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Abstract. In this research, we have developed, fabricated, tested,, and analyzed
analyze
an artificial basilar membrane prototype (ABMP),
(ABMP) which works using sinusoidal
waves of various frequencies. The design
d
of the prototype has a trapezoidal
shape with a length of 30 mm and a width of 2 to 4 mm. The research was
carried out experimentally
xperimentally and analytically.
analytically Experimentally, the ABMP’s
vibration was measured using a laser Doppler vibrometer (LDV) and a function
generator to generate various frequencies. The analytical
nalytical approach is discussed
based on the Wentzel Kramer Brillouin method (WKB). The results show that
resonance frequencies can be reached within the range of human hearing,
hearing
between 20 Hz to 20 kHz.
kHz
Keywords: ABMP; cochlea;
cochlea frequency; frequency selectivity; PVDF; resonance;
resonance
vibrating amplitude; WKB.
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Introduction

The ears are a component of the human auditory system.. Hearing impairment
can be brought about by many causes. Sensorineural
ensorineural hearing loss is one of
them. Usually, in medicine a cochlear implant (CI) or hearing aid (HA) is used
to assist the patient
tient who suffers from deafness. In this paper, we discuss an
artificial basilar membrane prototype (ABMP) using a piezoelectric membrane
made of polyvinylidene fluoride (PVDF). The function of the cochlea in the
human auditory system is not only to convert acoustic sound to electrical
signals but also frequency selectivity.
selectivity The biological basilar membrane,
membrane which
is a resonator in the cochlea,
cochlea plays a prominent role infrequency
frequency selectivity. In
this experiment,, we report the development of a fully self-contained
contained artificial
cochlea, the aforementioned ABMP. The acoustic sensor which is reported in
this paper realizes frequency selectivity in the air. Normal humans can hear
sounds in the frequency range of 20 Hz to 20 kHz.
Received on August 8th, 2011, 1st Revision on November 3rd, 2011, 2nd Revision May 2nd, 2012, 3rd Revision
May 24th, 2012, 4th Revision January 15th, 2013, Accepted for publication January 21st, 2013.
Copyright © 2013 Published by ITB Journal Publisher, ISSN: 2337-5779,
2337 5779, DOI: 10.5614/j.eng.technol.sci.2013.45.1.5
10.5614/j.eng.technol.sci.2013.45.1.

62

2

Harto Tanujaya, et al.

Mechanical Model

For modeling purposes and in order to simplify the model of the biological
biologi
basilar membrane, the ABMP can be unwrapped.. There are two channels above
and below the ABMP, as shown in Figure 1(a).. The channels are considered as
the scala vestibule and the scala tympaniin the biological cochlea. Figure
igure 1(a)
shows the complete geometry of the ABMP model, from the top and through its
cross section. This condition is made for the analytical calculation. Figure 1(b)
shows a 3D view of the ABMP that was used in our experiment.
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Figure 1 Geometric model
m
of artificial basilar membrane prototype (ABMP),
(ABMP)
(a) topp and cross section view, (b) 3D
3 view.

The ABMP is made of PVDF membrane and is bonded on a stainless steel
plate, which has a trapezoidal shaped perforation with a width ranging from 2
mm to 4 mm and a length of 30 mm. The thickness of the ABMP is 40 µm.
There are 24 detecting electrodes on the ABMP,
ABMP, which are fabricated using
photolithograpy
lithograpy and etching.
etching The whole array of detecting electrodes is made of
aluminium thin film with a thickness of 500 nm and they are located on the
central line of the trapezoidal shape.
shape The Young modulus and density of the
membrane are 4 GPa and 1790 kg/m3 respectively. The membrane
rane and the
perforated trapezoid are mounted on a substrate with a channel. The channel’s
channel
dimensions are 47 × 17 mm (rectangular) and a depth of 4 mm, as shown in
Figure 1(b).

3

Analytical Approach

Many researchers have analyzed the theory of the cochlea. Von
on Bekesy [1]
analyzed a mechanical cochlea to study the traveling wave. Steele & Taber [2]
analyzed and constructed a mechanical cochlear model using a threethree
dimensional model.
odel. Zhou,
Zhou et al. [3] used an isotropic polymer membrane placed
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on a plate to build the first life-sized mechanical cochlea. Kirchhoff’s
hypotheses are fundamental assumptions for the development of linear, elastic,
small-deflection theories concerning the bending of thin plates [4]. Thin plate
bending theory usually refers to Kirchhoff’s plate theory. The method of
Wentzel Kramer Brillouin (WKB) was also used to solve the equations of the
mechanism of the membrane problem, whereby the parameters are very slowly
compared to the wavelength of the oscillations. The solution of the vibration of
the membrane response is assumed with a slowly varying amplitude. Interaction
between the fluid and the membrane is governed by linearized Euler equations.
In order to obtain the oscillatory solution at the steady state, some assumptions
are made. The following assumptions are used to derive the basic equations of
the ABMP. Vibration as a thin plate can be satisfied under the following
conditions: deflections of the ABMP are very small compared to its thickness
and the tensile term is negligible in the response of the structure. According to
these assumptions, the ABMP is modeled as a thin bending plate, because the
thickness of the membrane is extremely small compared to its width and length,
and the plane stress is assumed to be σ z = τ xz = τ yz = 0 . Based on the
shearing force and bending moment of the ABMP model, and the equation of
motion, the governing equation of the bending vibration of the plate with
isotropic mechanical properties can be described as,
 ∂4 w
∂2 w
∂4w 
∂2w
D  4 + 2 2 2 + 4  + ρh 2 = 0
∂x ∂y
∂y 
∂t
 ∂x

(1)

where,
D =

E h3
12 1−υ 2

(

)

(2)

E : Young Modulus
h : thickness of the membrane
ν : Poisson’s ratio.
Problems for fluid structure interaction are relatively complex, so to obtain a
mathematical solution, the following assumptions are made, based on the
experimental observations. The ABMP can be unrolled in order to simplify the
model and the vibration of the ABMP is modeled as the vibration of a thin plate
with small bending amplitude; the fluid flow is assumed to be incompressible,
and the gravity effects of the surrounding fluid were ignored. Furthermore, the
following assumptions are made in order to obtain the oscillatory solution at the
periodic steady state. A single mode η(x, y) is used for the shape function of the
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ABMP’s bending in y direction. η (x, y) is determined based on the analytical
solution of a vibrating beam with the first mode, the length of b(x), and the
fixed boundary conditions at y = ±

b(x)
as,
2


 β 
 β 
b( x)
b( x )
≤y≤
y  + c 2 cosh
y  at −
c1 cos

2
2
 b(x ) 
 b( x ) 
, (3)
η ( x, y ) = 
L
L
(
)
(
)
b
x
b
x

at − 1 ≤ y ≤ −
and
≤ y≤ 1
0
2
2
2
2

where c1, c2, and β are constants, 0.8827, 0.1173 and 4.730, respectively, which
are obtained and compared with the experimental results. These constants are
determined so as to make η (x,y) satisfy the fixed boundary conditions at
y＝±b(x)/2.
The wave is considered as a slowly varying wave in x direction [5]. That is,
wave number k(x) is slowly varying along x as b(x), where db(x)/dx ≅ 0 and
dk(x)/dx ≅ 0 are reasonable in the scale of one wavelength. In this case, the
waves can be treated as pseudo plane waves and can be described by the WKB
asymptotic solution [4]. Based on the assumptions described above, the
displacement w(x,y,t) of the ABMP can be written as
k (ξ )dξ − iωt
w = W (x )η ( x, y )e ∫0
e ,
i

x

(4)

where i and W(x) are the imaginary number and the envelope function,
respectively. W(x) is also treated as a slowly varying function, that is dW(x)/dx
≅ 0, since the effect of dW(x)/dx on the dispersion relationship is trivial for
linear problems. The basic equation of the fluid flow is the Laplace equation of
velocity potential φf, written as

∂ 2φ f
∂x 2

+

∂ 2φ f
∂y 2

+

∂ 2φ f
∂z 2

= 0.

(5)

The boundary conditions of the normal velocities at the wall of the fluid channel
are written as

uz =

∂φ l
= 0 at z = − L2 ,
∂z

(6)
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∂φl
L
= 0 at y = ± 1 ,
∂y
2

uy =
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(7)

The subscript f is u or l, where u and l indicate the fluid at the upper and lower
sides of the ABMP, respectively. L1 and L2 are the width and the depth of the
fluid channel, respectively. The kinematic boundary condition at z=0 is written
as

∂ w ∂φ f
at z = 0
=
∂t
∂z

(8)

Therefore, the velocity potential can be written as

 jπ  ∫
y e
φ = ∑ A cosh[ζ (z + L )]cos
L


∞

i

l

j

j

x
k (ξ ) dξ
0

2

j =0

e

−iωt

,

(9)

1

where Aj and ζj are the Fourier coefficient for the jth mode and
[k2(x)+(jπ/L1)2]1/2, respectively. From Eqs. (4), (8), and (9), the following
equation is obtained:
 jπ 
iωW ( x )η (x, y ) = −∑ A ζ sinh(ζ L )cos
y  .
 L 
∞

j

j

j

2

j =0

(10)

1

Using the orthogonality of the cosine function, Aj is calculated as
A =−

iωW (x )∫

j

b(x)/ 2

−b ( x ) / 2

ζ sinh (ζ L
j

j

η (x, y )cos( jπy / L )dy

2

1

)∫

L1 / 2

− L1 / 2

cos ( jπy / L )dy

.

(11)

2

1

Using the boundary of integration from -b(x)/2 to +b(x)/2 with respect to y, the
following eikonal equation is obtained:
f ( x, ω )
b(x ) / 2

η 2 ( x, y )dy
= D k 4 ( x )∫

−b ( x ) / 2
− 2k 2 (x )∫

b( x ) / 2

−b ( x ) / 2

+ [β / b( x )]

4

∫

(12)

η ( x, y )∂ 2η ( x, y ) / ∂y 2 dy

b(x ) / 2

−b ( x ) / 2

η 2 ( x, y )dy 
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x
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The eikonal equation describes the dispersion relationship between k(x) and ω
at various x.. The effect of the surrounding fluid iss found in the last term of this
thi
equation.. Since this term contributes to increasing
increas
the effective mass of the
vibration, the resonant frequency may be decreased by the surrounding fluid.
From the average variation principle,
principl it is known that the eikonal equation has a
relationship with W(x):
W (x ) =

c
 ∂f 
 
 ∂k 

1/ 2

,

(
(13)

where c is a constant. Eq. (13) is the transport equation which describes the
qualitative distribution of W(x). Figure 2 shows the graph of envelope curve
W(x) in the air environment defined by Eq. (13). In that figure, the
he peaks at
certain frequencies indicate local resonance at a particular place of the ABMP.
The peaks of W(x) at each frequency show changing to the smaller x with
increasing the frequency of the acoustic wave.

Figure 2 Envelope
nvelope curve W(x) at 6, 9, and 12 kHz, which is determined on the
basis of the analytical solution.

Figure 3 Description of the envelope curve W(x) and a single mode of the
vibrating amplitude in y direction η (x, y).
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Figure 3 shows the description of the envelope curve W(x) and a single mode of
the vibrating amplitude in y direction η(x, y) at a certain frequency. The
maximum vibrating amplitude at a certain frequency L2 occurs at the same
place of the local resonance frequency.

4

Experimental Setup

Experiments to realize frequency selectivity have been reported by some
researchers. Wittbrodt, et al. [6] developed a membrane made of polymide
using aluminum beams. Their paper states that this membrane had traveling
waves similar to those of the biological basilar membrane. Chen, et al. [7] made
a membrane by depositing discrete Cu beams on a piezo membrane. They also
simulated a membrane using a computational model of the mechanical device.
Tanaka, et al. [8] developed an acoustic sensor using “fishbone” method as a
cantilever arrays which realized the frequency selectivity. White, et al. [9]
developed a membrane made of polymide with Si3N4 beams.
There are 24 electrodes on the membrane of the ABMP. These electrodes are
used to measure the membrane voltage. We measured the membrane vibration
along the whole membrane at the middle of each electrode. Figure 4 shows a
diagram of the experimental setup: (a) 3D view and (b) experimental
equipment. A sinusoidal acoustic wave was applied to the ABMP via a speaker
(FOSTEX, Japan). Previously, the speaker was calibrated to realize a constant
sound pressure at various frequencies. The function generator (NF, Japan)
connected to the speaker was used to control the frequency of the sound wave of
the speaker from 1 to 20 kHz. The speaker was connected in parallel with a
signal/function generator and a computer, as shown in Figure 4. We used VBA
programming and a UDF, which was inserted in the Excell program to drive the
various applied frequencies and sound amplitude to the speaker automatically.
We used those frequencies that are within the range of the human audible
frequency. An oscilloscope was connected to the speaker in order to analyze the
output data sampling at the same time with the input of the various applied
frequencies and vibration amplitude of the membrane. The VBA programming
and UDF were used to arrange and save the input/output data from a
signal/function generator and an oscilloscope. The distance between speaker
and membrane was 120 mm. The voltage of the speaker was also adjusted,
using a function generator to get a constant sound pressure of 75 dB.
A photograph of the membrane developed in this research is shown in Figure
4(b). The membrane is bonded on the plate with the perforated trapezoid, such
that the membrane can easily vibrate by applying an acoustic wave. Although
the experiment was done in the atmosphere, both sides of the biological basilar
membrane were in lymph fluid. However, the main purpose of this paper is to
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understand the basic mechanism of frequency selectivity. In this research, we
have used a prototype membrane made of PVDF. The affect and position of the
excitation of the membrane are needed to develop a membrane made of P(VDFP(VDF
TrFE) in the future.
The ABMP was placed on a motorized stage, which could be moved in x and y
directions. The motorized
motoriz stage was used to examine the spatial distribution of
the vibrating amplitude on the surface of ABMP automatically. The vibrating
amplitude of the ABMP in z direction was measured by a laser
aser Doppler
vibrometer (LDV) (Graphtec, Japan). Using the LDV, the mechanical vibration
of the ABMP was converted to velocity data.. The velocity data sampling was
later analyzed by a Fast Fourier Transform (FFT)
(
using the oscilloscope to
obtain a vibration amplitude at the human audible frequency of acoustic waves.
wav
(a)

GPIB

(b)
Mirror
Reflection

BNC

Speaker

ｚ
ｘ
ｙ

Figure 4 Experimental setup:
setup (a) 3D view and (b) experimental equipment.
equipment

The ABMP is relatively large to be directly implanted into the biological
cochlea. This problem can be solved by using a micro fabrication method.
method
Optimization
ptimization and minimization
minimiz
of the membrane remain to be done in a future
work.

5

Results and Discussions

The first experiment
xperiment was done in the atmosphere in order to learn the
characteristics of the frequency selectivity mechanism of the prototype
membrane. Figure 5 shows
show a contour map of the vibrating amplitude of the
ABMP membrane at f = (a) 6 kHz, (b) 9 kHz, and (c) 12.8 kHz,
Hz, respectively.
These contour
ntour maps show the different positions of the maximum amplitude at
each frequency. Position
osition x of the maximum amplitudes decreasedd as the
frequency increased.
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Figure 5 Contour map of the vibrating amplitude of the ABMP membrane at f =
(a) 6 kHz, (b) 9 kHz, and (c) 12.8 kHz.

The local maximum amplitudes are considered to be the result of the standing
waves in x direction. The maximum vibrating amplitude occurred at the
distances x = (a) 27.5 mm, (b) 19 mm, and (c) 8.5 mm from the base, with an
amplitude of 36.7 nm, 35 nm, and 54.6 nm, respectively.
Several small peaks were observed at a frequency area lower than the resonance
frequency, which was caused by the standing wave. The standing wave was not
observed at frequencies higher than the resonating place, which was caused by
the fact that the wavelength is relatively long at higher frequencies. Referring to
the theory, it is confirmed that the wavelength k(x) is relatively small. In the
biological cochlea, the acoustic wave travels from the basal (wider area) to the
apex (sharper area). This condition shows that the characteristics of the wave
and the oscillation of the prototype membrane are the same as those of the
biological membrane.
Figure 6 shows the frequency-dependence of the vibrating amplitude of the
ABMP at the distances x = (a) 27.5 mm, (b) 19 mm, and (c) 8.5 mm. The
maximum vibrating amplitudes show clear peaks at different frequencies. The
frequency at the maximum vibrating amplitude is considered to be the resonant
frequency at that local area of the membrane. The maximum frequency
increases as the x position decreases. This corresponds to the results in Figure 5.
That is, the wavelength of the acoustic wave was affected by the width of the
membrane. When the ABMP is relatively wide in x direction compared to the
width in y direction, the vibration is mainly effected by the boundary conditions
at y=±b(x)/2. Oscillation of the membrane is dominated by the ABMP’s local
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structural strain in y direction. Furthermore, the vibration in y direction is larger
than that in x direction.
Figure 7 shows the relationship between x the length of the membrane and the
local resonance frequency, fl, at 75 dB. The local resonance frequency, fl, has a
value similar to that of frequency f. Experimentally, the frequency selectivity of
the membrane output is induced by the local resonance of the displacement of
the membrane. The local resonance frequency, fl, decreases from 14 to 3 kHz
with the increase of position x of the membrane length. The local resonance
frequencies of the membrane at the positions of x were outside of the range of
the resonance frequency linetheory. Almost all experimental results were
slightly lower than the predictions. Perhaps this is due, firstly, to the fabrication
process (effects from photolithography and etching), after which the density of
the membrane has changed, and secondly, to an underestimation of Young
modulus E. In the literature, E is widely distributed as 3.0~11.0 GPa.
The resonance frequencies of the theoretical analysis predict that the frequency
range can be controlled by changing the thickness, density, Young modulus and
length of the membrane. Figure 7 also shows frequency f compared with the
theoretical resonance frequency, fl, based on the plate bending theory that is
solved with the WKB asymptotic method. Agreement between the experimental
results and the theoretical analysis was confirmed.

Vibrating Amplitude (nm)

(a)

(b)

(c)

Frequency (kHz)
Figure 6 Frequency dependence of the vibrating amplitude of the ABMP at the
distances x = (a) 27.5 mm, (b) 19 mm, and (c) 8.5 mm.
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Figure 7 Relationship between the length of the membrane (x) and the local
resonance frequency (f) at 5 dB.

6

Conclusions

We have presented an analytical and experimental investigation of our artificial
basilar membrane prototype (ABMP). Frequency selectivity of the membrane is
confirmed at the range of 3 ~ 14 kHz. The resonant frequency increases as the
width of the membrane decreases. Using theoretical calculation, we can predict
the thickness of a suitable membrane to be fabricated. Agreement between the
experimental data and the theoretical analysis was confirmed. Some of the
experimental results were not the same as, or out of the range of the
theoretically predicted values. This can be explained by the fabrication process
of the membrane and underestimation of the Young Modulus E.
Future work is needed to make the artificial cochlea better as an acoustic sensor.
The phase of the oscillations was neglected in this research, since the goal in
this experiment was to confirm the frequency selectivity of the prototype
membrane. The phase can refer to a specific references of wave and it will be
useful to use P(VDF-TrFE) as the material in the next work. The voltage of the
artificial auditory membrane is our end goal.The effect of viscosity may also
contribute to improve the frequency selectivity of the membrane. Material and
fabrication process influence the characteristics of the membrane. We need to
minimize the membrane, because the present membrane is relatively large for
implantation into a cochlea. A thinner membrane has a vibration amplitude
larger than a thicker one, it is relation with the thinner membrane can generate
the bigger voltage.
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