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a b s t r a c t

In this paper, we report a novel piezoelectric artificial cochlea which realizes both acoustic/electric con­

version and frequency selectivity without an external energy supply. The device comprises an artificial

basilar membrane (ABM) which is made of a 40 mm thick polyvinylidine difluoride (PVDF) membrane

fixed on a substrate with a trapezoidal slit. The ABM over the slit, which mimics the biological system,

is vibrated by acoustic waves and generates electric output due to the piezoelectric effect of PVDF. The

width of ABM is linearly varied from 2.0 to 4.0 mm along the longitudinal direction of 30 mm to change

its local resonant frequency with respect to the position. A detecting electrode array with 24­elements

of 0.50 × 1.0 mm rectangles is made of an aluminum thin film on ABM, where they are located in a

center line of longitudinal direction with the gaps of 0.50 mm. Since the device will be implanted into

a cochlea filled with lymph fluid in future, the basic characteristics in terms of vibration and acous­

tic/electric conversion are investigated both in the air and in the silicone oil which is a model of lymph

fluid. The in vitro optical measurements show that the local resonant frequency of vibration is varied

along the longitudinal direction from 6.6 to 19.8 kHz in the air and from 1.4 to 4.9 kHz in the silicone oil,

respectively. Since a resonating place vibrates with relatively large amplitude, the electric output there

becomes high and that at the other electrodes remains to be low. Thus, the electric voltages from each

electrode realize the frequency selectivity. Furthermore, the effect of surrounding fluid on the vibration

is discussed in detail by comparing the experimental results with the theoretical predictions obtained

by the Wentzel–Kramers–Brillouin asymptotic method. The theoretical prediction indicates that the sur­

rounding fluid of the higher density induces the larger effective mass for the vibration that results in

lower resonant frequency. From these findings, the feasibility of artificial cochlea is confirmed both

experimentally and theoretically.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The sensorineural hearing loss is a type of deafness which is

often caused by the damage on hair cells of cochleae in inner ears.

The hair cells convert acoustic sounds to electric signals that stim­

ulate auditory nerves. As a clinical treatment for the hearing loss

in children and adults, the artificial cochlea is recently well used.

The device bypasses the damaged hair cells by generating the elec­

tric current in response to the acoustic sound [1,2]. The current

artificial cochlea consists of an implantable electrode array for the

stimulation and an extracorporeal device including a microphone, a

∗ Corresponding author. Tel.: +81 6 6850 6179; fax: +81 6 6850 6179.
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sound processor and a battery. The acoustic sound is detected and

is analyzed with respect to the frequency by the extracorporeal

device. The processed signals are transferred through a transcuta­

neous system. Then, the auditory nerves are stimulated through the

electrodes inserted in the cochlea. The disadvantages in the current

system are the indispensability of extracorporeal devices, the small

number of electrodes which closely connects to the limitation of

tones, and the relatively large power consumption. This situation

motivates us to develop a fully self­contained implantable artificial

cochlea.

The important functions of cochlea are not only the conversion

of acoustic wave to electric signals but also the frequency selectiv­

ity [3,4]. The basilar membrane which is a biological diaphragm in

the cochlea plays an important role for the frequency selectivity.

The local eigen frequency of membrane is changing along the place

0924­4247/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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Nomenclature

Aj Fourier coefficient

b(x) width of ABM, m

D bending rigidity, N m

E Young’s modulus, Pa

f frequency, Hz

h thickness of ABM, m

k(x) wave number, m−1

L1 width of fluid channel, m

L2 depth of fluid channel, m

L3 length of ABM, m

pf pressure, Pa

w displacement of ABM, m

W(x) envelope function, m

(x, y, z) Cartesian coordinates, m

Greek letters

�(x, y) shape function for ABM’s bending in y direction

� Poisson ratio

�f density of fluid, kg m−3

�m density of PVDF, kg m−3

�f(x, y, z, t) velocity potential, m2/s

ω angular frequency, rad/s

Subscripts

f region of fluid channel f = l or u

j mode number of Fourier coefficient

l lower fluid channel

m PVDF

u upper fluid channel

of it, because of varying mechanical boundary conditions and the

mechanical rigidity. Thus, when the eigen frequency at a local place

match to that of acoustic wave, the place vibrates with relatively

large amplitude due to the resonance. The vibration stimulates hair

cells especially at the resonated place. As a result, the frequency of

acoustic wave is recognized as the difference in tones.

To artificially realize the frequency selectivity, some

microscaled devices have been reported. Tanaka et al. [5] and

Xu et al. [6] developed acoustic sensors with the function of

frequency selectivity by the use of resonance of cantilever arrays.

Those sensors were evaluated in the atmospheric environment.

Chen et al. [7] developed a beam array fixed on a trapezoidal

channel and investigated the vibrating characteristics in the water.

Despite the frequency selectivity of cantilevers or beams, their

mechanical strength may not be enough for the implantation as

the artificial cochleae for the long period. On the other hand, White

and Grosh [8] developed a device made of polyimide membrane

with Si3N4 beams. The demonstration for the frequency selectivity

was conducted at the higher frequency range compared with the

audible one. Wittbrodt et al. [9] also developed a device made of

polyimide membrane with Al beams. They reported that the device

possessed some similarities with the biological cochlea in terms

of traveling waves, the frequency to place tonotopic organization,

and the roll off beyond the characteristic place.

The acoustic sensor which is developed in this paper realizes

both the frequency selectivity and the conversion of acoustic wave

to the electric signal in the liquid environment without an exter­

nal energy supply. The device is designed as a prototype model

to test the basic concept of the acoustic sensor for the devel­

opment of the self­contained implantable artificial cochlea. The

device consists of a piezoelectric membrane fixed on a trapezoidal

slit, where the membrane over the slit works as a detector. We

name this trapezoidal membrane as an artificial basilar membrane

(ABM). Discrete electrodes are fabricated on ABM by technologies

of micro electromechanical systems (MEMS) to measure the elec­

tric signals generated in response to the externally applied acoustic

waves. To model the liquid environment, the fluid channel which

locates under ABM is filled with a silicone oil as a model of lymph

fluid in the cochlea. The ABM’s vibration is measured using a laser

Doppler vibrometer (LDV) at the various frequencies in the range of

1.0–20 kHz. The electric output is measured through the electrodes

using a preamplifier. To predict the performance of the present

device, the oscillatory dynamics of ABM is theoretically analyzed

based on the vibrating equation of a thin plate bending and equa­

tions for the fluid dynamics. The phenomenon of fluid­structure

interaction is treated by coupling those basic equations. To treat the

wave motion on trapezoidal ABM, the Wentzel–Kramers–Brillouin

(WKB) asymptotic solution [10] is used under the assumption of the

gradually varying wavelength. The comparison between the exper­

imental and theoretical results makes clear the detailed mechanism

underlying the frequency selectivity. In addition, discussions for

the further development as an implantable artificial cochlea are

described from the viewpoint of magnitude of electric signal and

the device size.

2. Principles and experimental methods

2.1. Basic mechanism of frequency selectivity and electric signal

generation

A schematic and a photograph of piezoelectric acoustic sen­

sor developed here are shown in Fig. 1. The device comprises

a polyvinylidine difluoride (PVDF) membrane (KUREHA, Japan)

bonded on a stainless plate with a trapezoidal slit and discrete

electrodes distributed along x axis. PVDF is a piezoelectric mate­

rial which can convert mechanical stresses to electric signals. The

trapezoidal slit is designed so that the membrane over it, i.e. ABM,

can be easily vibrated by the acoustic wave. The width b(x) of ABM

is linearly varied in the ranges of 2.0–4.0 mm along x of 30 mm

long. This shape is intended to mimic the passive basilar mem­

brane, that is, the local resonant frequency (LRF) of ABM gradually

changes due to the varying mechanical boundary conditions along

x. LRF is expected to be decreased as x increases. Applying acous­

tic wave with a certain frequency to ABM, a local place vibrates

with relatively large amplitude due to the resonance. Electric sig­

nals are generated by the piezoelectric effect with respect to the

local stress in ABM. Thus, the electrode on the resonating place

gives a relatively large electric output. This is the basic mechanism

of frequency selectivity realized by the association of resonance of

vibration and the discrete electrode array. The device is mounted

on a substrate with a fluid channel, where the channel dimen­

sions are 47 × 17 mm rectangle and 4 mm deep. To model an in vivo

environment, the fluid channel is filled with silicone oil (Shin­Etsu

Chemical, Japan). The density and the viscosity of silicone oil are

873 kg/m3 and 1.75 × 10−3 Pa s, respectively, where those of lymph

fluid in cochleae are typically reported as 1.0 × 103 kg/m3 [11] and

from 1.0 × 10−3 to 1.97 × 10−3 Pa s [12,13], respectively. Although

the both sides of basilar membrane in vivo face to the lymph fluid, in

this experiment, only the bottom side of ABM faces to the silicone oil

for the stable optical measurement from the upper side. The effect

of this simplification is discussed by the theoretical analysis in the

later section. Furthermore, the size of this ABM is relatively large to

be implanted into the human cochlea. However, the main purpose

of this paper is to test the basic mechanism of proposed system

in terms of acoustic/electric conversion and the frequency selec­

tivity. The optimization and the miniaturization will be remained

as a future work. The advantages of miniaturized ABM are again

discussed in later section.
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Fig. 1. Schematic and photograph of piezoelectric acoustic sensor; (a) 3D view, (b) cross sectional view at AB, and (c) photograph (Unit: mm).

2.2. Experimental setup

The electrode array with 24 elements made of an aluminum

thin film is fabricated on an upper side of a 40 mm thick PVDF

membrane based on a standard photolithography and an etching

process. For convenience, the electrodes are named as Ch.1–Ch.24

as shown in Fig. 1(a). The each electrode of 0.50 × 1.0 mm rectan­

gular shape is equally spaced 1.0 mm center to center, resulting in a

gap of 0.50 mm between two adjacent electrodes. The ground elec­

trode is prepared as a common one for all discrete electrodes on the

lower side of ABM. The membrane is glued on the stainless plate

to be the trapezoidal ABM. Since the electrodes of about 100 nm

thick are extremely thinner than the PVDF of 40 mm, they may not

strongly affect on the vibrating characteristics of ABM.

Fig. 2 shows a schematic of experimental setup. The sinusoidal

acoustic wave is applied to the device from a speaker (FOSTEX,

Japan) which is located 120 mm distant with 45◦ at a tilt. The

speaker is previously calibrated to realize the constant sound pres­

Fig. 2. Schematic of experimental setup for measurement of vibrating characteris­

tics of ABM.

sure with the precision of ±0.1 dBSPL at various frequencies. The

frequency is controlled by the function generator (NF, Japan) from

1.0 to 20 kHz which is in the range of audible frequency. The device

on the substrate is set on a motorized stage which moves x and

y directions for the measurement of spatial distribution of vibra­

tion amplitude. The velocity of ABM in z due to the vibration by the

acoustic wave is measured by the LDV (Graphtec, Japan). The dis­

placement, which is converted from the velocity data, is analyzed

by an FFT to obtain the amplitude of vibration at the frequency of

acoustic wave. At the same time, the piezoelectric output from the

electrodes is measured in terms of voltage using a preamplifier and

an oscilloscope.

2.3. Oscillatory dynamics of artificial basilar membrane

Because the phenomena including the fluid­structure interac­

tion are relatively complex, it is important for practical engineering

to develop a theoretical model that effectively and easily predicts

the vibrating characteristics of ABM. To obtain a mathematical

solution, the following assumptions are made based on the exper­

imental observations.

(1) The vibration of ABM is modeled as the bending vibration of a

thin plate with small­amplitudes. The plain stress condition is

valid, since the thickness h of ABM is small compared with the

width or length.

(2) The fluid flow is assumed as incompressible, since O(ω2L2/c2)

is 10−2–10−6, where the angular frequency ω is O(103)–O(105),

the characteristic length L is O(10−3), and the sound velocity c

is O(103).

(3) The effects of gravity and viscosity of surrounding fluid are

ignored.

The governing equation for the bending vibration of a plate with

isotropic mechanical properties can be described as

�mh
∂2w

∂t2
+ D

[

∂4w

∂x4
+ 2

∂4w

∂x2∂y2
+

∂4w

∂y4

]

= p0 (1)
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where D, p0, w, and �m are the bending rigidity, the pressure of

acoustic wave, the displacement in z direction, and the density

of ABM, respectively. The bending rigidity D is related to Young’s

modulus E as

D =
Eh3

12(1 − �2)
(2)

where � is the Poisson ratio.

The basic equation for the fluid flow is the Laplace equation of

velocity potential �f as

∂2�f

∂x2
+

∂2�f

∂y2
+

∂2�f

∂z2
= 0 (3)

The velocity potential �f is related to the velocity components

(ux, uy, uz) as

ux =
∂�f

∂x
, uy =

∂�f

∂y
, uz =

∂�f

∂z
(4)

respectively. The subscript f is u or l, where u and l indicate the fluid

at the upper and lower sides of ABM, respectively. Furthermore, the

velocity potential �f is related to the pressure as

�f
∂�f

∂t
= −pf (5)

where �f is the density of fluid.

The governing equations are solved with the following boundary

conditions. The normal velocities at the wall of fluid channel are

written as

uz =
∂�l

∂z
= 0 at z = −L2 (6)

uy =
∂�l

∂y
= 0 at y = ±

L1

2
(7)

where L1 and L2 are the width and the depth of fluid channel,

respectively. The kinematic boundary condition at z = 0 is written

as

∂w

∂t
=

∂�f

∂z
at z = 0 (8)

The thickness h of ABM is ignored in the analysis of fluid flow,

since it is relatively small compared with the depth L2 of fluid chan­

nel. The pressure p0 is the pressure difference between the upper

and lower sides of ABM and can be written as

p0 = −�l
∂�l

∂t
+ �u

∂�u

∂t
at z = 0 (9)

Since �l is extremely large compared with �u in the present

experiment, Eq. (9) is approximated as

p0
∼= −�l

∂�l

∂t
at z = 0 (10)

To obtain the oscillatory solution at the periodic steady state,

following assumptions are made.

(4) A single mode �(x, y) is used for the shape function of ABM’s

bending in y direction. �(x, y) is determined based on the analyt­

ical solution of a vibrating beam with the first mode, the length

of b(x), and the fixed boundary conditions at y = ±b(x)/2 as

�(x, y)=







c1 cos

(

ˇ

b(x)
y

)

+c2 cos h

(

ˇ

b(x)
y

)

at −
b(x)

2
≤y≤

b(x)

2

0 at −
L1

2
≤ y ≤ −

b(x)

2
and

b(x)

2
≤ y ≤

L1

2

(11)

where c1, c2, and ˇ are constants of 0.8827, 0.1173 and 4.730,

respectively. These constants are determined to make �(x, y)

satisfy the fixed boundary conditions at y = ±b(x)/2.

(5) The wave is considered as a slowly varying wave in x direction.

That is, the 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 a one wavelength. In this case, the waves can be treated as

pseudo plane ones and can be described by the WKB asymptotic

solution [10].

Based on these assumptions described above, the displacement

w(x, y, t) of ABM can be written as

w = W (x) � (x, y) e
i
∫ x

0
k(�)d�

e−iωt (12)

where i and W(x) are the imaginary number and the envelope func­

tion, 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 [14]. The main purpose

of the theoretical analysis is to predict the distribution of the local

resonant frequency and to clarify the effect of the surrounding fluid

on the resonance. Therefore, to simplify the mathematical devel­

opment, only the forward wave is included in the analysis. On the

other hand, the solution for Eq. (3) which satisfies the boundary

conditions of Eqs. (6) and (7) is written as

�l =

∞
∑

j=0

Aj cos h
[

�j (z + L2)
]

cos

(

j�

L1
y
)

e
i
∫ x

0
k(�)d�

e−iωt (13)

where Aj and �j are the Fourier coefficient for jth mode and

[k2(x) + (jp/L1)2]1/2, respectively. From Eqs. (8), (12) and (13), the

following equation is obtained:

iωW(x)�(x, y) = −

∞
∑

j=0

Aj�j sin h(�jL2) cos

(

j�

L1
y
)

(14)

Using the orthogonality of cosine function, Aj is calculated as

Aj = −

iωW (x)
∫ b(x)/2

−b(x)/2
� (x, y) cos

(

j�y/L1

)

dy

�j sin h
(

�jL2

)∫ L1/2

−L1/2
cos2

(

j�y/L1

)

dy
(15)

Eqs. (10) and (12) are substituted into Eq. (1). Then, multiplying

�(x, y) to Eq. (1), and integrating from −b(x)/2 to b(x)/2 with respect

to y, the following eikonal equation is obtained:

f (x, ω)

= D

[

k4 (x)

∫ b(x)/2

−b(x)/2

�2 (x, y) dy − 2k2 (x)

×

∫ b(x)/2

−b(x)/2

� (x, y) ∂2� (x, y) /∂y2dy +

[

ˇ/b (x)
]4

∫ b(x)/2

−b(x)/2

�2 (x, y) dy

]

− ω2







�mh

∫ b(x)/2

−b(x)/2

�2 (x, y) dy + �l

∞
∑

j=0

[

∫ b(x)/2

−b(x)/2
� (x, y) cos

(

j�y/L1

)

dy

]2

�j tan h
(

�jL2

)∫ L1/2

−L1/2

cos2
(

j�y/L1

)

dy







(16)

Eq. (16) describes the dispersion relationship between k(x) and

ω at various x. The effect of surrounding fluid is found in the last

term of Eq. (16). Since this term contributes to increase the effective

mass for the vibration, the resonant frequency may be decreased by

the surrounding fluid. From the average variation principle [14], it

is known that the eikonal equation has the relationship with W(x)

as

W(x) =
c

(

∂f
∂k

)1/2
(17)



H. Shintaku et al. / Sensors and Actuators A 158 (2010) 183–192 187

Table 1

Parameters for prediction.

Parameter Symbol Value

Width of ABM (m) b(x) b(x) = 0.002 + 0.002x/L3

Young’s modulus of PVDF (Pa) E 3 × 109a

Width of fluid channel (m) L1 0.017

Depth of fluid channel (m) L2 0.004

Length of ABM (m) L3 0.03

Poisson ratio of PVDF � 0.29a

Density of PVDF (kg/m3) �m 1780 [15]

Density of silicone oil (kg/m3) �s 873b

Density of air (kg/m3) �a 1.2 [16]

a From technical report by KUREHA.
b From technical report by Shin­Etsu Chemical.

where c is a constant. Eq. (17) is the transport equation which

describes the qualitative distribution of W(x).

The parameters for the prediction are listed in Table 1. If the

angular frequency ω is given as that of externally applied acoustic

wave, only the wave number k(x) is a variable to be solved in Eq.

(16), where Eq. (16) is reduced to f(k(x)) = 0. At various ω, Eq. (16)

is solved numerically by the Newton method. The iteration proce­

dure is repeated until the residual becomes less than a specified

tolerance of 10−6. The term including summation is treated from

j = 0 to 30, which is adequate for the tolerance. The calculation is

conducted for the two cases of filling the fluid channel with the air

and of that with the liquid. The frequency is changed in the ranges

of 3.5–14.0 kHz in the air environment and 0.7–3.6 kHz in the liq­

uid environment, respectively. At those frequencies, Eq. (16) gives

solutions and W(x) has a peak on ABM.

Fig. 3 shows W(x) which describes the qualitative amplitude dis­

tribution defined by Eq. (17). W(x) in the air environment of Fig. 3(a)

shows a clear peak at each frequency, where the peak indicates

the resonance at the local place. Comparing W(x) at different fre­

quencies, it is found that the peak position shifts to smaller x as

the frequency increases. It is also found that the peak value of W(x)

decreases as the frequency increases. Fig. 3(b) shows the W(x) in the

liquid environment. As same with the result in the air environment,

the peak position shifts to smaller x as the frequency increases.

However, compared with the results in the air environment, W(x)

in the liquid environment shows peaks at smaller frequencies. By

comparing the results at 3.5 kHz in Fig. 3(a) and (b), the effect of the

surrounding fluid on W(x) can be discussed in detail. Although ABM

is vibrated at the same frequency, it is found that the peak position

in the liquid environment is shifted to smaller x and the form of W(x)

is moderated compared with those in the air environment. These

results indicate that the stronger fluid­structure interaction due to

the higher density decreases the resonant frequency and relaxes

the resonance. Based on Eq. (16), the mechanism of decreasing the

resonant frequency in the liquid environment is that the effective

mass for the vibration is increased due to the much higher den­

sity of the liquid compared with that of the air. The reason for the

moderated resonance is discussed later.

Fig. 4(a) shows the distributions of k(x) in the air environment

at 3.5, 6.0, 9.0, and 12.0 kHz. In Fig. 4(a), it is found that k(x) in

the air environment increases with x. There is a certain position

of xinc where k(x) rapidly increases. xinc is mathematically defined

as the position where k(x) gives the largest gradient. At larger x

than xinc, O(k(x)) is 102–103 m−1 and the wavelength is 63–6.3 mm.

At smaller x than xinc, k(x) is very small which corresponds to

the extremely long wavelength. Comparing the results at differ­

ent frequencies, it is found that xinc becomes smaller at the higher

frequency. It is also found that xinc is close to the peak position of

W(x) in Fig. 3(a). Since the result is obtained by the analysis based

on the WKB solution, the wavelength should be short enough to

treat b(x) as a slowly varying function. Furthermore, k(x) should be

gradually changed by x. Thus, the precision of result should be rel­

atively bad around xinc and at smaller x than xinc. Fig. 4(b) shows

the k(x) distributions in the liquid environment at 1.0, 2.0, 3.0, and

3.5 kHz. k(x) in the liquid environment gradually increases with x

compared with that in the air environment. Although the resonant

frequencies are different between in the air and in the liquid envi­

Fig. 3. Theoretical results of envelope function W(x) in (a) air and in (b) liquid environments for various frequencies.

Fig. 4. Theoretical results of wave number k(x) in (a) air and in (b) liquid environments for various frequencies.
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Fig. 5. Theoretical results of local resonant frequencies in air and in liquid environ­

ments.

ronments, the orders of k(x) around xinc and at larger x than xinc are

similar to the results in the air environment. From this result, it can

be said that the resonance is governed by the wavelength which is

strongly related to the geometry of ABM. xinc is closely connected

with the peak position of W(x) shown in Fig. 3(b). Furthermore,

the reason for the moderated resonance in the liquid environment

can be explained by comparing Fig. 4(a) and (b). Since k(x) in the air

environment rapidly changes around the resonance place as shown

in Fig. 4(a), the evolution of W(x) also does. It is owing to the fact

that the resonance condition is governed by the wavelength. On the

contrary, since k(x) in the liquid environment gradually changes

around the resonance place as shown in Fig. 4(b), the peak of W(x)

becomes to be moderated.

Fig. 5 shows the relationship between the resonant frequency

fr and x. Both fr in the air and in the liquid environments decrease

as x increases and fr in the liquid environment is lower than that in

the air environment due to the increase of effective mass. Although

the auditory frequency is widely ranged from 20 × 10−3 to 20 kHz,

the device can cover only the part of it. It works at the frequen­

cies over the ranges of 3.5–14 kHz in the air environment and

0.7–3.6 kHz in the liquid environment, respectively. For the clinical

application, the device should be optimized to realize the frequency

selectivity in the required frequency range for a daily conversation.

Furthermore, distribution of fr should be fitted to that in the biolog­

ical system from the viewpoint of natural hearing. To solve these

problems, the geometrical optimizations of ABM can be effectively

carried out in our future work based on the theoretical analysis

developed here.

The theoretical analysis is carried out based on the experimental

condition, where only the bottom side of ABM faces to the liquid. In

case of ABM facing to the liquid at both sides, the difference is found

in the last term of Eq. (16) which includes the effect of surrounding

fluid. In case of the same fluid channel is placed on the upper side

of ABM and is filled with the same liquid, the last term is double of

that in Eq. (16). Consequently, the larger effect of surrounding fluid

is induced, that is, the further decrease of resonant frequency is

found due to the increase of effective mass for the vibration, where

the figure is omitted.

Furthermore, the theoretical analysis is carried out based on the

assumption of the small amplitude. The basic equations are solved

by WKB treatment which cannot quantitatively predict the vibrat­

ing amplitude. Therefore, it is difficult to precisely estimate the

piezoelectric output which is determined by the strain in the mem­

brane. The investigation on the piezoelectric output can be made by

the numerical analysis based on the finite element method, which

is our future research.

3. Results and discussion

3.1. Performance test in air environment

The basic vibrating characteristics of ABM in the air environment

are investigated as a preliminary experiment. This experiment is

conducted without filling the fluid channel with the silicone oil.

The amplitude distributions of vibration are measured by applying

acoustic waves of 75 dBSPL. The frequency is controlled over the

range of 1.0–20.0 kHz, which covers the part of human’s audible

frequency. The amplitude of vibration becomes relatively small at

the frequencies both lower than 3.0 kHz and higher than 18.0 kHz.

It may be owing to that ABM is designed to have LRF for the

first mode over the range of 3.5–14.0 kHz in the air environment.

Fig. 6(a)–(d) show the amplitude distribution at f = 4.0, 6.0, 9.0, and

12.0 kHz, respectively. The amplitude distribution clearly shows

dependence on the frequency. The place with maximum ampli­

tude, where ABM is locally resonating, shifts to the smaller x as the

frequency increases. This relationship between the position of res­

onating place and the frequency successfully has similarities with

that of biological basilar membranes. Furthermore, in Fig. 6(c) and

(d), it is found that there are several extrema indicated by arrows

at the larger x than that of resonating place. These may be induced

by the standing wave due to the traveling waves to positive and

negative directions of x. The reason why the standing wave is not

observed at the smaller x than that of resonating place is that the

wavelength is relatively long at those positions. This is confirmed

by the theoretical result of relatively small k(x) as shown in Fig. 4(a).

In the biological cochlea, the acoustic wave travels from the basal

to the apex. However, in our experiment, it is applied to the entire

ABM from the air. As a result, the relatively large effects of the stand­

ing waves are induced in our experiment due to the small damping

effects from the surrounding fluid.

Fig. 7(a)–(c) show the frequency dependences of vibration and

the piezoelectric output at Ch. 6, Ch. 12 and Ch. 18, respectively.

The amplitudes of vibration and the piezoelectric output are plot­

ted by a solid line and by a broken line, respectively. It seems that

each electrode has a specific frequency where the electrode gives

Fig. 6. Experimental results of contour maps of vibration amplitude at (a) f = 4.0 kHz,

(b) 6.0 kHz, (c) 9.0 kHz, and (d) 12.0 kHz in air.
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Fig. 7. Experimental results of vibration amplitude and piezoelectric output from

(a) Ch. 6, (b) Ch. 12 and (c) Ch. 18 at various frequencies in air.

relatively large outputs. The specific frequency is defined as LRF of

electrode. LRF decreases as the channel number increases, i.e., as

the position x increases. Extremal amplitudes at other frequencies

of LRF may indicate the effect of standing waves. That is, in case of

the electrode locates on the antinode of standing wave, the ampli­

tude from the electrode increases. On the other hand, in case of the

electrode locates on the node, the amplitude decreases. As reported

in Refs. [7,8,17], pretension in the membrane may be a main reason

for the standing wave which results in the multiple­peaks as shown

in Fig. 7. However, it is difficult to precisely control the pretension

in our fabrication process. Therefore, the mechanism of this result

remained to be solved in this study. The frequency dependences of

vibration and the piezoelectric output are qualitatively similar to

each other. The reason of their similarity can be explained as fol­

lows. Since ABM is relatively narrow in y direction compared with

that in the x direction, the vibration is mainly effected by the bound­

ary conditions at y = ±b(x)/2. As the result of that, the piezoelectric

output is dominated by the ABM’s local structural strain in y direc­

tion. Furthermore, the piezoelectric constant in y direction is larger

than that in x direction. This may make the strong dependence of

piezoelectric output on the strain in y direction.

Fig. 8 shows the relationship between LRF fr and position x.

Circles are LRF which are determined by the vibration and the

Fig. 8. Comparison of theoretically and experimentally obtained results of local

resonant frequency fr in air.

piezoelectric output. LRF decreases from 19.8 to 6.6 kHz as x

increases. This experimental LRF is in qualitative agreement with

the theoretical prediction of Eq. (16) which is drawn by the solid

line. In the quantitative comparison, however, almost all exper­

imental results are slightly higher than the predictions. One of

possible reasons is the underestimation of E. Since E from literatures

widely distributes as 3.0–11.0 GPa [18,19], we used a reference

value of 3.0 GPa for the prediction. If we use higher value of 8.0 GPa,

the precision is improved as shown by the broken line in Fig. 8.

Fig. 9(a) shows the relationship between the external sound

pressure and the amplitude of vibration in ABM. This investiga­

tion is conducted at LRF of each electrode. To show the results

over the range of 60–90 dBSPL, those are drawn in the log­dBSPL

plot. From the gradient of results, it is found that the amplitude

of vibration at LRF linearly increases with the sound pressure. The

amplitude increases with the channel number, that is, with ABM’s

width. Fig. 9(b) shows the relationship between the sound pressure

and the amplitude of piezoelectric output. The amplitude of piezo­

electric output also shows the linear relationship with the sound

pressure. These results suggest that the device can detect not only

the frequency of acoustic wave but also the magnitude of it.

3.2. Performance test in liquid environment

The performance of device in the liquid environment is inves­

tigated by filling the fluid channel with the silicone oil with the

Fig. 9. Experimental results in effect of sound pressure on amplitudes (a) of vibration and (b) of piezoelectric output in air.
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Fig. 10. Experimental results of contour maps of vibration amplitude at (a)

f = 1.5 kHz, (b) 2.0 kHz, (c) 3.0 kHz and (d) 4.0 kHz in silicone oil of 1.75 × 10−3 Pa s.

viscosity of 1.75 × 10−3 Pa s. This investigation is intended to test

the applicability of device for implanting into the cochlea. Since

the outputs from ABM are relatively small compared with that in

the air environment, the sound pressure is increased to be 85 dBSPL

for this experiment. This decrease of outputs in the silicone oil may

be caused by energy dissipation in liquid environment due to the

viscosity and the stronger fluid­structure interaction of ABM due to

the density, however, the detailed mechanism has not been clari­

fied. Fig. 10 shows the contour maps of amplitude distribution at

(a)f = 1.5 kHz, (b)2.0 kHz, (c)3.0 kHz and (d) 4.0 kHz, respectively.

The qualitative frequency dependence of vibration is similar to that

in the air environment. That is, the location with the maximum

amplitude is shifted to the smaller x as the frequency increases.

However, the frequency ranges where ABM shows peak amplitude

in the silicone oil are lower than that in the air environment. Com­

paring Fig. 6(a) and Fig. 10(d), the effect of surrounding fluid can

be discussed in detail. In spite of driving the device at the same

frequency of 4.0 kHz, these results clearly show the different vibra­

tion behavior. It is found that the maximum amplitude is found

at the smaller x in the silicone oil compared with that in the air

environment. This difference may be caused by the fluid­structure

interaction as discussed in the earlier section. That is, compared

with the result in the air environment, the effective mass for the

vibration is increased in the silicone oil. As a result, the place with

maximum amplitude is shifted to the smaller x in the silicone oil at

the same frequency. Furthermore, the effects of standing wave in

the silicone oil which are indicated by arrows seem relatively large

compared with that in the air environment. This fact is predicted

by the theoretical analysis that the resonance is relaxed due to the

surrounding liquid as shown in Fig. 3.

Fig. 11 shows the frequency dependences of vibration and piezo­

electric output, where they are indicated by a solid line and the

broken one, respectively. As same with those in the air environ­

ment, the two amplitudes show the similar tendency to each other.

The amplitudes have peaks at each specific frequency which is also

described as LRF for convenience. LRF of Ch. 6, Ch. 12, and Ch. 18

are obtained as 3.64, 2.32, and 1.88 kHz, respectively. From Fig. 11,

it is confirmed that the ABM’s frequency selectivity is success­

Fig. 11. Experimental results of vibration amplitude and piezoelectric output from

(a) Ch. 6, (b) Ch. 12 and (c) Ch. 18 at various frequencies in silicone oil of

1.75 × 10−3 Pa s.

fully realized even in the liquid environment. However, comparing

Figs. 7 and 11, the peak height at the LRF becomes low, i.e., the selec­

tivity seems worse than that in the air environment. This result

qualitatively agrees with the theoretical result that the peak is

relaxed in the liquid environment as shown in Fig. 3. In order to

dramatically improve the frequency selectivity, it is expected that

the sensor including the active feedback control which mimics the

biological cochlea should be developed in future.

Fig. 12 shows the relationship between fr and x in the silicone

oil. From Fig. 12, it is found that the LRF decreases from 4.9 to

1.4 kHz as x increases, where the range is lower than that in the

air environment. The experimentally obtained LRF is compared

Fig. 12. Comparison of theoretically and experimentally obtained results of local

resonant frequency fr in silicon oil of 1.75 × 10−3 Pa s.
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Fig. 13. Experimental results in effect of sound pressure on amplitudes (a) of vibration and (b) of piezoelectric output in silicone oil of 1.75 × 10−3 Pa s.

with the theoretically obtained one in Fig. 12. The predicted LRF

of E = 8.0 GPa which is drawn by the broken line reasonably agrees

with the experimentally obtained ones. From this agreement, it can

be said that the theoretical analysis well reproduces the effect of

the fluid­structure interaction on LRF. Since the theoretical analy­

sis is carried out with inviscid fluid model, it can also be said that

the decrease of LRF in the liquid environment is governed by the

increase of effective mass for the vibration under the condition of

constant sound pressure.

Fig. 13(a) shows the relationships between the sound pressure

and the amplitudes of vibration. The amplitude of vibration lin­

early increases with the sound pressure. However, the amplitude

of piezoelectric output shown in Fig. 13 (b) seems to be nonlinear

especially at the low sound pressure level of 60–70 dBSPL. It may

be due to the viscosity of liquid, however, it is difficult to confirm

the reason for the nonlinear relationship due to the lack of the basic

knowledge, where it is in our future work. As shown in Fig. 13(b),

the amplitude of piezoelectric output is about 16 mV at 90 dBSPL

in the silicone oil. The acoustic wave of 90 dBSPL is relatively loud

for the normal hearing. Even applying such a high sound pressure,

the developed device can generate several tens of mV at most. To

effectively stimulate nerve cells [20], the electric output should be

amplified. One of the methods for the amplification is to use equip­

ment such as a hearing aid, where it amplifies the sound pressure.

Another solution is the downsizing of device using a fully micro­

machining process, since the thinner membrane can generate the

larger voltage. That is, the piezoelectric voltage Vp is proportional to

the stress � and the square of thickness h as Vp ∝ �h2. On the other

hand, the stress � of ABM is inversely proportional to the cube of

thickness as � ∝ h−3. Consequently, the voltage is inversely propor­

tional to the thickness as Vp ∝ h−1. The reduction of thickness can

be easily realized by means of microfabrication and the thin films

technologies. Thus, the implantable device will be developed based

on those technologies in our future work.

3.3. Effect of viscosity on frequency selectivity

Fig. 14 shows the contour maps of amplitude distribution using

the higher viscous silicone oil of 1.75 × 10−2 Pa s at (a)f = 1.5 kHz,

(b)2.0 kHz, (c)3.0 kHz and (d) 4.0 kHz, respectively. The viscosity

of the silicone oil is ten times higher than that in the previous

section. The positions of maximum amplitude are x = 28.0, 24.0,

20.5, and 10.5 mm for f = 1.5, 2.0, 3.0, and 4.0 kHz, respectively as

shown in Fig. 14. On the other hand, those are x = 27.0, 21.0, 16.0,

and 10.0 mm in the results of 1.75 × 10−3 Pa s as shown in Fig. 10.

From this result, it can be said that the effect of viscosity on the

position of the resonating place seems small. It is also found that

the local maximum amplitudes due to the standing wave are rel­

atively small in Fig. 14 compared with those in Fig. 10. That is

Table 2

Ratio a1/a2 of height between the highest peak and the secondary highest one.

Frequency f (Hz) Ratio at 1.75 × 10−3 Pa s

a1/a2

Ratio at 1.75 × 10−2 Pa s

a1/a2

1.5 1.52 1.69

2.0 1.03 1.56

3.0 1.08 1.96

4.0 1.89 2.08

quantitatively confirmed by the ratio a1/a2 which is the ratio of

amplitudes between the highest peak a1 and the secondary highest

peak a2 in Table 2. Comparing the results between 1.75 × 10−3 Pa s

and 1.75 × 10−2 Pa s, it is found that the highest peak is significant

in the higher viscous silicone oil. This may be caused because the

wave is damped more rapidly in the higher viscous one. From the

viewpoint of application, this result indicates that the effect of vis­

cosity may contribute to improve the frequency selectivity. It is

also possible to discuss the effect of viscosity by comparing the

result between in the air and in the liquid environments. However,

there are two different types of fluid­structure interactions of the

increase in the effective mass and the viscous damping between

Fig. 14. Experimental results of contour maps of vibration amplitude at (a)

f = 1.5 kHz, (b) 2.0 kHz, (c) 3.0 kHz and (d) 4.0 kHz in silicone oil of 1.75 × 10−2 Pa s.
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those conditions. Since they contribute to the frequency selectiv­

ity oppositely, it is difficult to discuss separately. The development

of theoretical analysis using full Navier­Stokes equation should be

made in future research.

4. Concluding remarks

In this paper, we reported a novel piezoelectric artificial cochlea

which worked as a sensor with the acoustic/electric conversion

and with the frequency selectivity based on MEMS technology.

The basic performances of prototype device both in the air and

in the liquid environments were investigated experimentally and

theoretically.

The vibrating characteristics of trapezoidal ABM were measured

by applying acoustic waves at a certain frequency. The location

with the maximum amplitude was shifted toward narrower area

of trapezoidal ABM as the frequency increased. This phenomenon

indicated that the developed device successfully realized the fre­

quency selectivity.

The frequency dependences of vibration and piezoelectric out­

put were investigated both in the air and in the silicone oil of

1.75 × 10−3 Pa s. The resonant frequencies were determined to be

over the ranges of 6.6–19.8 kHz in the air and 1.4–4.9 kHz in the sil­

icone oil, respectively. The decrease in the resonant frequency due

to the silicone oil must be the effect of fluid­structure interaction,

that is, the interaction between the acoustic wave in the fluid and

the membrane vibration. The interaction contributed to increase

the effective mass for the vibration. This consideration was con­

firmed by the reasonable agreement between the experiment and

the theory in terms of local resonant frequency.

The viscous effect of surrounding fluid on the vibration was

explored using the higher viscous silicone oil of 1.75 × 10−2 Pa s.

The effect on the resonating place seemed to be small between

1.75 × 10−3 and 1.75 × 10−2 Pa s. However, it was found that the

higher viscous liquid suppressed the standing wave and improved

the frequency selectivity.

To develop the fully implantable device in our future work, the

amplification of voltage may be required to effectively stimulate

nerve cells. Furthermore, the present device is relatively large for

the implantation into a cochlea. These problems can be solved by

the use of microfabrication and thin films technologies. The minia­

turization is accomplished by the technology straightforward. And

the larger electric signals can be generated using the thinner ABM,

since the voltage is expected to be inversed proportional to the

thickness. As a matter of course, these further developments must

be conducted considering the frequency dependence. Thus, the the­

oretical approach which is described here is useful to design it in

our future work.
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