JRAT @R A SRR Mhe (EHEENRBEIEERE (RRHREEDE))
papi L e

MEMS/NEMS #5747 2 Fi N 7= N TR 2 o BRI BE 4 A AF4E

iy PIES O oFs RBRR - HARE T2EAT SRR
WFFEorHAE I OBRKER RBRORFEME T ER
WHFEs e EX NN e 2

BFEEEs © AR I, MO RS 5 A TRGE LA BI% L, H LA THR
AT LEWLTHZEREME LTS, AFERER, 2k CITB% L2 AR
LR DRSS BIRE D RE L 2 B & LT, IR 0 R 5 3INMEENR & KB ik
HIMINT. 7 e X2 % Lie. 2 LT, BEELOMRIC LY, 3IELM/MNE
BIRT LA ORFBEEAK 1L 4 fFISHER LT L Z e W6 L.

A, HWF £

o
m

i
iz,

C

o B R BRI T 21 IE L LTATRNENES AV Tnad. A TARFIEE

(BT HAEBMBEORE TH L E 2 EREFTICERT DMELREL, BREEATHICH
AT2b0THDL. BAE, —REBR THO STV D A LN EIIEPIZ D AT &
N CHEFBITEZT O MNEEZLEL TS5, ZRICKT LT, FEOIXRERES
DIABTIDF T IR N TN E OREL BIE L, W2 5 EERR O IREY R 2 5 L 723
EEEE Y, $hbb, NLEREERZ%E L. ALRRE ERISEEEOIREIRIC L
Y HIINE B O F R SR L OFE/EEERZ TR L 4 5. RBELZMEVERRICHE

LTH L7, BTt KRB O R EUR MBI K - TEFEMICZELT S, Zhic kb,

|

WA= D ISR A T 5 AR A LANCHER T 5. £, EEEREICE, BRIE

jalll

T R LW IRER S DL E ST\ 5. Z OSSR, HIN L7235 05 & B E
R DR EARERS - LIS EIC, TOBMHLOHIBRKIET D, ULoHss
MALT, ANTREE ERIIEDOHEBEERE RN LN, FE/EEEREZITH Z L NFAHET

HY, EEOWFIZR T D EER LA EBMROBRELZ RS S.
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LoL, ZTHE T LI ALERE R T, BEMROEIN—ETH D Z Lok
MR —RTH D ENERER L 7o T, BB ECE A A O A (20Hz~ 20kHz)
LDV RN Do, T T, AWIETIE, FRARAT HIEEHICELEE
5252 L CIRERBEENE LT, BBtV EREb T LA AR L. BRI
&, ZVvART—=N I YT T T 42 AWTENIIEC KD, BEANRR DMMEEBROES
FEBEYWEL, TnaeBB LT 2HFEE U FORBICOV TR L. &6, ®ELEMK
IMRENRT LA D RJPICBT DIREFFEAFHRI L2, 22006, BEAZE(LB L ORERE

WA U B ERBE I J1 05 B R I S I R E T BB W CEEC ST L 7=,
B.  $/MEBHNET LA ORE
BEOZ7+ NI YT T77 4 TRHWHILA T+ b~ A7 1L, SeFmmEDds 0 % 5 % 100 %

DZMERD NG — 2 THREND. —F, ZITHWEZ VA A r—v~ A7, EiEo
TRERRICIN 2 THIFEREFEDR 13 %05 70 %O CHEHICELT D 64 HORAEHEHT 5.
ZHIZXKY 64 KOBRBRDESEATOHRNMNREIREZ —EDOT7+ NI VY757 4 FakR
WZEVIBRT DT LN TED. BUMRENRED/NZ — 13 1.5mm X 30 mm OFEEIIER L
TEY, EXAR0.75mm 75 1.5 mm, 1E2% 50 um A5 600 um O#LPH LT 5. 72721
FIRALRIL, 100 pm OBAE, T 7RO BIFBRMEN 0 %D/ F — L THEfELT-.

T AR —~ A7 OEERIELZTT. £7, IREMEHERT 5 Al #IKEZ T T 2 HAR
FCHES S, 22T, AlEEOREZALEIC OV CEGINICE L S 5729, FURRF
(CH T AFEREFFIROMNC VFRIOBERENHD VY RUS AT R T, @, ¥
RO <27 1 3HM & BESHTRBTHWD D, 2 2 TIEERD D 35 mm B L 72 0@ o
BEL. ZAUTEY, VFIROBEBEORBEAHNES TIL AURNE L, AW T
KD BRI, BEOT7+ M) YT T74EBLOY 7 MA 7Y BaizfEL,

TVA AT == A RS RIZ, BUMRBIRT LA OBYEZ ne 2 &2fid. =
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T, BopEkE LT S FAR EICERE L2 B A5 200 pum DX AR T 4 LA B SU-8
3050 x W, VA AT =N AT EN LT T4 ML YR MNEBHT D L, SKKEIBIZ
B2 HFEREOEVICEY, 74 hL U NOBRENENT S, FRBEDN 100 %DER
S TIE ST ERER E THRBENSND =T, IREE TIEL VR FEREHN S IFRMEITE T
RS ETENEND. T D, PEB(Post Exposure Bake)lZ & V) S04y O LRAE ALiE S,
EHOEE ORBICE 2 BRBIRIC L VRET D &, BRICREE SN RRBER TR S D.
RSN DRORIL, BHEIEKFET D720, KEFONFRFEILL U TROEIHPE
b9 5. UEDREIZESE, EHZEGHNCEL S EIBUIMEEIR T LA ORfER LW
LN FIREIC 72D, Fo, BEYERFIC 330240 nm OFE R DA & HIR S L /3 Ko
T AN 2 HNT, HBEIEER LW ER R 2 BRARAICRI A L, B OSIEE R
ER o7 B ISR LT BUNMRENE T LA 2RO SEM g2y, K1 XY, 64 K7
NTOROBEEIZHA L TND Z ERERTED. 72720, ESH20um LT, 6
725, 1 H Nodd~No.64 Tix, BILROEELHRTED. ZOBRRIIHRT HEEG
INTEEA L THD EZERDNDPFEMIIAATHS. Z 2 THRIELIEARE — AR08
L, TOBED SEM Ei& 70 bUMREVRDOES 2 5H1ll L7z, £ DORER, BUNMRENE DR A

193.02 pm 725 139 pm OETEL L TWD Z LR oTz.

K1 BELEEATRE LD SEM BEE
C. IREVFFIEDFHA
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KEHFIZET DHMEBNR T LA OIREFIEIC OV TR, A E—h & 0 ERkos
Ka2EML, RoREZ L—%— Ky 7 IREF TR L. FHORBEET 1.0 kHz H»
5 350 kHz OFFHIZFNT 0.5 kHz FR TERb S W72, FTEEALEIZ L 2R Z2 76T 5
1201, JBEHDS 18 pm —EDRUNMRENR T L A B W T H RFRIZEHE L7z
FRUORERN G, BEHEEH T DIRIET LA OISEEEERIIE, 11.0kHz (=A)0 5
290 kHz(=H) ToH 5 Z &3 mrole. —F, BEH—EDOIRENET LA T 41.0 kHz(=A)1>5
95.0kHz(=f3) T oTz. LIzDo> T, BEHENEAETHMNMREIRT LA 2B T, JHEHE
BB 114 5EGHADGIANCHER L TN AD Z ERNHERTE 5. LLEOFMAELES
Dz, WM Z A D mmEER A SOE L, WALV 1 KE— Nl IRE) O LR E K
W f RO,

A (1)

Z Z°C, E[Pa)], h[m], Lim]B L p[kg/m’|ix, TNZFh, Yo 7/R, ZORER BEEBIO

BETHL. (DX, I hiZHpldoZ 0, BAEIC L DHEROPLKIL 46.0 5
WD ZEPEIFENS. L, FHEE(L4 )X E TEIS. £, A1) & HEM
ZHRT D&, TRTORIZBNTTFRAMENAVEEZ TE 7. 2k, RotRE R
BT DHIe 63, FlikD OFREIRT), $TRbb, RHCHEELZITTW\WD Z L BREK
EEZLND. FIT, MTBIORENCELDIRT vy VXX L BB XL X %%
NENEMHL, VAU gk

N JH_)(_” o

2w 1t 2
2.[) PAy dx

DO IREEREEEAZEH L-. 22T, 4[m?], I [m*|BX 0T [Pa] 1%, ROWEE, Wik_

RE—AL PBIUSIRERIC TS, EbI, Tobdihit y O,
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yy?(l%) 0<x<L 3)
rHWTZ. yo [mIITRFIEICB T HERKRETHD. 72720, TiE, EH 18 um —ED
W/NMRENT LA XV 19.0 MPa &R 7. EBRFERE O IV, KT No.1~No.44 DRI
BWTHQEFEXDE Y bRWFREEZ 52 52 & 0353 >7-. L, Nods LIz
THFEMEIFA(DICHIT L, EHORD & IR ORERED LT Z R gnoi.
IhE, BOWRTIEDBRVERRICER L CL YA FORBEENMEL, BRSNS
{lpofelebBEBEZX NS, £RFFIZ, ZOREE, KES2FHL, EAEINx
TS BB HIE Lo B8 oV OB ATEREZ "B L TW\W5. 5%, ARELER
MBI L TS B2 RET2HEYD, X VAEKRS ZXT A~TOWERFRTS 27 A 0ORI%Z B L

72U,

D. FE¥EK

1. Hirofumi SHINTAKU and Satoyuki KAWANO, Development of Bionic Auditory Membrane with
Non-Uniform Thickness for Acoustic Sensor with Wide-Range Frequency Selectivity,
Proceedings of ASME-JSME-KSME Joint Fluids Engineering Conference 2011, Hamamatsu, Japan,
July (2011), pp. (36038-1)-(36038-2).

2. HEERESC, JIEFERAR, AT MEMS A LEEEOEEMRME, B AMIES 2011 EEERRKE
CD-ROM, pp. (J054061-1)-(J054061-2), H A, 2011 4E9 H.

3. /IWESE, BT, IR, BAEMEETHMMNMEBRRT VA DT VA R —)L ) V7
T4 K DRE, A ERE 3R~ A T a-F ) TEYURY T LAFEERSCE, pp. 11-12,
HA, 201149 4.
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FEIERDIRENZE# S I 2 L— 3

EAOEE KPR AR R T2 5eF
FNBEREIR T2 R /i LT

1. #E
HORENT, SAHiE(ear canal)Z i@ ¥, HH O HE(tympanic membrane), H/[VE (ossicles) % %
THE DM (cochlea) ™~ & /a5 X415 (Fig. 1(a)). MAFENILY > Clilz S TRy, U
NUHR DYREN 75 B JEAR (basilar membrane, BM) & BRI 5 iR 4 R E) X8 5 (Fig. 1(b)). ZHiZ
&0 FEAITI, m¢%@5%%m¢@%mkﬁﬁﬁﬁﬁﬁﬁ%$Té AT L 2 HJE
BHRIGIE, AT EARBAMEEB OBE L, WATEMATRRE 20, ®EROEE TIdk
JEEBHICIRR &2 5. ;@iﬁu,%rﬁi@%%ui & B FFE DB BV TRRIR
RERL, Z ORBMEEIIRE I $ (characteristic frequency, CF)& FEIEZI T 5
FLEM _EI2iE, =1 8R(organ of Corti) & FRIEAL 2 B MABREED 4345 L TV 5 (Fig. 1(c)). =
JVFEEPNTIE, AME E#AE (outer hair cell, OHC) & WA EHfE(inner hair cell, THC) & FETiL
HEFEMIIBFET S, OHCIZE DT/ A— bAA— X DIRB - EIET 5B E 135 0, THC
IFEER ORI 2 BERE FICEM T 5. Z 0w, EERIRE) & B0 & 13EB R B
BED.
ZHVE THAE OSBRI DT b12, $ix REHATOR TR, L L, WA EEE p

HIZH D Eh, EERENE L. £ 2 CTANMETIE, ARZESRE (finite element method,
FEM) IZX->T, v FABEO=%IC FEM 7 V&2 Lz, £F, ERHEONEET L%
fERRL, T7 VB L MIBT DFHIERE 2L, R T A ERE L. &
7o, RISAE LT, WEETVCNERBZEE L2 T A —Z E W 21T, IR
$KiéﬁﬁﬁT®%ﬁ:%A%ﬁ%%ﬂﬁﬂ%%%ﬁ:bt Eblz, NIHER LRza sk

EREIZHA LTSS ICEERIREIO I 2 L—3a 2 To k.

2. ERRNEETTNLVOEBE

21 NEET IV

ABFGETIX, 77 2 F(stapes) & HilfE(vestibule), ELRRFLIRDUFD 572 5 E T V% HU 7= (Fig.
2). BIEEERIX, 7 7 28, kN8 (stapedial annular ligament), RifE#A (oval window)% &7 /L
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b, MWFNEITEER, ThEXFT 58 772K, 4% (round window, RW)33 L OV
47N (cochlea aqueduct) % €7 ML LT\ 5. F72, T4 AR/ (Reisser’s membrane, RM)
ZEM LIZET V(Fig. )&, MMULTEETNVEERL, T4 ZAFIVIROFEIZ L 5 EERIR
B~ DB T

T, RATOBHE LR RET AT, LITOREEZZEAL, 7 VA B Lz, BT
ZEOC BN T, BRI & EARRIC Lz & & ORERIRB~OEEII N E ol 2 b,
BT 7 OVIZEBIZIR & Uic, BAESEOTRIE, MhAEEE ) b THENIC T S aIC &1k
THLOE LT, £, MAWmEERE Lz, V2 NROERE, EEWR, WEEOESCE
i, B MIBUTAHET —Z 2 EICRE Lz, BEERIZIE, Fig 2 o X @@z a s —4
URAEDPIE A TS T, BEMERE L TWDZ ENTERINDN, KEF CIIRE LS
BT, FHWMEREARE L. U ook, FEEMEOBARRE & HE L.

2.2 WER K OBER &

BT NAEMOWMEMEIL, & MoE2RET—F 2 &L, —HWEELEY MIXDHEICE
DHisE LTz, U U NIROREEEZIE, ~~ b7 Uy MEMEW MR OREE & L7z,
BFERRAEL, EEACARR, WK EOEML BRICEE L. £z, EBROWAFITE
WHENRTWAHRETHAZ 0D, ET AT, VI NEORHEZ AL L CEZR L.
BEOANNE, 77 IFEEIC, FE 0.2Pa OEFE A AN Lz, 7R, MENTICIIIN R E AR
¥r 7 k& % CFD-ACE+Version2009.0 (ESICFD Inc., EWNBAREE : )V =—7 71
N ZfER L.

{a) ossicles

vestibule
cochlea

tympanic membrane

(b)  basilar mgmbrane (BM) O e

round windov

Reissner’s
membrane {RM)

OSSEOUS

i : ' ST ‘BM%/ organ of Conti
spiral lamina s (seala tympani) /,

Fig. 1 Structure of the human auditory system.

(a) Human ear.
(b) Cross section of the cochlea.

(c) Organ of Corti.
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SViSM - FF

stapes stapedial annular ligament GL/ il
f/”:»’ A
T ) /"‘/’ o
: ~" " basilar membrane

oval window gf

@

....

ST

osseous spiral lamina
Y
round window
7 X
cochlea aquiduct

Fig. 2 FEM model of the human stapes and cochlea. The shape of the cochlea is straightened out for

vestibu

simplification of the analysis.
(1x107"Y [x107")

500Hz

1}

amplitude of the BM [m]
b °©

amplitude of the BM [m]

4
4!

0 1 0 1
proportion of the BM length proportion of the BM length

[1x107" [1x107™)
1
2kHz _ 4kHz
) £
= 1
= &
=] @
E £
s s 0
: 3
g E
= E-
£ - 2
£ £
«
) ) 1 % . 1
proportion of the BM length proportion of the BM length

Fig. 3 Vibration mode of the basilar membrane (BM).

2.3. NEET VO

Fig. 312, T4 AFNVEEAW LIZNEET VIZEBWT, MBI XS o EEROEE
DR L2 R, el E RN, BN EEE ) O OEEEAE EFL LZETH Y, &
B 500, 1k, 2k, 4kHz TH 5. KB E TIIMRATES apex)fl T, w /B E Cldima 2
JEE (base)ffll T, FEEROIRIEIIHR K E 27,
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Fig. 4 12, EEROFEAERE M, T72bb, AN E LER Bioki) 2R KRR
T OBIRE Y. TR E Ry b (@ 74 A VBRI LEET Y, O 74
ARNVIEEEWE LT-ET ), WMEMEROEERCTRT. 74 AXNVEERAINLIZET NV,
Bl L7eET 0 & bICERBRIGEVMEE R LTz,

Fig. 512, 77 L BEROIRIEIC T D EER ORIBLL O B B E AR, BITREEE R
v N (@ TAARNVEEMMUIZET L, O T4 AXNMVEEZEME LizET ), HER
BORERCTRT. TA AFNMELMUTZET L, B LIZEFMICBNTRE 2353
MoTe, TAAFNMEEMMUIZET VOER, &EAERKICBWT, L0 EERRICITW
ERELNT.

INDDFRERNS, T A RARNVEREEARRINC RIET BN I Dol T4 ARV EE
I UTeNEE T VORI, FHREEEMI 5%, BREAIZEAmETHE. Z0D
ITOEHT T, A4 ARNVEEZEM LIENEET LV EER L.

3. EEBESSAEMF MR - WEREL

31

WAL, A0 Z2AEEE LRI S BICHEN T DN, WEREFEND/NLBRH Y, TD
INUTERBATVDIED, U ROREME S EAZHE L CWD EEBEX BN TS, T
B EIERATICRB T 5 Y U ROIEAEIC L > THEL D Z 05, EROATEIE T
ERZRE S W5 ECEBELRBERERFO. BITHROTE, ZOWMFEENELLIZES,
FEOBBMENMET I 5 2 & CTEEROEFNET T2 2 R/ HESATHAS. L, A
DIJE WS A 1k, SkHz IZFRE U TRIT 21T > TR Y, F ARSI R RO E RS Crifg
PridZz saTunigny. £ 2 TABENE, AJJEBHEE 125, 250, 500, 1k, 2k, 4k, 8kHz & L
T, HFEEECBT D EERIREOK T &2 M L7z,

3.2 fRMTHRE R - BE

AR ECE TIE, MAERE b (ossified) L 734 248

Greenwood (1990) |

e cochlea with the RM
o cochlea without the RM

characteristic frequency [Hz]

0 1
proportion of basilar membrane length

Fig. 4 Characteristic frequency map of the hum an cochlea from base to apex. The filled circles ar e

obtained from the cochlea model with Reissner ’s membrane (RM). The open circles ar e obtained
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from the cochlea model without RM. The solid line is measurement result obtained from the study of

Greenwood (1990).

30 8 °

E 20 °
=
- lof
£
~ Stenfelt et al (2003)
= -10F
m

-20r

e cochlea with the RM
=301 o cochlea without the RM
_4?00 1600 10000

frequency [Hz]

Fig. 5 Level of the basilar membrane (BM) displacement relative to the stapes footplate displacement.
The filled circles are obtai ned from the cochlea model with Reissner ’s membrane (RM). The open
circles are obtained from the cochlea model without RM. The solid line is measurement result

obtained from the study of Stenfelt et al. (2003).

0

amplitude ratio of the BM [dB]

-0t
. BMOSSiﬁcd RW /BMnormal RW
-60 .
10? 10° 10*

frequency [Hz]

Fig. 6 Ratio of the maximum displacement ratio of the basilar membrane (BM) in the cochlea with

ossified round window (RW) to that in the normal cochlea.

EL, WEROBENMNEERICEE UCHENT L. Fig 61, EENBEICHT S, WFRE(L
23T 2 EERORIEL &, AR OBEREZ R T, RIEIT T~ CHEER O R KIRIE A
L CHE M L. WA2ELRF T 500, 1k, 2k, 4kHz T 30dB LA O EJEHIEE DK T 03
BT, BT, 2kHz BRICIRIBIK TR 47dB &Rk & 720, EEREESNK LIMHE S5
ey holo. BER EICEEMIEN S LTS, ERERIRE O TIC X VI
PETT2EEBEZOND. ZOZEND, MABNE LTSS, 2kHz 28T AT 1055
HIETT5ZEMNBX6ND. AEOHSEN, HFELERFEOBEFIZENTHHEYSH
TWo. HEWEREL, 77 IFERPEET L2 LT, 77 I EERDOATEMES TR,

KEFICKTOMNMET 5. BE{LEOREE LT, 2kHz ROBFEEN TR D & 4
TEY, ZH% Carhartnotch & FEENLTWA. LR -TC, MEREIIT 7 IFERD L
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LODPBREX I < ed L, 2kHz BECREANMET 95 &0 9 BT, TR & BRI
RSB O, TR R, B EEET D 2 LI Lo TRE IRIESET L7223,
FERICIBFBENERICEESND EWV I ZEEFB I Wz, EEONFIZBWTE, &K
FEATAE SR SITITEERIRENIR T L B2 bhd. £, EFNE CRFERB(LEIC
B DR SER AT OFENNI/NE o T 2 D, WAERNELT S Z LT, ERER
ICHEBIIENEEZBND.

4. ATERBAORE

41 R

BIfE, MEMS/NEMS iz H\VY, EEEMOALETH Y, IMNBERELEE L2 AT
PEFLERE L OBE T 5 FIRFHROBMREIMTON TV D, Zhud, AREFEMESET S
ERMEEREFICEMT DR EFOEERTT M A, Thbb ALRERE FR & ERL,
EABELE L LRVWATIHERE AT LE2[RTH5L0THSH. AL ERITMAENICEE S,
FRIEIC K VIRBIAR T2 2 & CRBRESEEAETN, AL EEEZWMFNICEETSZ &
T, ASRDOEERDIRENC ED X 5 REENELONIFTATHL. £2T, $=ERICAL
ERAEBA LGS OEERRSZE (O I 2L —ra & fTolk.

4.2 AT 5 1k

Fig. 712, AL ERIEAREOWFET VERT. RIOET /ML, AT EROESHEERD
RECHLTIN OHBAETHD. ANLERITEERTFEEMBLIOT Y a I anhbld b
DL L, TOBRIFIALIHNEOEMRE FER SO LEL, & &2 EERE S 2 LT 11,
3/4, 12 &£ LTz, ENENDET V% Fig. 8 1R T. AT LR ERER - B 7 ROBIE
X, B BIEEIC T T—HRIZ 0.04mm & U, ZORNCITREE S BFETSH. AT R
DALENE, BEREOTIZRBNT, FRICH DREE, EEROBETIZH HREO 2 2E2HE L
7z

ANLERIE, v aryaA@GEE :1200kgm’) e 75 FF-A )P0 LAEENLRDLEBHEE
B 22000 kg/m’) THIK TV A b0 E L, FEIL 2500kg/m® & L. Yo /g ) ara
LEFRIFEED SMPa & L, AT Vi3 049 & Uiz, SERSMT, WAEEHICBIT A AT L
P Wi & se 2 E L, tomEEIEEE & UTHRIT Lo, AT B 2 E R0 S Sissp~F A
L7cad, AR FRITEEBIC L gish, BEShdb0L L. 2072, K
ETIACBWTC(Fig. 7), MFRLZEEICETE LTI L. 72, BAEREE-S TSIt
BEWC Rz, NIREEFBALTESEEATEEL, WMFEEEZEE L W IREBIZ OV T b Rk
SRR & 1T o 7.

4.3 fRUTRER - BE

431 ATEFR &

Fig. 912, IEENHOEERIRENCH T2, AL EEEZET AL LG IR 5 EERIR
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BORIBLLO B FEHEE 2 RT. Z 2 CRIBE, BEROKRKREMESEH L. AT
EREHRAET, WEREEE LB E OMITRR (Fig. 6 OFELFEL) Z2HAFOET
Y. AL EREAROMBHTERE, NLERORINEERICK LT I/ OHEAIT=MAF
(B OEL Ny MIMFRLEE L72SE, BRE Ny MIRFEZEE L TORWVWES,
PUTRER) DET, 3/4 DFEITOLEDRT, 12 OBAIEHOMTRT. BiEko s T 7
Mo, HET VB TEFNEICLEANEERORBAET L2, BT, ALEEOES

. basilar membrane

apex

round window (RW)E electrode

Fig. 7 Straight cpglinlea model with the artificial epithelium.

electrode v

= 4»(2 X

Fig. 8 Length of the artificial epithelium.

IZ L DIRIBETREOE NS, BEEREANRS.
250Hz \I2B W T, 4B ZEE LIRS, AL EROE SRE W EEROIBEE T I3/
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Ao Tz. 250Hz T, AL EREBENTTA, BEOHMET LIZ< Wb D EE L D, 500Hz
T, MR EZEE LSS, AL EREIPNEERICHS 34 O%E, EEROER K
HAET LT e, Zaud, 500Hz (238N, ReBJRRELE OIS 1IN TR D Setim AL
BLTEBY, ZOMMEDY L NROFWRENEIMET L7ck, IREMET LeDo Tidunne s
bbb,
1kHz, 2kHz, 4kHz OXEJERREIL, MFBEZEE LHEE, AL ERBARICET S AL
FREORINEVWHDEERIEEBIIRE holz. /2, ATERZHALTOHARVEGES L
WL ChH, AT EEBAREOFRNEERIEBIIRE o7z, ZOFREREESL L, U3k
DIET) ZfEATRE R D DB LTz,
Fig. 10 {2, 2kHz AJWRFD, BIFERE(SVYHI & BB (STYRI D EJEARF T D Y > NROET1 7
Y. M BIRERE R OE 170 DSBS O ) & 22 LS W o B %, BRI FR R ER 2
b OHEEEZ EH L LI2fE%R7. Fig. 10(a)iL, WFEPICEERICH LTI OREDODATLE
KRz ALSE, Fig 10bFIAT ERZEZHALTHRWEETHD. WETVIZEBNT,
AR A EE LCHIT L. AT EREFHA L TOWRWEAIZH~, FAREOT A, HiER
M & FHEMEMOIENZENRENT LRG0 5. FEEROETHIL, AIEMR & S=RE Y
VONRDIENZEZ L o TEREBN SN D Z LD, ZDOENENNS VRS, BEHRIEE /NS
Kb eEx2bN5. NLERBARKICBWNT, IV REZRENENACTRREG, ANT#
FOMMEREBRLTWAbLDEEZBND. £2TC, ALEFEOY U 7REI D RKEW
200GPa & L CHEHT 21T > 7=.
Fig. 112, AL EROY 7 #EE SMPa & L TN L7ZFFOREEROIREIT— R4, Fig.
OIS, AL EEOY > 7 %% 200GPa & U CRENT LIz REROIRE®— F42Rd. W
FH LB, WFRNICEERICH LT 11 DREDOANL EEEHALILEAO/BRETHD. X
DEICANLERDY 73 % 200GPa & LG EITIE, SMPa IIZIZ e~ R EAIRE) D22
PAMETF L7z, ik,E%WE:%#%%FW@%@%?%@4MBk&@,AIL&%@
AETIRFRLZEE LS EICBIT 2R TEIGEVWVEEZ R L.
L EDRERDG, m#”%lmbtﬁm,/)ny@iiki%mwAIL&%ﬁﬁﬁé:
EC, NEREREHEF L, MERFKY U NRICENE(LEZE L SE LB 20T
7enwineEZ b, Fwx, 1k 26 4kHz Tk, MAEREZEE LSS T, AT E
FRANRED R EEBIRENI R E D oTe b EZXDND.
AR EEE LRWEAE, AT EROESICEZEERIRSOE(LiIZ/NEhotz. LoT
WAAB LT EFICRoToE E, WFBEIZREZRT, AL EREHATD E VR FEIC L
ST, EWHOWENPKNDLFEEREL EZZbND.
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B No electrode. RW is fixed.  H

I electrode length

1/2 3/4 111 . .
O ¢ A Cochlea with electrode. RW is free.

® & A Cochlea with electrode. RW is fixed.
10° 10°
frequency [Hz]

amplitude ratio of the basilar membrane [dB]

-60
10

2

Fig. 9 Ratio of the maximum displacement ratio of the basilar membrane in the cochlea with the

artificial epithelium in the center of the scala tympani to that in the normal cochlea.
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Cochlear hair cells convert sound vibration into electrical potential,
and loss of these cells diminishes auditory function. In response to
mechanical stimuli, piezoelectric materials generate electricity,
suggesting that they could be used in place of hair cells to create
an artificial cochlear epithelium. Here, we report that a piezoelec-
tric membrane generated electrical potentials in response to sound
stimuli that were able to induce auditory brainstem responses in
deafened guinea pigs, indicating its capacity to mimic basilar
membrane function. In addition, sound stimuli were transmitted
through the external auditory canal to a piezoelectric membrane
implanted in the cochlea, inducing it to vibrate. The application of
sound to the middle ear ossicle induced voltage output from the
implanted piezoelectric membrane. These findings establish the
fundamental principles for the development of hearing devices
using piezoelectric materials, although there are many problems
to be overcome before practical application.

cochlear implant | hearing loss | mechanoelectrical transduction |
traveling wave | regeneration

he cochlea is responsible for auditory signal transduction in the
auditory system. It responds to sound-induced vibrations and
converts these mechanical signals into electrical impulses, which
stimulate the auditory primary neurons. The human cochlea
operates over a three-decade frequency band from 20 Hz to 20
kHz, covers a 120-dB dynamic range, and can distinguish tones that
differ by <0.5% in frequency (1). It is relatively small, occupying
a volume of <1 cm®, and it requires ~14 uW power to function (2).
The mammalian ear is composed of three parts: the outer,
middle, and inner ears (Fig. 14) (3). The outer ear collects sound
and funnels it through the external auditory canal to the tympanic
membrane. The cochlea consists of three compartments: scala
vestibuli and scala tympani, which are filled with perilymph fluid,
and scala media, which is filled with endolymph fluid (Fig. 1C).
The scala vestibuli and scala tympani form a continuous duct that
opens onto the middle ear through the oval and round windows.
The stapes, an ossicle in the middle ear, is directly coupled to the
oval window. Sound vibration is transmitted from the ossicles to
the cochlear fluids through the oval window as a pressure wave that
travels from the base to the apex of the scala vestibuli through
the scala tympani and finally to the round window (Fig. 1B). The
scala media are membranous ducts that are separated from the
scala vestibuli by Reissner’s membrane and separated from the scala
tympani by the basilar membrane. The pressure wave propagated
by the vibration of the stapes footplate causes oscillatory motion of
the basilar membrane, where the organ of Corti is located. The
organ of Corti contains the sensory cells of the auditory system;
they are known as hair cells, because tufts of stereocilia protrude
from their apical surfaces (Fig. 1D). The oscillatory motion of the
basilar membrane results in the shear motion of the stereociliary
bundle of hair cells, resulting in depolarization of hair cells.
The cochlea amplifies and filters sound vibration by means of
structural elements, especially the basilar membrane, and through
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an energy-dependent active process of fine-tuning that is largely
dependent on the function of the outer hair cells. The location of
the largest vibration in the basilar membrane depends on the
frequency of the traveling wave (Fig. 1E) (4, 5). The width,
thickness, and stiffness of the basilar membrane vary along the
length of the cochlear spiral. Because of this variation in me-
chanical impedance, high-frequency sounds amplify the motion of
the basilar membrane near the base of the cochlea, whereas low-
frequency sounds amplify its motion near the apex (Fig. 1E). Hair
cells within a frequency-specific region are selectively stimulated
by basilar membrane vibration according to the traveling wave
theory. The mechanical filtering of sound frequency by structural
elements of the cochlea allows it to function as a highly sophis-
ticated sensor. Additional details of cochlear macro- and micro-
mechanics can be found in the review by Patuzzi (6).

Both inner and outer hair cells are arranged in four rows along
the entire length of the cochlear coil (Fig. 1D). The single row of
inner hair cells plays a central role in transmission of sound stimuli
to the auditory primary neurons, whereas the three rows of outer
hair cells amplify and filter sound vibration. The outer hair cells are
capable of somatic electromotility driven by the molecular motor
protein prestin, which is located in the outer hair cell membrane
(7). The electromotility of outer hair cells contributes to the fine-
tuning to sound frequency (8-11). The stereocilia also play a role in
signal amplification in amphibians. Active hair bundle motions
correlated with transduction channel gating resonate with the
stimulus and enhance basilar membrane movement. A more de-
tailed description of the mechanisms of cochlear amplification can
be found in the review by LeMasurier and Gillespie (12).

Sensorineural hearing loss (SNHL) is a common disability
caused by loss of hair cells (13, 14). Most cases of SNHL are
irreversible, because mammalian hair cells have a limited ca-
pacity for regeneration (15, 16). The loss of outer hair cells
diminishes the fine-tuning of the cochlea to sound frequency.
The loss of inner hair cells results in profound hearing impair-
ment because of lack of transmission of auditory signals from the
cochlea to the central auditory system. At present, therapeutic
options for profound SNHL are limited to cochlear implants,
which have partially restored the hearing of more than 120,000
patients worldwide (17). A cochlear implant has both external
and internal parts. The former includes microphones, speech
processors, and transmitters, and the latter includes receivers,
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Fig. 1. Anatomy of the mammalian cochlea. (A) Schematic drawing of the
human auditory system. AN, auditory nerve; Co, cochlea; EAC, external auditory
canal; In, incus; Ma, malleus; OW, oval window; RW, round window; St, stapes;
TM, tympanic membrane. (B) Schematic drawing of a cochlear coil. Sound
vibrations transmitted to the cochlea fluid in the scala vestibule (SV) through
the OW travel up from the basal turn to the apical turn (red lines) and then back
to the basal turn (blue lines) in the scala tympani (ST). (C) Schematic drawing of
a cochlear duct. The ST and SV are filled with the perilymph. The scala media
(SM), which is separated from the ST by Reissner’s membrane (RM) and sepa-
rated from the ST by the basilar membrane (BM), is filled with the endolymph.
The organ of Corti (OC) is located on the BM. Spiral ganglion neurons (SGNs) are
located in the modiolus of the cochlea. (D) Schematic drawing and scanning
EM of the organ of Corti. One row of inner hair cells (IHCs) and three rows of
outer hair cells (OHCs) are arranged along the entire length of the cochlear coil.
(F) Schematic drawing of traveling wave theory. Low-frequency sounds vibrate
the BM in the apical portion of a cochlea, whereas high-frequency sounds
provoke vibration in the basal portion of a cochlea. (F) Schematic drawing
showing the vibration of the BM and a piezoelectric membrane (PE) implanted
in the ST of a cochlea in response to sound stimuli.

stimulators, and electrode arrays, which are surgically inserted un-
der the skin or into the cochlea. Arrays of up to 24 electrodes are
generally implanted into the scala tympani, and they directly stim-
ulate the auditory primary neurons. The conversion of sound stimuli
to electrical signals is performed by the external speech processor
and transmitter and the internal receiver and stimulator. A battery
is required to generate electrical output. Schematics and additional
descriptions of the history, present status, and future directions of
cochlear implants can be found in the work by Zeng et al. (17).
The traveling wave theory proposed by von Békésy (4, 5) was
validated using cochleae from cadavers, indicating that, even
after complete loss of hair cell function, the mechanical tonotopy
for sound frequency remains within the cochlea. This phenom-
enon also persists in deafened cochleae. However, to our
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knowledge, electrical hearing devices have not yet used me-
chanical cochlear tonotopy for sound frequency. In theory, an
implantable device that converts sound vibration to electric po-
tential could be fabricated using microelectromechanical systems
and implanted close to the basilar membrane of the cochlea. The
vibration of the basilar membrane in response to sound stimuli
should be transmitted to the implanted device, generating an
electrical output (Fig. 1F). According to the traveling wave
theory, tuning for sound frequency should be determined largely
by where the device is implanted.

To test this hypothesis, we developed a prototype artificial co-
chlear epithelium using a piezoelectric membrane, which functions
as a sensor with the capability for acoustic/electric conversion
without a battery (18). The piezoelectric device, although not life-
sized, showed a tonotopic map for frequencies of 6.6-19.8 kHz in
air and 1.4-4.9 kHz in silicone oil, and it generated maximum
electrical output from an electrode placed at the site of maximum
vibration. In the present study, we showed that the electrical output
from a prototype device in response to sound stimuli induced au-
ditory brain-stem responses (ABRs) in deafened guinea pigs. We
fabricated a life-sized device using microelectromechanical systems
and tested its responses to sound application when implanted in the
guinea pig cochlea. Our findings are a major step to developing an
implantable artificial cochlear epithelium that can restore hearing.

Results and Discussion

Effects of Kanamycin and Ethacrynic Acid on Auditory Primary
Neurons and Hair Cells. To examine the potential of a piezoelec-
tric device to induce biological ABRs in deafened guinea pigs, we
established a model in which all hair cells were lost but auditory
primary neurons remained to avoid the confounding effects of hair
cell-mediated responses. Adult Hartley guinea pigs (n = 6) were
administered an im. injection of kanamycin (KM; 800 mg/kg)
followed by an i.v. injection of ethacrynic acid (EA; 80 mg/kg), and
the compound action potential was measured to monitor hearing
function. A total loss of hearing was observed 7 d after the ad-
ministration of drugs in all animals at all tested frequencies. We
then examined the thresholds of electrically evoked ABRs
(eABRs), which are generated by direct electrical stimulation of
the auditory primary neurons to determine the survival of these
cells in the animal model. Measurements of eABR showed no
significant elevation of eABR thresholds in animals treated with
KM and EA compared with normal animals (2.50 + 0.50 V in
normal animals, 2.83 + 0.37 V in test animals). Histological
analysis revealed no significant loss of spiral ganglion, whereas
there was a total of loss of hair cells in test animals (Fig. S1).

Generation of ABRs by a Piezoelectric Device in Living Guinea Pigs.
A prototype piezoelectric device (Fig. 24) containing a PVDF
membrane (40-um thickness) was fabricated using micro-
electromechanical systems as described previously (18). The pi-
ezoelectric membrane was used as a transducer, and its electrical
outputs were amplified by 1,000-fold. For stimulation of auditory
primary neurons, platinum—iridium ball electrodes were implan-
ted into the scala tympani of the cochlear basal turn (Fig. 2B).
Typical ABRs in response to increased acoustic stimuli were
recorded in our model animals (Fig. 2C).

When acoustic stimuli of 104.4 dB sound pressure level (SPL)
were applied to the piezoelectric membrane, the first positive
wave of ABRs was clearly identified at a latency of 1.07 + 0.05
ms (Fig. 2C), which was identical to the latency of the first
positive wave in eABRs (0.98 + 0.06 ms) in guinea pigs in the
present study (Fig. S2). In general, the first wave of eABRs
corresponds to wave 11 of normal ABRs (19). Compared with the
latency of wave II of normal ABRs in normal guinea pigs (n = 4,
2.99 + 0.11 ms) (Fig. S2), the latency of the first positive wave of
piezoelectric device-induced ABRs was ~2 ms short. However,
the latency of the first positive wave of piezoelectric device-
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Fig. 2. ABR recording using a prototype device. (A) Schematic drawing of a prototype device with a piezoelectric membrane (yellow). A piezoelectric
membrane has a thickness of 40 pm and a length of 30 mm. An array of 24 electrodes, made of aluminum thin film, is fabricated on the upper side of
a piezoelectric membrane, which is aligned in the midline of the trapezoidal slit of the stainless plate. An electrode used in the experiment of stimulating
auditory primary neurons is located 12.5 mm from the shorter side of the trapezoidal membrane (shown in red). (B) Schematic drawing of a setting for ABR
recording using a piezoelectric device. Electrical signals generated by a piezoelectric membrane in response to acoustic stimuli are amplified and transferred
to the cochlea. Bioelectrical signals were recorded as ABRs from needle electrodes inserted dorsal to ears. (C) ABRs by electrical signals derived from
a prototype device by acoustic stimuli. Arrowheads indicate the timing of acoustic stimuli.

induced ABRs was almost similar to the latency between waves I
and II of normal ABRs (0.83 + 0.04 ms). These findings showed
that the piezoelectric membrane generated biological ABRs by
converting acoustic stimuli to electrical signals.

Transmission of Sound Vibration from the External Auditory Canal to
the Implanted Piezoelectric Device. The transmission of sound
waves from the external auditory canal to a piezoelectric mem-

brane implanted into the cochlea is crucial to realize hearing
recovery by a piezoelectric device based on the traveling wave
theory. To test the transmission of sound waves from the external
auditory canal to a piezoelectric membrane, we developed an
implantable device that was specialized for the basal turn of the
guinea pig cochlea (Fig. 3 A and B). The device contained
a PVDF fluoride trifluoroethylene [P(VDF-TrFE)] membrane
with a frequency response of 16-32 kHz, which corresponded to
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Fig. 3. Sound transmission from the external auditory canal to a piezoelectric device implanted in the cochlea. (A) Design of an implantable piezoelectric
device. (B) A merged image of an implantable piezoelectric device and the basal turn of the guinea pig cochlea. To determine the radius of curvature of the
outer border and the inner border of the fan-shaped silicon frame and location of the slit in the silicon frame, we measured radius of curvature of the cochlear
basal turn, length between an inner edge of the spiral ligament (SL) and a medial end of the osseous lamina (OSL) where the device will be implanted, and
length of the basilar membrane (BM; length between inner edge of spiral ligament and lateral end of osseous lamina). An outline of the silicon frame is shown
by a red dotted line. The silicon frame is positioned on the osseous spiral lamina, and the slit of the device is located adjacent to the BM. Mod, cochlear modiolus.
(Scale bar: 200 pm.) (C) A microscopic view of an implanted device in the basal turn of the guinea pig cochlea. The yellow dotted line indicates an opening in the
basal turn of the cochlea. OB, otic bulla. (D-F) Schematic drawings of measuring vibration amplitudes using a laser Doppler vibrometer. A glass bead is placed on
the BM (D), piezoelectric membrane (E), or silicon frame (F). Red lines indicate a laser beam from a laser Doppler vibrometer. SM, scala media; ST, scala tympani.
(G) Vibration amplitudes of a BM (green), piezoelectric membrane (blue), and silicon frame (red) corresponding to frequencies of applied sounds.

18392 | www.pnas.org/cgi/doi/10.1073/pnas. 1110036108 Inaoka et al.

37



