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In this paper, we report a novel piezoelectric artificial cochlea which works as an acoustic sensor with frequency selectivity. This 
system realizes the selectivity with the association of the local resonance of oscillation, the piezoelectric effect and the 
micro fabricated electrode array. The artificial cochlea is composed of a membrane of 40 µm-thick polyvinylidine d11luoride (PVDF) 
which is fixed on a substrate with a trapezoidal channel. The 1m.:mbrane over the channel works as a sensor and is oscillated by the 
acoustic wave. The width of the sensor is proportionally varied from 2 mm to 4 n.m along the 30 mm of longitudinal direction so as 
to change the local resonance frequency of the sensor with respect to the positinr. A detecting electrode array with 24-clemcnts is 
produced by aluminum thin film with 500 µmx I mm rectangle and I mm in spa.:e, where they are located in a center line of the 
trapezoidal channel. The measurements of the oscillating amplitude using a laser Doppler vibrometer reveal that the sensor has 
,pecific vibration chahctcristics in response to the frequency from 3 kHz to 15 kHz. As the result of the vibration characteristics, the 
piezoelectric output from the electrodes show the frequency selectivity. From these findings, the application feasibility of the 
artificial cochlea is confirmed. 

Keywords: fluid-strucrure interaction. acoustic sensor, cochlea, microelectromechanical systems 

I. Introduction

Sensorineural hearing loss is deafness caused by the damage 
on the hair cells of the cochlea. where the hair cells conn:rt 
acoustic wave to electrical signals that stimulate the auditory 
nerve. Recently, the anificial cochlea is used as the medical 
treatment for the deaf patients. The current artificial cochlea 
consists of implantable stimulating electrodes and an 
extracorporcal device, \\·hich bypasses the damaged hair cells 
by generating electric current in response to the acoustic wave. 
However, there are some essential disadvantages in the current 
artificial cochlea that extracorporeal device inr!uding battery, 
,ound processor, and microphone is indispensable. This 
�1ruation motivates us to develop a fully self contained 
artificial cochlea. 
The important role of the artificial cochlea is not only 

..:onversion of acoustic \1·aves to electrical signals but also the 
fn.:quency selectivity. In particular, the selectivity is critical to 
realize the "nantral hearing". In order to artificially realize the 
st:lectivity, some microscaled devices which mimic the 
htological cochlea have been reported. Tanaka et al. 01 Jnd 
Chen et a1.<2J fabricated a beam arrays which arc fixed OYer a
trapezoidal channel. Despite its frequency selectivity, the 
mechanical strength of the device is not enough due to its beam 
structure. White et at.<ll developed a fully microfabricated 
cochlear model made of the polyimide membrane with Si3N4 

beams. However, the frequency range is relatively higher than 
the audible frequency from 20 Hz t� 20 kHz. 

In this paper, we report a prototype device for the 
deYclopment of a fully self contained artificial cochlear, where 
the device realizes the frequency selecti\·ity and generation of 
electrical output in the range of audible frequency. As a first 
step, we here focus on the basic characteristics of the device in 
atmosphere. The device consists of a piezoelectric sensor with 
a trapezoidal shape ,o as to generate the frequency-dependent 
electrical output. The vibration of the sensor is measured using 
laser Doppler vibrometer (LDV) to measure the 
frequency-dependence of the oscillation of sensor. The 
relationship between the oscillation and piezoelectric output is 
also investigated based on the experimental result. Moreover, 
the experimental result in tem1s of the local resonance 
frequency is compared with theoretical one based on the plate 

bending model. 

2. Experimental Method

Schematic of the developed artificial cochlea is shown in 
Fig. I. The artificial cochlea is composed of a 40 µm thick 
polyvinylidine difluoride (PVDF) membrane (KUREHA, 
Japan) and a substrate with a trapezoidal channel. The 
trapezoidal channel is designed so that the membrane O\'Cr it is 
oscillated by the acoustic wave. The width of the channel 
proportionally changes from 2.0 mm to 4.0 mm along the 
longirudinal direction with the length of 30 mm. This shape is 
intended to mimic the passive basilar membrane, that is, the 
local resonance freque!lcy of the sensor is gradually changing 
along the longitudinal direction due to the variation of the local 
mechanical boundary condition. Lower resonance frequency is 
expected at the wider side, whereas lager one is at narrower 
one. Applying acoustic wave with a certain frequency, the 
locally resonating place shows a relatively large 
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displacement. This realizes the frequency selectivity of the 
artificial cochlea with the association of the piezoelectric 
effect and electrode array. The electrode array with 24 
elements made of aluminum thin film is fabricated on the 
PVDF membrane based on a standard photolithography and 
etching. The each electrode with the width of 0.5 mm is 
equally spaced 1.0 mm center to center, resulting in a gap of 
0.5 mm between two adjacent electrodes, whereas the bottom 
electrode is prepared as a common electrode on the backside. 
The acoustic wave is generated using a speaker (FORTEX, 
Japan) which locates with 120 mm at a distance and 45 degree 
at a tilt. The frequency is controlled from 3 kHz to 20 kHz. The 
vertical velocity due to the acoustic wave is measured by LDV. 
The displacement which is converted from the velocity data is 
analyzed by FFT to obtain the amplitude of the oscillation 
from the spectrum data at the frequency of the applied acoustic 
wave. At the same time, the piezoelectric output from the 
electrodes is measured in terms of the voltage. 

3. Results and Discussion

The amplitude distribution of the oscillation at 6 kHz, 9 kHz 
and 12 kHz are shown in Fig.2 (a), (b) and (c), respectively. 
The results clearly show the dependence of the oscillation on 
the frequency of the acoustic wave. There are some positions 
with the local maximum amplitude which are caused by the 
gcne�ation of the standing wave in x direction. Focusing on the 
global maximum amplitude which may be increased by the 
resonance, the position changes from right to left with 
increasing the frequency. This tendency may be induced by the 
proportionally changing width of the trapezoidal sensor along 
the x position. Since the curvature in x dtrection is relatively 
small compared to it in y direction due to the geometrical shape 
of the sensor, the local wave length of the oscillation mainly 
depends on the width at a certain x position. Then, the higher 
local resonance frequency can be obtained at the place where 
the width of the sensor is narrower. 

The relationships betwee.1 the x position of the electrodes and 
piezoelectric output at 5 kHz and 7 kHz are shown in Fig. 3 (a) 
and (b), respectively. For reference, the distribution of the 
oscillation amplitude on x axis is plotted by thin line. The 
piezoelectric output shows the similar dependence with the 
oscillation, where the shape of the distribution qualitatively 
agrees well. In addition, the relationship between position x of 
electrodes and the frequency fr, is obtained as shown in Fig.4, 
where the piewelectric output shows the maximum amplitude 
at/

p
- The fr, increases from 3 kHz to 12 kHz with decreasing the 

position x of electrodes. This result suggests tlie applicability 
of the developed device in terms of the frequency selectivity. 
The ./2 is compared with the relationship between the local 
resonance frequency fr and the position x in Fig.4. The fr shows 
the similar values with /p

- This indicates that the frequency 
selectivity in the piezoelectric output is induced by the local 
resonance oft�� oscillation of the sensor. Furthermore, fr, is 
compared with the theoretical .fr based on the plate bending 
theory solved by the WKB (Wentzel-Kramers-Brillouin) 
asymptotic method<")_ The comparison shows the reasonable 
agreement between them. and the validity of theoretical 
analysis is confirmed. Considering the fact that the audible 
frequency is ranged from 20 Hz to 20 kHz, the developed 
device covers only a part of it. The theoretical analysis predicts 
that the frequency range can be reduced by using thinner 
membranes, for example, it can be reduced from I kHz to 3.5 
kHz with the IO µm thick membrane. The optimized device 
can be easily fabricated by the used of microfabrication 
technologies and the applicability of it will be discussed in the 
future work. 
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Fig. 2 Contour maps of oscillation amplitude at (a) 6 kHz, (b) 9 
kHz and (c) 12 kHz 
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Fig. 3 Oscillation amplitude and piezoelectric one for various 
position x at (a) 5 kHz and (b) 7 kHz. 
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Fig. 4 Dependence of local resonance frequencies offr,andfr on 
the position x for various thickness h of PVDF sensor 

{I) 

(?' _, 

{3) 

References 
Kenji Tanaka and Mototsugu Abe. A novel cochlea ··F,shbone· "ith dual 
sensor/actuator characteristics. IEEE AS�tE Transactions on 
Mechatronics, Vol.3. No.2( 1998), pp.98-105. 
Fangyi Chen, Howard I. Cohen. Thomas G. Btfano. Jason Castle. Jeffrey 
Fortin, Christopher Kapusta. David C. 'vlou:1tain. Aleks Zosuls. and All,·n 
E. Hubbard, A hydromechanical biomime1ic cochlea: Experiments and 
models, Journal of Acoustic Society of America. Vol.119 No.1(2006). pp. 
394--105. 
Rnbert D. White and Karl Gresh, Microengineered hydromechanical 
cochlear model, Proceedings of the National Academy of Sciences of the 
United States of America, Vol. I 02, No.5(2005), pp. 1296-130 I.
Hirofumi Shintaku, Hano Tanujaya, Yohei Nakamoto, Takayuki 
Nakagawa, Satoyuki Kawano, and Juichi Ito. Fluid Dynamical Analysis 
on Basic Characteristics of MEMS Fabricated Anificial Cochlea, The 7th 
JSME-KSME Thermal and Fluids Engineering Conference. p.155 
(CDROM). 


	Prosiding Nonlinear Techno Science 2009_MEMs
	Prosiding Nonlinear Techno Science 2009_MEMs_tes2

