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Abstract. In this research, v have developed, fabricated, testadd analyzd
an artificial basilar membrane prototype (ABN, which works using sinusoid:
waves ofvarious frequencies. Theesign of the prototype has teapezoida
shape with dength of 30 mm an@ width of 2 to 4 mm. Theesearchwas
carried out eperimentally and analytical. Experimentally, theABMP’s
vibration wasmeasured usina laser Doppler vibrometer (LDV) andfianction
generator to generate variofrequencies. Thenalytical approach is discuss
based on th&Ventzel KrameiBrillouin method (WKB). The resultshow tha
resonance frequencies can be reacwithin the range of humarmearing
between 20 Hz to 20 kt.

Keywords. ABMP; cochleg frequency; frequency selectivity; PVDRgsonanc;
vibrating amplitude WKE.

1 Introduction

The ears ara compone! of the human auditory systerHearing impairmer
can be brought abouiy many causes.efsorineural hearing loss is one
them. Usually, irfmedicine a cochlear implant (Cl) or hearing didA) is used
to assist the gent who suffers from deafness. In this papeme discus an
artificial basilar membrane prototype (ABMP) usia piezoelectric membrar
made of polyvinylidene fluoride (PVDFThe functionof the cochle in the
human auditory system not only to convertacoustic sound to electric
signals butalso frequency selectivi. The biologicalbasilar membrar, which
is a resonatoin the cochle, plays a prominent role firequency selectivit In
this experimentwe reportthe development of a fully setientained artificia
cochlea, theaforementionetABMP. The acoustic sensor which is reportec
this paper realizes frequency selectivity in the Normal humansan hee
sounds in thérequencyrange of 20 Hz to 20 kHz.
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2 Mechanical Modd

For modeling purposes arin order to simplify the model of thbiological
basilar membrane, ti®BMP can be unwrappedhere are two channeabove
and below the ABMPas shown in Figure 1(aJhe channels are considerec
the scala vestibule anthe scala tympaniin the biological cochleggufe 1(a)
shows the completgeometr of the ABMPmodel, from the top and through
cross sectionThis condition is made for the analytical calculatiFigure 1(b)
shows &3D view of the ABMFthat was used in our experiment.
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Figurel Geometric rodel of artificial basilar membrangrototype (ABMP,
(a) tgp and cross section view, (kD view.

The ABMP ismade of PVDF membranand isbonded on a stainle steel
plate, which has trapezoid: shaped perforation with a widtnging fron 2
mm to 4 mm andx length of30 mm. The thickness of the ABMP is 4um.
There are 24 detecting electrodes on the Al, which are fabricated usir
photdithograpy and etchir. The whole array of detecting electrodemede of
aluminium thin film witt a thickness of 500 nrand they are located on t
centralline of the trapezoidal sha. The Youngmodulus and density of tt
membrane are 4 GPa and 1790 kg/m3 respectiThe membane and the
perforated trapezoidre mounted on a substrate with a channel. The ch’s
dimensions are 47 x 17 m(rectangular) and a depth of 4 mag shown ir
Figure 1(b).

3 Analytical Approach

Many researchers have analyzed the theorthe cochlea. ¥n Bekesy[1]
analyzeda mechanical cochl to study the traveling wave. StedeTabel [2]
analyzed and constructed a mechanical cochlear model @ thre-
dimensional mdel. Zho, et al. [3] used arsotropic polymer membrane plac
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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 tode=7,,=7,=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,

(1)

0'w _ 0*w  d'w a°w
+ + + oh———=0
( ox* oxtay* oy’ J - ot?

where,

p = & 2)
141-0?)

E : Young Modulus
h : thickness of the membrane

v : 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 stat@ single mode;(x, y) is used for the shape function of the
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ABMP’s bending iny direction.n (x, y) is determined based on the analytical
solution of a vibrating beam with the first mode, the lengttb(gj, and the

fixed boundary conditions gt= i% as,
clco{'gy]+c2cos}£’8y] at—@sys@
nxy)= b(x) b(x) 2 2, @3
0 at—ﬁsys—wand@sysi
2 2 2 2

where g, ¢, andf 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 makeg (x,y) satisfy the fixed boundary conditions at
y=2=b(x)/2.

The wave is considered as a slowly varying wave girection [5]. That is,

wave numbelk(x) is slowly varying alongk asb(x), wheredb(x)/dxC0 and
dk(xX)/dxC 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 {,y,t) of the ABMP can be written as

e W )),7( X ))eij':k(c‘)dc‘e_m’ 4)

where i and W(x) are the imaginary number and the envelope function,
respectivelyW(x) is also treated as a slowly varying function, that\W§x)/dx

L0, since the effect olW(x)/dx on the dispersion relationship is trivial for
linear problems. The basic equation of the fluid flow is the Laplace equation of
velocity potentialg, written as

2 2 2
0°¢ +0 @ +6 4 _o
ox> oy* 0z°

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

()

z

u :6_¢,:0 atz=-L,, (6)
0z
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0¢, L
u =—-=0aty=+-=, 7
dy y=+- ()

The subscriptf isu orl, whereu andl indicate the fluid at the upper and lower
sides of the ABMP, respectiveli; andL, are the width and the depth of the
fluid channel, respectively. The kinematic boundary conditiazr@tis written
as

W _9¢ ai7=0 @)
ot o0z

Therefore, the velocity potential can be written as

= Z Acost{(l (z+ Lz)]co{jrﬂ yjeij.oi(f)dfem | o

where A, and ¢ are the Fourier coefficient for thgth mode and
[KR()+(j 77L1)3 ™% respectively. From Egs. (4), (8), and (9), the following
eguation is obtained:

oni(x)=-SA¢sine L Jeof 1Ty | (10
Using the orthogonality of the cosine functionjsficalculated as

W ><)I n(x.y)eod jmy! L)y
Z snh(¢ L, j cos( jmy/ L)dy

A=-

]

(11)

Using the boundary of integration fromn(x)/2 to #(x)/2 with respect tg, the
following eikonal equation is obtained:

f (x, a,)

= D[k“(X)Ibéfifznz(x y)dy (12)
-2 K( %I n( % Y°n( x y)1ay’dy
+[1e) I 7°(x Yl |

: [ nlxy)eodimiL )y
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The eikonal equatiodescribes the dispersion relationship betwk(x) andw

at variousx. The effect otthe surrounding fluids found in the last term of 's

equation Since this term contributes to incring the effective maswof the
vibration, the resonant frequency may be decreased by the surroundin
From the average variation prince, it is known that theikonal equatio has a
relationship with W):

c
W X = 1/2
(x) ( o j , 13)
ok

wherec is a constant. E (13) is thetransport equatiorwhich describes th
qualitative distribution ofW(x). Figure 2 shows the graph ehvelope curv
W(x) in the air environmel defined by Eq. (13). In that figurehe peak at
certain frequenciemdicate local resonance at a particular pladehe ABMP
The peaks ofW(x) at each frequency show changing the smallerx with
increasing the frequency of the acoustic w

Figure2 Envelope curveW(x) at 6, 9, and 12 kHz, which is determinad the
basis ofthe analytical solutiol

Figure3 Description o the envelope curve W(x) ara single mode of th
vibrating amplitude in y direction (x, y).
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Figure 3 shows the description of the envelope cW{e) and a single mode of

the vibrating amplitude in y directiom(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. Wittbrodgt al. [6] developed a membrane made of polymide
usng aluminum beams. Their paper states that this membrane had traveling
waves similar to those of the biological basilar membrane. Gteh,[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 usifighbone” method as a
cantilever arrays which realized the frequency selectivity. Whiteal [9]
developed a membrane made of polymide witfiNgbeams.

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



68 Harto Tanujaya, et al.

understand the basic mechanism of frequency selec In this research, w
have used arototype membrane made of PVDF. The affect and position «
excitation of the membrane are neededevelop anembrane made of P(VI-
TrFE) in the future.

The ABMP wasplaced ora motorized stage, which could be moved andy
directions. The motored stage was used to examihe spatial distribution ¢
the vibrating amplitude c the surface of ABMP automatically. The vibrat
amplitude of the ABMP in z directiowas measured by ader Doppler
vibrometer (LDV)(Graphtec, JapanUsing the LDV, the mechanicalbration
of the ABMP wasconvertedto velocity data The velocity data samplinwas
later analyzed bya Fast Fourier TransfornFFT) using theoscilloscope t
obtain a vibratioramplitude at the human audible frequency of acousties.
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Figure4 Experimental sett: (a) 3D view and (b) experimental equiprr.

The ABMP is relativelylarge to be directly implanted into the biologic
cochlea.This problem can be solveby using a microfabrication metha.
Optimization and minimiation of the membrane remaim be done in future
work.

5 Resaultsand Discussions

The first xperiment was done in the atmosphere in order learn the
characteristicsof the frequency selectivity mechanism of the proto
membrane. Figure Shows a contour map of theibrating amplitude otthe
ABMP membrane at = (a) 6 kHz, (b) 9 kHz, and (c) 12.81k, respectivel

These catour maps show tl different positionof the maximum amplitude

each frequency. d3ition x of the maximum amplitudes decredsaes the
frequency increased.
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Figure5 Contour map of the vibrating amplitude of the ABMP membrarieat
(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 inx direction. The maximum vibrating amplitude occurred at the
distancesx = (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 waveleng(R) 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 = (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 theposition 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 wideximirection compared to the
width iny direction, the vibration is mainly effected by the boundary conditions
at y=tb(x)/2. Oscillation of the membrane is dominated by the ABMP’s local
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structural strain iry direction. Furthermore, the vibrationyrdirection is larger
than that irx direction.

Figure 7 shows the relationship betweethe length of the membrane and the
local resonance frequendy,at 75 dB. The local resonance frequerigyhas a

value similar to that of frequendyExperimentally, the frequency selectivity of

the membrane output is induced by the local resonance of the displacement of
the membrane. The local resonance frequeficgecreases from 14 to 3 kHz
with the increase of positior of the membrane length. The local resonance
frequencies of the membrane at the positionswére 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 frequérmompared with the
theoretical resonance frequendy,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.
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Figure6 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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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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