrate at a rotation speed of 800 rpm.
Setting the thickness of SU-8 as 200 µm, the glass substrate was baked at 65 ◦C for
3 min and at 95 ◦C for 1 h. Subsequently, a design for the substrate layer was printed on
the SU-8 surface using maskless UV exposure equipment, and the glass substrate was
baked at 65 ◦C for 1 min and at 95 ◦C for 10 min. The glass substrate was immersed in
the developer for 15 min and rinsed using isopropanol. Finally, the glass was baked for
5 min at 150 ◦C.

(viii) A Cr etchant was used to remove the miniaturized artificial cochlear sensory epithe-
lium from the glass substrate.
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(i) Ultrasonic cleaning
(ii) Spattering of Cr/Au/Cr
(iii) SU-8 for elastic layer

(iv) Upper electrodes

Ti/Au/Ti

PVDF-TrFE

SU-8

Glass

Cr/Au/Cr
(a) (b) (c)

(d) (e) (f)

(v) Deposition of PVDF-TrFE

(vi) Lower electrodes
(vii) Crystallization and polarization

(viii) SU-8 for substrate (viiii) Peeling the device

SU-8
Ti/Au/Ti

Figure 3. Technique of fabricating a miniaturized artificial cochlear sensory epithelium for implanta-
tion in guinea pigs. (a) A glass substrate is ultrasonically cleaned using isopropanol. Cr/Au/Cr as
a sacrificial layer is sputtered on the glass substrate. On the surface of Cr, an elastic layer of SU-8
is deposited. (b) Using the lift-off method, the Au for the upper electrodes is deposited on SU-8
with Ti as an adhesion layer. (c) On the surface of the SU-8 and Au electrodes, a PVDF-TrFE film is
deposited. (d) Using the lift-off method, the Au for the lower electrodes is deposited on PVDF-TrFE
with Ti as an adhesion layer. (e) SU-8 is deposited on the lower electrodes of the substrate with a
curved–trapezoidal aperture. (f) A Cr etchant is used to peel the miniaturized artificial cochlear
sensory epithelium from the glass substrate.

2.3. Numerical Analysis

PVDF or PVDF-TrFE were used as the material for preparing an artificial cochlear
sensory epithelium with trapezoidal and curved membranes because of its biocompatibility
(its toxicity tests have been demonstrated in our previous study [25]). PVDF or PVDF-TrFE
are designated as a linear elastic material, and the numerical analysis of the oscillation
characteristics for the experimental devices employs the following equation [38]:

ρ
∂2ζx

∂t2 =
∂σx

∂x
+

∂τyx

∂y
+

∂τzx

∂z
, ρ

∂2ζy

∂t2 =
∂τxy

∂x
+

∂σy

∂y
+

∂τzy

∂y
, ρ

∂2ζz

∂t2 =
∂τxz

∂x
+

∂τyz

∂y
+

∂σz

∂z
, (1)

where ρ is the density of the elastic body, ζm(x, y, z, t) (m = x, y, z) is the displacement
in the m-axis), σm(x, y, z, t) is the tensile stress in each principal axis, and τmn(x, y, z, t)
({m, n} = {x, y, z}) is the shear stress on the mn-plane. For isotropic media, σm and τmn
are given by

σm = Emmεmm + ∑
n 6=m

Ennεnn, τmn = Emnεmn for n 6= m,

Emm =
1− ν

(1 + ν)(1− 2ν)
E, Enn =

ν

(1 + ν)(1− 2ν)
E for m 6= n, Emn =

E
2(1 + ν)

for n 6= m,
(2)

where εmn is the strain tensor and E and ν are Young’s modulus and Poisson’s ratio, respec-
tively, which are unique for isotropic materials. However, it is difficult to determine the
elastic modulus E of the PVDF bimorph membrane, which varies depending on the material
processing. Therefore, the E of the prototype devices was determined under the condition
that the first-order natural frequencies obtained in the experimental results should match
with the frequencies obtained via numerical analysis. The E of the miniaturized device was
set to 11 GPa based on previous studies [39,40]. The ν of the prototype and miniaturized
devices was set to 0.35 based on a previous study [37]. The four sides of the device were set
as fixed bounds to keep the boundary conditions consistent with experiments. COMSOL
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Multiphysics 5.5 (COMSOL, Inc., Stockholm, Sweden) was used to investigate the natural
frequencies and eigenmodes of each device employing the Arnoldi method.

3. Results and Discussion
3.1. Numerical and Experimental Results of In Vitro Prototypes Devices

Figure 4 shows the natural frequencies f (i)r,num and corresponding oscillation modes i
(i = 1, 2, 3) of a numerically analyzed artificial cochlear sensory epithelium with a trape-
zoidal and curved membrane. For each frequency, the colormap shows the amplitude of
displacement in the z-axis normalized by the maximum value in the xy-plane. In numer-
ical analysis, the dimensions of the prototype with a trapezoidal and curved membrane
were determined based on the experimental device, as shown in Figure 1. The results
demonstrated that the oscillation amplitude was symmetrical in relation to the x- and
ξ-axis and the oscillation mode was fundamental in the y direction. Furthermore, as f (i)r,num
increased, several antinodes with a number equal to i were observed and the positions of
the maximum amplitude shown by the red color decreased along the x- and ξ-axis. As
shown in Table 1, the positions of maximum amplitude are defined as resonance positions
x(i)r,num and ξ

(i)
r,num for the trapezoidal and curved membrane devices, respectively. There-

fore, the oscillation characteristics of both of the devices represented numerically by f (i)r,num

and x(i)r,num or ξ
(i)
r,num are almost the same within a 2% deviation, and the next step is to

experimentally validate these results.

x

y

z

x

y

z

x

y

z

ξ

z

ξ

z

ξ

z

Figure 4. Numerical results of amplitude distribution in the xy plane for (a–c) the trapezoidal and

(d–f) curved membrane device for various f (i)r,num, where i denotes the oscillation mode. Contours
show the relative amplitude of each natural frequency, normalized by the maximum value of the
oscillation amplitude. The amplitude distribution is symmetrical about the x- or ξ-axis, and the
fundamental oscillation mode is in the direction of the y- or η-axis. Resonance positions indicated by
the maximum amplitude are obtained for both the devices. Each device has the different resonance
positions depending on the normal modes, and it is determined that both the devices have frequency
selectivity. When the trapezoidal and curved devices are compared, it is confirmed that there is a
negligible difference in their natural frequencies or eigenmodes.
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Table 1. Natural frequencies f (i)r,num and resonance positions x(i)r,num or ξ
(i)
r,num for the trapezoidal

and curved membrane devices based on the numerical analysis. The maximum deviation of f (i)r,num

between the trapezoidal and curved membrane devices is 1.75% and that between x(i)r,num and ξ
(i)
r,num

is 0.476%. Therefore, it is possible to conclude that these results are quantitatively consistent.

Trapezoidal Curved

i f (i)
r,num (kHz) x(i)

r,num (mm) f (i)
r,num (kHz) ξ

(i)
r,num (mm)

1 9.20 27.6 9.11 27.6
2 10.5 24.0 10.4 24.0
3 11.6 21.1 11.4 21.0

Because the resonance positions were observed on the x- or ξ-axis based on numerical
analysis, the oscillation modes on the y- or η-axis were measured first (Figure 5).
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Figure 5. Experimentally obtained relationship between the oscillation amplitude and y-position of (a)
the trapezoidal or (b) curved membrane device, where the oscillation is induced with each resonance
frequency at the resonance y-positions. The amplitude distribution is symmetrical at y = η = 0 mm,
and the amplitude is maximum at y = η = 0 mm. Furthermore, the amplitude and slope are zero
near the fixed boundary. Thus, the amplitude distribution shows a fundamental oscillation mode for
the y and η axes under the fixed-at-both-ends condition of the Euler–Bernoulli theory.

The amplitudes were maximum on the x- or ξ-axis, i.e., y = η = 0, indicating that
the symmetry was the same as in the numerical analysis. Furthermore, the amplitude and
gradient were zero near the fixed boundary, and the experimental devices maintained the
fixed boundary condition. Thus, the amplitude distribution demonstrated a fundamental
oscillation mode under the fixed-at-both-ends condition of the Euler–Bernoulli theory for
the y- or η-axis. The fundamental oscillation mode for the y direction has been observed in
the previous studies [10,17], and it may be suggested that the y- or η-axis oscillation mode is
dominant in the aspect ratio of the trapezoidal membrane device. Therefore, the oscillation
on the x- or ξ-axis was measured for various x- or ξ positions and input frequencies, as
shown in Figures 6 and 7, respectively.
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Figure 6. Experimentally obtained oscillation amplitude distribution in the x-axis direction of
(a) the trapezoidal and (b) curved membrane devices, where the oscillation is induced with each
resonance frequency at the resonance positions. The dashed line indicates the resonance positions
in the numerical analysis. For each eigenmode, the positions where the amplitude is maximum,
i.e., the resonance positions, are observed, and the results correspond well with the numerical
analysis. The amplitude distributions for the trapezoidal and curved devices are in good agreement,
suggesting that the curving device has a small effect on the oscillation characteristics of the trapezoidal
membrane device.
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Figure 7. Experimentally obtained resonance characteristics at each resonance position of (a) the
trapezoidal and (b) curved membrane devices. A frequency is observed at which the amplitude is
maximized, and this frequency is defined as the resonance frequency based on the experimental
results. The dashed line indicates the resonance frequencies obtained via the numerical analysis. Both
devices’ experimental and numerical results are in good agreement. Tables 1 and 2 indicate that the
resonance frequencies for the trapezoidal and curved membrane devices are almost the same.

Figure 6 shows that the oscillation modes changed as the input frequency fin and
the resonance positions with the maximum amplitude decreased along the x- or ξ-axis
as well as in the numerical analysis. Multiple peaks were clearly observed in Figure 7,
and they were considered as the ith-order (i = 1,2,3) resonance frequencies f (i)r,exp of each

position obtained from the experiment, and the resonance frequencies f (i)r,exp and positions

x(i)r,exp or ξ
(i)
r,exp for the trapezoidal and curved membrane devices, respectively, are shown

in Table 2. According to experimental results and numerical analysis, there is almost
no difference in the oscillation characteristics of the trapezoidal and curved membrane
devices. In this section, the frequency selectivity of both the devices is compared and
validated based on the Euler–Bernoulli theory for transverse oscillations of a beam to the
fundamental oscillation mode in the y- or η direction. The displacement of a 2D plate
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W(x, y) is typically represented by the product of a function of only x and that only of
y in terms of the method of the separation of variables W(x, y) = X(x)Y(y). However,
in the device with a trapezoidal membrane, the y-direction width of the membrane is
also a function of x in this study because its length in the y-axis varies along the x-axis:
Y = Y(x, y). The oscillation of a structure with trapezoidal fixed boundary conditions is a
complex interaction of oscillation along the x- and y-axis, which is difficult to understand
and predict.

Table 2. Resonance frequencies f (i)r,exp and resonance positions x(i)r,exp or ξ
(i)
r,exp for the trapezoidal

and curved prototype devices based on the experiment. The maximum deviation of f (i)r,exp between

the trapezoidal and curved membrane devices is 5.26% and that between x(i)r,exp and ξ
(i)
r,exp is 5.03%.

Therefore, the oscillation characteristics of the trapezoidal and curved membrane devices fabricated
in this study are in good agreement.

Trapezoidal Curved

i f (i)
r,exp (kHz) x(i)

r,exp(mm) f (i)
r,exp(kHz) ξ

(i)
r,exp (mm)

1 9.20 27.2 9.10 27.2
2 10.4 23.5 10.2 23.0
3 12.0 20.9 11.4 19.9

There are few reports on the oscillation characteristics of clamped trapezoidal mem-
branes, and no rigorous theoretical solution of the equations governing the motion of
the trapezoidal plates can be found, while multiple numerical analyses have been re-
ported [41,42]. The bending oscillation of a plate with isotropic mechanical properties can
be described in Cartesian coordinates as follows [43]:

ρh
∂2w
∂t2 + D

[
∂4w
∂x4 + 2

∂4w
∂x2∂y2 +

∂4w
∂y4

]
= p, (3)

where w is the displacement in the z direction, D = Eh3/(12(1 − ν2)) is the bending
rigidity, p is the external pressure, ρ is the mass density, and h is the thickness of the plate.
Focusing on the resonance position, the oscillation amplitude shows a peak, and the x-axis
gradient at the resonance position is zero in the case of the trapezoidal device (Figure 6).
The section with zero gradient is sufficiently short compared with the x-axis length of the
trapezoidal membrane L, and the local x-axis derivative (∂/∂x) at the resonance positions
can be considered negligible in Equation (3). Thus, the y-axis oscillation is dominant at the
resonance position as follows:

ρh
∂2w
∂t2 + D

∂4w
∂y4 = p. (4)

By considering the moment of inertia of area in the plate and ν = 0, Equation (4) coin-
cides with the governing equation of the Euler–Bernoulli beam in the y direction [44] as well
as our previous estimation [18,24] of the local resonance frequency. The following equation
expresses the theoretical resonance frequency fr,theory for the fundamental oscillation mode
with the fixed end conditions: [44]

fr,theory =
22.37

2πl2
y(x)

√
Eh2

12ρ
, (5)

where ly(x) is the length in the y direction that continuously changes along the x direction.
Because E, ρ, and h are considered to be constant in the xy plane, fr,theory is primarily
determined using ly(x). Therefore, the resonance frequency decreases along the x-axis,
which is observed in both the trapezoidal and curved devices. Based on the above equations,
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our developed theoretical analysis is described below. The following relationship can be
deduced from Equation (5):

fr,theoryl2
y(x) = C, (6)

where C = 22.37
√
(Eh2)/(12ρ) is treated as a constant. For the curved membrane device,

when the change in the ξ direction at the resonance positions is negligible and the radius
of curvature r = 30 mm is sufficiently long compared with the membrane width in the η
direction, Equations (5) and (6) may be applied to the curved device:

fr,theory =
22.37

2πl2
η(ξ)

√
Eh2

12ρ
, (7)

where lη(ξ) is the length in the η direction and

fr,theoryl2
η(ξ) = C. (8)

The Euler–Bernoulli theory can be applied to the case of dξ → 0, i.e., a negligible
curved angle. The experimental and numerical results are validated using Equations (5)
and (8). Table 3 presents the values of C obtained by substituting the values of fr,exp and
fr,num into Equations (5) and (8) for the trapezoidal and curved devices, respectively.

Table 3. Constant values C in Equations (5) and (8) derived from the Euler–Bernoulli theory. They
can all be considered constant, and the theoretical predictions of frequency selectivity are clearly con-
firmed.

C (kHz mm2)

Trapezoidal Curved
i Numerical Experimental Numerical Experimental

1 130 128 129 127
2 131 127 129 122
3 130 133 127 127

Ave. 130 ± 0.54 130 ± 3.21 127 ± 1.28 125 ± 2.42

Notably, the maximum deviation was approximately 2.48%, confirming that C is
practically constant when the theoretical background governing the motion of the trape-
zoidal plates is investigated using the simple and essential insight as described above.
Furthermore, these values agreed well with each other, and the frequency selectivity of
the trapezoidal and curved shape prototypes was quantitatively demonstrated. Both the
experimental and numerical results show that the oscillation characteristics of both the de-
vices are quite similar, and the design guidelines obtained in the previous studies [10,17,18]
can be used to fabricate an implantable device. Furthermore, this straightened trapezoidal
model is extensively used not only in the hearing system research but also in fully insertable
cochlear implants, and this model is considered useful for investigating the oscillation
properties of membranes with a 3D spiral structure such as the basilar membrane.

3.2. Experimental and Numerical Results with Miniaturized Device

Figure 8 shows the natural frequencies f (i)r,num and corresponding ith-order (i = 1, 2, 3)
oscillation modes of the miniaturized artificial cochlear sensory epithelium obtained via
numerical analysis.

The colormap shows the amplitude of the displacement along the z-axis normalized
using the maximum value in the ξη plane. The dimensions of the device are determined via
numerical analysis based on the experimental device (Figure 2). The results demonstrate
that the oscillation amplitude distribution was symmetrical with respect to the ξ-axis.
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Furthermore, several antinodes were observed as f (i)r,num increased, and the maximum
amplitude positions, shown in red, migrated along the ξ-axis.
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Figure 8. Numerical analysis of amplitude distribution in the xy plane for the miniaturized artificial
cochlear sensory epithelium. Contours demonstrate the relative amplitude normalized by the
maximum value of the oscillation amplitude for the natural frequency (a–c). Resonance positions
indicated by the maximum amplitude are obtained for all eigenmodes. The device has different
resonance positions based on the normal modes, and it is concluded that the miniaturized device has
the function of frequency selectivity.

Figure 9 shows the measured amplitude distribution of the miniaturized artificial
cochlear sensory epithelium for ith-order (i = 1, 2, 3) oscillation modes.
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Figure 9. Experimental results of amplitude distribution in the xy plane for the miniaturized artificial
cochlear sensory epithelium. Contours show the relative amplitude normalized by the maximum
value of the oscillation amplitude when the driving force with the frequency of (a–c) was applied.
Resonance positions indicated by the maximum amplitude are obtained for every resonance frequency.
The device exhibits different resonance positions depending on the normal modes, and this tendency
is observed in the numerical analysis.
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For each frequency, the color map describes the amplitude ratio normalized by the
maximum value in the plane. Because of the micrometer scale of the device, measurements
are difficult and data accuracy is <10%. As the input frequency increases, the resonance
positions move along the arc, which is consistent with the numerical analysis result. The
frequency responses of the resonance positions ξ

(i)
r,exp were measured (Figure 10).
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Figure 10. Experimentally obtained resonance characteristics of the miniaturized artificial cochlear
sensory epithelium at (a) (ξ, η) = (648 µm, 0 µm), (b) (ξ, η) = (490 µm, 0 µm), and (c) (ξ, η) = (345 µm,
0 µm). The red dots indicate the measurement points defined by the curvilinear coordinates. Several
frequencies are observed where the amplitude is maximized, and these frequencies are defined as
the resonance frequency based on the experimental results. Therefore, each measurement position
has the local resonance frequency, and it is demonstrated that the miniaturized device reflects the
frequency selectivity function.

Multiple peaks were observed, suggesting that they were the resonance frequencies
f (i)r,exp of each position obtained from the experiment, and the resonance frequencies f (i)r,exp

and positions ξ
(i)
r,exp are shown in Table 4. Based on Equation (6), averaged values of

C = 6.81± 0.0407 kHz mm2 and C = 10.4± 0.683 kHz mm2 were obtained numerically
and experimentally, respectively. The numerical and experimental deviations were 0.598%
and 6.58%, respectively, indicating that these values are constant. The Euler–Bernoulli
beam theory was applied to evaluate the frequency selectivity of the miniaturized artificial
cochlear sensory epithelium.
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Table 4. Resonance frequency ( f (i)r,num and f (i)r,exp) and resonance positions (ξ(i)r,num and ξ
(i)
r,exp) of the

MEMS device based on the experimental and numerical results. Although the maximum deviation

between f (i)r,num and f (i)r,exp is 56.4%, the maximum deviation between ξ
(i)
r,num and ξ

(i)
r,exp is 9.92% and the

oscillation modes are predictable for the optimization of the electrode positions.

i f (i)
r,num (kHz) ξ

(i)
r,num (µm) f (i)

r,exp (kHz) ξ
(i)
r,exp (µm)

1 103 634 157 648
2 140 482 219 490
3 178 383 277 345

Figure 11 compares the resonance frequencies f (i)r obtained from the theoretical values
obtained from Equation (7), numerical analysis, and experiment.
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Figure 11. Comparisons of resonance frequencies obtained from theoretical, numerical, and experi-
mental results in a miniaturized artificial cochlear sensory epithelium for in vivo testing. Because
the resonance frequencies may be mainly determined by the oscillation of the η-axis, theoretical
values are calculated using Euler–Bernoulli beams. Although there is a maximum deviation of 33.8%
between theory and numerical calculation and of 56.4% between the experimental and numerical
results, the frequency selectivity performance has been evaluated. We believe that Young’s modulus
is the main cause of the deviation, and it is necessary to evaluate the physical properties of thin films
on a micrometer scale.

The vertical axis represents f (i)r , while the horizontal axis shows the ξ-position. Be-
cause f (i)r is mainly determined by oscillation along the η-axis direction, the Euler–Bernoulli
beam was used to predict the frequency selectivity of a film with trapezoidal fixed bound-
ary condition. In all the results, f (i)r differed as per the ξ position, indicating that the
miniaturized device has a frequency selectivity function. Theoretical and experimental
results agree well, and the resonance frequency f (i)r decreases with increasing distance
of the ξ position, a characteristic that is quite similar to that of the basilar membrane’s
biological hearing system in terms of the frequency selectivity function and tonotopy. This
is an important feature for developing a fully insertable cochlear implant, and it enables
the prediction of resonance frequency bands in the miniaturized implantable device. The
maximum deviation of the resonance positions between the numerical and experimental
results was <10% at most, and these values can be considered to be in good agreement.
Three pairs of electrodes on the miniature device are used to measure electrical signals
generated by the piezoelectric effect and control the oscillations, employing an applied
electrical potential. In fact, the electrode positions are determined based on the resonance
positions obtained by the numerical analysis. When an external sinusoidal force with the



Micromachines 2022, 13, 768 16 of 19

resonance frequency is applied to the device, it oscillates in its natural vibration mode, thus
locally increasing the stress at the resonance position. The resonance position is the optimal
location for the electrodes because the electricity they generate converts mechanical energy
into electrical energy. The results of this study demonstrate that the resonance positions
are consistent between the numerical calculations and experiments and the electrodes
are installed in the correct positions. However, the maximum deviation between theory
and numerical analysis is 33.8%, and the maximum deviation between the numerical and
experimental data is 56.4%. When E is set to 42.1 GPa, the experimental results agree with
the theoretical values, although they differ considerably from those reported in previous
studies [39,40]. This is mainly attributed to the device’s layered structure and small size,
which can be embedded in the cochlea. The device comprises a 1 µm elastic layer, sev-
eral nanometer-thick electrodes, and a 1 µm piezoelectric film, which can be considered
a composite material, although its physical properties are extremely difficult to predict.
Furthermore, the Young’s modulus used in the theoretical and numerical calculations is for
the physical properties of bulk PVDF-TrFE and may not be applicable to thin films of the
order of O(10−6) m. This study focused on the frequency selectivity of the miniaturized
device; however, additional investigation of the multilayered device’s physical properties
is required.

Experimental and numerical results indicated that the miniaturized device’s resonance
frequency band exceeded the human audible range (20 Hz–20 kHz). However, the current
experiment was conducted in the air, and the device will be implanted in the cochlea filled
with lymphatic fluid in a future clinical application. Because the oscillation characteristics
must be evaluated taking into account of the effect of the interaction between the device and
the fluid, the resonance frequency band of the device is expected to decrease in the cochlea.
In fact, a previous study evaluated the beam array device’s oscillation characteristics
in silicone oil, which has similar properties as the lymph fluid, and reported that the
frequency band shifted to a lower frequency [24]. Although the resonance frequencies of
the miniaturized device exceed the audible frequency range in the air, the frequency range
may overlap with the audible range in the cochlea. Because there are still multiple unsolved
problems or unknown effects underlying the biological phenomena, the device attributes
must be estimated and validated not only from a mechanical engineering viewpoint but
also from a biological one in future work.

4. Conclusions

In this study, we proposed a novel implantable artificial cochlear sensory epithe-
lium that reproduced the basilar membrane’s frequency selectivity. The following points
summarize the main results of this study.

1. To fabricate a device that can be implanted into the cochlea for the future in vivo
testing, the device was curved to fit the cochlea’s spiral structure. The effects of
a curved configuration on the resonance characteristics were experimentally and
numerically evaluated using an in vitro prototype device. A trapezoidal membrane
device developed in previous studies [10,17,18] and a curved one, which was newly
fabricated, were prepared, and the resonance frequencies and positions were measured.
The resonance characteristics of the trapezoidal and curved membrane devices were
in quantitative agreement, suggesting that the effect of curving was negligible and
limited to the device fabricated in this study. The frequency selectivity was successfully
evaluated via theoretical prediction using the Euler–Bernoulli beam theory. The
trapezoidal device is extensively used in the development of fully insertable cochlear
implants as well as in auditory system research, demonstrating the model’s validity.

2. The MEMS technology was used to fabricate a miniaturized artificial cochlear sensory
epithelium consisting of SU-8 epoxy resin, P(VDF-TrFE) piezoelectric material, and
electrodes. Curved trapezoidal fixed boundary conditions were applied to reproduce
the basilar membrane’s frequency selectivity. The Ti/Au/Ti patterned electrodes were
successfully deposited on the P(VDF-TrFE) film for the future use of the piezoelectric
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output. The device was designed to be <1 mm, and the curving boundary was shaped
to fit the spiral structure that can be implanted in the cochlea.

3. The resonance frequencies and positions of the miniaturized artificial cochlear sen-
sory epithelium were measured to verify the frequency selectivity. Therefore, local
resonance frequencies of 157–277 kHz and 103–178 kHz in the air were observed
experimentally and numerically, respectively. The resonance positions varied along
the longitudinal direction with the resonance frequency, indicating that the frequency
selectivity of the basilar membrane was reproduced by the proposed miniaturized
device. Although there was a deviation of 50% for resonance frequency between the
numerical analysis and experimental results, it was expected that the thin film would
alter the physical properties of each layer and additional verification is required. Al-
though the resonance frequency range in the air was above the human audible range
(20 Hz–20 kHz), the cochlea is filled with lymphatic fluid, which should shift the
frequency range to a lower range.
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23. Ilik, B.; Koyuncuoğlu, A.; Şardan-Sukas, Ö.; Külah, H. Thin film piezoelectric acoustic transducer for fully implantable cochlear
implants. Sens. Actuators A Phys. 2018, 280, 38–46. [CrossRef]

24. Tsuji, T.; Imada, Y.; Yamazaki, H.; Kawano, S. Simultaneous measurement of the oscillation characteristics and electrical voltage
output of an artificial cochlear sensory epithelium immersed in a liquid: Theory and experiment. Sens. Actuators A Phys. 2019,
295, 414–427. [CrossRef]

25. Shintaku, H.; Tateno, T.; Tsuchioka, N.; Tanujaya, H.; Nakagawa, T.; Ito, J.; Kawano, S. Culturing neurons on MEMS fabricated P
(VDF-TrFE) films for implantable artificial cochlea. J. Biomech. Sci. Eng. 2010, 5, 229–235. [CrossRef]

26. Inaoka, T.; Shintaku, H.; Nakagawa, T.; Kawano, S.; Ogita, H.; Sakamoto, T.; Hamanishi, S.; Wada, H.; Ito, J. Piezoelectric materials
mimic the function of the cochlear sensory epithelium. Proc. Natl. Acad. Sci. USA 2011, 108, 18390–18395. [CrossRef]

27. Shintaku, H.; Inaoka, T.; Nakagawa, T.; Kawano, S.; Ito, J. Electrically Evoked Auditory Brainstem Response by Using Bionic
Auditory Membrane in Guinea Pigs. J. Biomech. Sci. Eng. 2013, 8, 198–208. [CrossRef]

28. Jang, J.; Lee, J.; Woo, S.; Sly, D.J.; Campbell, L.J.; Cho, J.H.; O’Leary, S.J.; Park, M.H.; Han, S.; Choi, J.W.; et al. A microelectrome-
chanical system artificial basilar membrane based on a piezoelectric cantilever array and its characterization using an animal
model. Sci. Rep. 2015, 5, 12447. [CrossRef]

29. Yamazaki, H.; Tsuji, T.; Doi, K.; Kawano, S. Mathematical model of the auditory nerve response to stimulation by a micro-
machined cochlea. Int. J. Numer. Methods Biomed. Eng. 2021, 37, e3430. [CrossRef]

30. Joyce, B.S.; Tarazaga, P.A. Mimicking the cochlear amplifier in a cantilever beam using nonlinear velocity feedback control. Smart
Mater. Struct. 2014, 23, 075019. [CrossRef]

31. Joyce, B.S.; Tarazaga, P.A. Developing an active artificial hair cell using nonlinear feedback control. Smart Mater. Struct. 2015,
24, 094004. [CrossRef]

32. Joyce, B.S.; Tarazaga, P.A. A study of active artificial hair cell models inspired by outer hair cell somatic motility. J. Intell. Mater.
Syst. Struct. 2017, 28, 811–823. [CrossRef]

33. Davaria, S.; Malladi, V.V.S.; Motaharibidgoli, S.; Tarazaga, P.A. Cochlear amplifier inspired two-channel active artificial hair cells.
Mech. Syst. Signal Process. 2019, 129, 568–589. [CrossRef]

34. Jeong, J.S.; Shung, K.K. Improved fabrication of focused single element P (VDF–TrFE) transducer for high frequency ultrasound
applications. Ultrasonics 2013, 53, 455–458. [CrossRef] [PubMed]

35. Song, J.; Zhao, G.; Li, B.; Wang, J. Design optimization of PVDF-based piezoelectric energy harvesters. Heliyon 2017, 3, e00377.
[CrossRef]

36. Bloomfield, P.E.; Lo, W.J.; Lewin, P. A. Experimental study of the acoustical properties of polymers utilized to construct PVDF
ultrasonic transducers and the acousto-electric properties of PVDF and P (VDF/TrFE) films. IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 2000, 47, 1397–1405. [CrossRef]

37. The Chemical Society of Japan. Handbook of Chemistry: Pure Chemistry, 4th ed.; Maruzen Publishing Co., Ltd.: Tokyo, Japan, 1993.
38. Blackstock, D.T. Fundamentals of Physical Acoustics; John Wiley & Sons Inc.: Hoboken, NJ, USA, 2000.
39. Sirohi, J.; Chopra, I. Fundamental understanding of piezoelectric strain sensors. J. Intell. Mater. Syst. Struct. 2000, 11, 246–257.

[CrossRef]
40. Ohigashi, H. Electromechanical properties of polarized polyvinylidene fluoride films as studied by the piezoelectric resonance

method. J. Appl. Phys. 1976, 47, 949–955. [CrossRef]
41. Chopra, I.; Durvasula, S. Vibration of simply-supported trapezoidal plates I. Symmetric trapezoids. J. Sound Vib. 1971, 19, 379–392.

[CrossRef]
42. Chopra, I.; Durvasula, S. Vibration of simply-supported trapezoidal plates II. Unsymmetric trapezoids. J. Sound Vib. 1972,

20, 125–134. [CrossRef]

http://dx.doi.org/10.1038/s41598-018-30633-0
http://dx.doi.org/10.1186/s11671-018-2593-3
http://dx.doi.org/10.3390/mi9060273
http://dx.doi.org/10.3390/mi11070644
http://dx.doi.org/10.1016/j.sna.2013.08.017
http://dx.doi.org/10.1088/1361-6439/aa7236
http://dx.doi.org/10.1007/s13391-018-0012-7
http://dx.doi.org/10.1177/2331216518774450
http://www.ncbi.nlm.nih.gov/pubmed/29732950
http://dx.doi.org/10.1016/j.sna.2018.07.020
http://dx.doi.org/10.1016/j.sna.2019.05.043
http://dx.doi.org/10.1299/jbse.5.229
http://dx.doi.org/10.1073/pnas.1110036108
http://dx.doi.org/10.1299/jbse.8.198
http://dx.doi.org/10.1038/srep12447
http://dx.doi.org/10.1002/cnm.3430
http://dx.doi.org/10.1088/0964-1726/23/7/075019
http://dx.doi.org/10.1088/0964-1726/24/9/094004
http://dx.doi.org/10.1177/1045389X16657425
http://dx.doi.org/10.1016/j.ymssp.2019.04.041
http://dx.doi.org/10.1016/j.ultras.2012.08.013
http://www.ncbi.nlm.nih.gov/pubmed/23021238
http://dx.doi.org/10.1016/j.heliyon.2017.e00377
http://dx.doi.org/10.1109/58.883528
http://dx.doi.org/10.1106/8BFB-GC8P-XQ47-YCQ0
http://dx.doi.org/10.1063/1.322685
http://dx.doi.org/10.1016/0022-460X(71)90609-2
http://dx.doi.org/10.1016/0022-460X(72)90416-6


Micromachines 2022, 13, 768 19 of 19

43. Ventzel, E.; Krauthammer, T. Thin Plates and Shells: Theory, Analysis, and Applications; Marcel Dekker: New York, NY, USA, 2001.
44. Shabana, A.A. Theory of Vibration: Volume II: Discrete and Continuous Systems; Springer Science & Business Media: Heidel-

berg/Berlin, Germany, 2012.


	Introduction
	Theoretical and Experimental Methods
	Prototype of the Artificial Cochlear Sensory Epithelium and Experimental Setup for High-Throughput Oscillation Measurements
	Fabrication of the Miniaturized Artificial Cochlear Sensory Epithelium Based on MEMS Technologies
	Numerical Analysis

	Results and Discussion
	Numerical and Experimental Results of In Vitro Prototypes Devices
	Experimental and Numerical Results with Miniaturized Device

	Conclusions
	References

