F~NO%$%s%T!<%@%s%9$KCeL\$7$?iw5m4pDlKl%b%G%k$N2r@O$H1~MQ 9SLZ >O;R � , F|2<It M50l , >.Ln =g5. , 0BIt AG;L , 0BF# HK ( El5~Bg3X ) Analysis and Extension on Co chlear Mo del: Give Atten tion to the Input Imp edance Shok o ARAKI, Y uic hi KUSAKABE, Nobutak a ONO, Mototsugu ABE and Shigeru ANDO (Univ ersit y of T oky o) Abstract W e are studying on the co c hlea particularly on its input imp edance ( Z in ) to design e�cient sensor devices with \�shbone structure". W e extend Zwislo cki’s mo del into a class of log-linear mo dels, and show 1) his mo del has signi�cantly inductive Z in , and 2) a purely resistive Z in is achiev ed with a p erfect log-linear design. Next, using the tw o-dimensional uid mo dels, we examine whether or not Z in is inductive in real co chlea. W e discuss how the problems of 1) ine�cient energy supply , 2) re ection and resonance of internal and external trav eling wa v es are solved in real co chlea. %-!<%o!<%I : c o chle a, b asilar membr ane, lo g-line arity, �shb one structur e 1 $O$8$a$K D03P4o41$Niw5m$O!$$=$N%7%9%F%^%F%#%C%/$G$$$FBgJQ IT2D;W5D$J9=B$$N$?$a$K!$ Helmholtz 0JMh!$?tB?$/$N3X <T$N6=L#$r$R$-8&5f$,?J $a$i$l$F$-$? $,!$L$$@$KA4KF$, 2rL@$5$l$F$$$k$H$O8@$($J$$!#Bg$-$JE83+$O!$ B� ek � esy[1] $i$NeLL)$J<B83$H4Q;!$K4p$E$$$? Zwislo c ki[2] $NEAAw@~ %b%G%k$K$h$C$FM?$($i$l!$$=$N8e!$ Lesser[3] $d Allen [6] $i$NN. BN%b %G%k Ey , 3J CJ$N @:L) 2= $,?J $a$i $l$?!# $3$l $i $O!$4pDlKl>e$rEAHB$9$k?6 F0$N?6I}$H0L Aj$N4QB,CM$H$N DjNLE*9gCW$rL\;X$7$?$b $N$G$"$j!$?@7P 1~Ez$H$NIT0lCW $NLd Bj [7] $r=| $1 $P!$ 8= >] O@E* $J J* M} %b %G%k $H $7 $F == J, $J@:EY$,F@$i$l$F$$$k$H8+$i$l$F$$$?!# 0lJ}!$Cx<T$i$O!$iw5m4pDlKl9=B$$N%;%s%5!&%"%/%A%e %(!<%?$H$7$F$NM-MQ@-$KCeL\$7!$iw5m$HEy2A$J Fishbone 9=B$$r%7%j%3%sHy:Y2C9) $G<B8=$7$??M9) 4pDlKl%^%$%/%m %U%)%s $J $I $r Ds 0F $7 $F $$ $k [4] !# $3 $N Cf $G I, MW $K $J $k $N $O!$ 1) 9)3XE*0UL#$G$Niw5m4pDlKl$N5!G=$NM}2r!$ 2) 5! G=$N<h<NA*Br$r2DG=$K$7 $?$j@_7W$N<+M3 EY$r9b$a$k$?$a $N%b %G %k $N 0l HL2= $G $" $k!# $3 $N $? $a!$ A0 Js [5] $G 2f!9 $O EAAw@~ %b %G %k$N CG LL %"%I %_%C %? %s%9 $K Ce L\$7!$ 1) 1& 8~ $-%"%I%_%C%?%s%9$O6&?6E@ $+$i$N5wN%$K HfNc$7$F%$%s%@ %/%?%s %9 @. J,$r @8 $8 $k!$ 2) :8 8~ $-%" %I %_%C %?%s %9 $, F~ NOC<$N?.9f8;%$%s%T!<%@%s %9$K6/$/0MB8 $9$k$3$H$J$I$r <($7$?!#$7$+$7!$$3$N7k2L $+$iF3$+$l$kiw 5m4pDlKl$N@- <A$O4qL/$G$"$k!#$3$N$h$& $J%$%s%@%/%? %s%9@.J,$,$"$k $H$9$k$H!$9-BS0h<~GH?t $G$N%$%s%T!<%@%s %9@09g$,M}O@ E*$K=cDq930J30$KIT2DG= $G$"$k$3$H$+ $i!$F~NOC<$G$NIT @09g $N7k 2L!$ 1) iw5m $X $N %( %M%k %.!< 6! 5k8z N( $N Dc 2<!$ 2) F~NO C<$G$NH?<M $K$h$k<~GH ?tFC@-$NMp $l!$ 3) 4pDl Kl $NG=F0@- $K$h$C$FH/@8$9$k ?6F0$,iw5mFb It$G6&LD$r5/$3 $9!$$J$I$N LdBj$,@8$8$6 $k$rF@$J$$$7!$$3 $N$h$&$J7gE@ $r H<$& $N$G $O iw5m $HEy 2A $J Fishbone 9=B$ $N 0U5A $r$b $" $d$&$/$9$k!# K\9F$G$O!$>e5-$N$h$&$JLdBj0U<1$KN)$A!$:G=i$K!$iw 5m4pDlKl $N9=B$$rBP?t@~ 7A9=B$$K0lHL 2=$7$FB*$($k!#$3 $l$K$h$j!$ J#?t$NBP?t@~ 7A9=B$$N7A<0$, $"$kCf$G!$0l$D $,iw5m4p DlKl$KBP1~$7!$ JL$N0l$D$,2f!9$, M}A[$H$9$k=c Dq93F~NO %$%s%T!<%@%s%9 FC@-$rM-$9$k$3 $H$r<($9!#<!$K 8eH>$G$O!$ F~NO%$%s%T!<%@ %s%9$KCeL\$7 $?$H$-$K!$=>Mh $NEAAw@~ %b%G%k$Oiw5m4p DlKl$NE,@Z$J%b %G%k$K$J$jF@$J $$$N$G$O $J$$$+$H$NLdBj 0U<1$+$i!$$h$j J*M}E*BP1~$KM% $l$?Fs<! 85N.BN%b%G%k $K4X$7$F8!>Z$7!$ F~NO%$%s%T!<%@ %s%9$r?t CM7W;;$K$h$j5a $a$k!#$3$N7k2L $O8e=R$9$k$h$& $KH]DjE* $G$"$j!$N.BN%b%G %k$K$*$$$F$b %$%s%@%/%?%s%9 @.J,$,H/ @8$9$k$3$H$, <($5$l$k!#$3$l$O!$ <B:]$Niw5m4p DlKl$K$* $$$F!$F~NOC<$G$N IT@09g$N32$r Dc8:$9$k?7$?$J ;E AH $N B8 :_ $r M= A[ $5 $; $k!# :G 8e $K!$ $3 $N E@ $r Fishbone 9=B$$H4XO"IU$1$F9M;!$9$k!# 2 iw5m4pDlKl$NBP?t@~7A9=B$$X$N0lHL2= EA Aw @~$N FC@- $O D>Ns %$%s %T!< %@%s %9 z ( x; ! ) $H JBNs %$ %s %T!<%@ %s %9 Y ( x; ! ) $K $h$C $F7h $^ $k!#4p Dl Kl$N Zwis- lo cki %b%G%k ( ?^ 1) $K$*$$$F$O!$ z ( x; ! ) = l ( x; ! ) s Y ( x; ! ) = R ( x; ! ) + L ( x; ! ) s + 1 C ( x; ! ) s

?^ 1. 4pDlKl$NEy2AEE5$2sO)%b%G%k (Zwislo cki %b%G%k ) Zwislocki $O!$ ?6 F0$N %( %M%k %.!< $, x J}8~ $N $_$K EAC# $9 $k$H 2> Dj $7$?EAAw@~%b%G%k$rF3$$$? [8] !#2#J}8~$N%$%s%@%/%?%s%9$ON.BN$N <ANL!$=D J}8~ $N %$%s %@ %/%? %s%9 $O 4pDl Kl $N<A NL!$ %-%c%Q %7%? %s %9 $O4pDlKl$N%9%F%#%U%M%9!$Dq93$OG4@-$K$=$l$>$lAjEv$9$k!# $N$h $& $K z ( x; ! ) ; Y ( x; ! ) $O 4p Dl Kl $N %Q%i %a!< %? $K 0l 0U $KBP1~$E $1$i$l $k!#$3$3 $G s = j ! $G $"$k!#$3 $3$G$O 0l HLE*$Kiw5m4pDlKl$KBP?t @~7A9=B$$N>r 7o$r2]$7$F!$$3$l $i$N%Q%i%a!<%?$,K~$?$9>r7o$r<($9!# 2.1 BP?t@~7A9=B$>r7o a) 6u4V$H<~GH?t$NAj;w@-$HBP?t@~7A9=B$>r7o BP?t@~7A9=B$$N>r7o$O<!$N$h$&$K$J$k!# 1. <~ GH ?t NN 0h | Ce L\ E@ $G $N 6& ?6 MW AG $N 6& ?6 <~ GH ?t $G5, 3J 2=$7 $? <~ GH?t FC @-$,!$ Ce L\E@ $N 0LCV $K 0M$i $:Aj;w7A$rJ]$D!# 2. 6u 4V NN 0h | Ce L\ E@ $G $N 6& ?6 MW AG $N 6& ?6 <~ GH ?t $K $*$1 $k ?6F0 ?6 I} $N6u 4V J,I[ $,!$ CeL\ E@ $N0L CV $K0M $i$:Aj;w7A$rJ]$D!# >r7o 2 $,K~$?$5$l$k $?$a$K$O!$A4$F$N%Q%i%a!<%?$O 6u4V E*$KBP?t@~7A$K<h$i$l$J$1$l$P$J$i$J$$!#$9$J$o$A!$ l ( x ) = l (0) e �x = l 0 e �x (1) L ( x ) = L (0) e � x = L 0 e � x (2) C ( x ) = C (0) e x = C 0 e x (3) R ( x ) = R (0) e � x = R 0 e � � x (4) $G$"$k!#$?$@$7!$;X?tIt$O!$ ?M4V$Niw5m4p DlKl$K$*$$$F �; � ; ; � $,$$$:$l$b@5$H$J$k$h$&$KDj5A$9$k!# >r7o 1 $,K~$?$5$l$k$?$a$K$O!$CeL\E@ x $K$*$1$kEAAw @~%Q%i%a!<%? z ( x; s ) ; Y ( x; s ) $NAH$O!$CeL\E@ x $K$*$1$k 6&?6<~GH ?t p 1 =L ( x ) C ( x ) $G5, 3J2= $7$?<~ GH?t s=! 0 $K BP$7$F!$8DJL$K$bAjBPE*$K $bAj;w$J4X?t 7A$rJ]$?$J$1$l $P$J$i$J$$!#$9$J$o$A Y ( x; s ) = C s LC s 2 + RC s + 1 = (1 =QR )( s=! 0 ) ( s=! 0 ) 2 + (1 =Q )( s=! 0 ) + 1 z ( x; s ) = l s = l L QR s ! 0 $h$j!$ Y ( x; s ) $=$l$>$l$N>r7o$H$7$F Q ( x ) = 1 R ( x ) s L ( x ) C ( x ) = 0lDj (5) $rF@$k!#$3$l$h$j6&?6MWAG$NDj Q >r7o$,F3$+$l$k!# <!$K Y ( x; s ) $H z ( x; s ) $KAjBPE*$J>r7o$H$7$F z ( x; j ! 0 ) 1 = Y ( x; j ! 0 ) = j ( l =L ) QR R = j l L Q = 0lDj $9$J$o$ADj%$%s%@%/%?%s%9Hf>r7o l ( x ) L ( x ) = 0lDj (6) $,F3$+$l$k!# <0 (5) !$ (6) $h$j l ( x ) ; L ( x ) ; C ( x ) ; R ( x ) $N3HBgN( �; � ; ; � $K4X$7$F!$ � = � (7) � � + 2 � = 0 (8) $N>r7o$, 2]$;$i$l$k!#$5 $i$K!$6&?6<~GH ?t$NJ,I[$r!$<~ GH?t$N8:>/;X?t � 0 $K$h$C$F 1 p L ( x ) C ( x ) � ! r ( x ) = ! r (0) e � � 0 x (9) $H$9$k$H!$ � 0 = � + 2 (10) $H$J$k!#$9$J$o$A � ; � ; ; � $O8_$$$KO"F0$9$kCM$r$H$k!# b) BP?t@~7A9=B$$N 3 7A<0 BP?t@~7A9=B$$N7A<0$H$7$F0J2<$N 3 Nc$r9M$($k!# 1) Dj%$%s%@%/%?%s%9 ( Dj l $"$k$$$ODj L ) 9=B$ ?M4V$Niw5m$NCGLL@Q$O$[$\0lDj [10] $J$N$G!$D>Ns%$%s%@ %/%?%s%9 l ( x ) $O0LCV$K0MB8$7$J$$!#$3$N$H$-$N3HBgN($O � = � = 0 ; = 2 � 0 ; � = � 0 (11) $H$J$k!#$3 $N9=B$$G$O!$BP ?t@~7A9=B$$KI, ?\$NDj%$%s%@ %/%?%s%9Hf4X78$N$_$,K~$?$5$l$k!# $3$N9=B$$Oiw5m4pDlKl$N9=B$$KB>$J$i$J$$!# 2) DjDq93 ( Dj R ) 9=B$ R ( x ) = 0lDj $f$($K � = 0 (12)

$3$N$H$- � = � = = � 0 ; � = 0 (13) $H$J$j!$ 3H BgN( $, l ( x ) ; L ( x ) ; C ( x ) $K$D $$ $FEy $7 $$40 A4 BP?t@~7A9=B$$H$J$k!#$3 $N9=B$$G$O!$DjHf 4X78$ODj%$%s %@%/%?%s %9 - %-%c%Q%7 %?%s %9Hf$N 4X78 $K$^ $G3HD% $5$l $F $*$j!$Dj Q >r7o$bK~$?$5$l$k!# 3) Dj%-%c%Q%7%?%s%9 ( Dj C ) 9=B$ ?M4V $N iw 5m $H $O BP >H E* $K!$ 6& ?6 MWAG $N %3 %s %G %s %5 C ( x ) $r0lDj$K$H$k9=B$$b9M$($i$l$k!#$3$N$H$-$N3HBgN($O � = � = 2 � 0 ; = 0 ; � = � � 0 (14) $G$"$k!# 2.2 BP?t@~7A9=B$$r$b$DEAAw@~$NF~NO%"%I%_%C%?%s%9 $=$l$>$l$N9=B$$K$D$$$FF~NO%"%I%_%C%?%s%9$r7W;;$7 $?7k2L $r ?^ 2 $K <( $9!#MQ $$ $?%Q %i %a!<%? $O l 0 = 1 : 58 � 10 � 6 [H] !$ L 0 = 4 : 9 � 10 � 6 [H] !$ C 0 = 8 : 69 � 10 � 6 [F] !$ R 0 = 3 : 75 � 10 � 1 [ ] !$ � 0 = 1 : 665 $G$"$k!# (1) Dj%$%s%@%/%?%s%99=B$ (2) DjDq93 ( 40A4BP?t@~7A ) 9=B$ (3) Dj%-%c%Q%7%?%s%99=B$ ?^ 2. 3FBP?t@~7A9=B$$NF~NO%"%I%_%C%?%s%9!#<B@~$,?6I} (dB I=<( ) !$GK@~$,0LAj$r<($9!# Dj L 9=B$$G$OF~NO%"%I%_%C%?%s%9$O%$%s%@%/%?%s%9AG ;R$HDq93$NJBNs2sO)$K!$Dj C 9=B$$G$OIi@-%$%s%@%/%?%s %9AG;R$H Dq93$NJBNs2sO) $K8+$($F$$$k!# 40A4BP?t@~7A9= B$ $G$O F~NO %"%I %_%C%? %s %9$O =cDq 93$K $J$C $F$* $j , F~ NO C<$G$NIT@09g$N$J$$M}A[E*$J9=B$$K$J$C$F$$$k!# 2.3 BP?t@~7A9=B$$K$*$1$kiw5m$N7A>u <!$Kiw5m$NDj L 9=B$$H!$F~NO%$%s%T!<%@%s%9$,=cDq93 $G$"$k40 A4BP?t@~7A9=B$ $K$*$1$kiw5m$N 7A>u$r$=$l$>$l ?^ 3 $H?^ 4 $K<($9!# EA Aw @~%b %G %k$N %Q%i %a!< %? ( <0 (1)-(4)) $H iw5m $N 7A>u %Q%i%a!<%?$H$O<!$NBP1~4X78$,$"$k!# l ( x ) / 1 S ( x ) ; L ( x ) / 1 w ( x ) C ( x ) / k ( x ) ; R ( x ) = 1 Q q L ( x ) C ( x ) C"$7$3$3$G S ( x ): A0Dm3,$H8]<<3,$NJ?6Q$NCGLL@Q , w ( x ): 4pDlKl$NI}!$ h ( x ): 4pDlKl$N8|$5 , k ( x ): 4pDlKl$NC10LLL @QEv$?$j$N%9%F%#%U%M%9$G$"$k!# $3$3$G$O?M$Niw5m$N%Q%i%a!<%?$G$"$k � 0 = 1 : 66 !$ ?^ 3. Dj %$%s %@ %/%? %s%9 9= B$$K $*$1 $k iw5m CGLL $N JUD9 ( <B@~ ) $H4pDlKlI}!$4pDlKl8| ( GK@~ ) (a) iw5mCGLL$NJUD9 ( <B@~ ) $H4pDlKlI} ( GK@~ ) (b) iw5mCGLL$NJUD9 ( <B@~ ) $H4pDlKl8| ( GK@~ ) ?^ 4. 40A4BP?t@~7A9=B$$K$*$1$k7A>u%Q%i%a!<%?J,I[

S ( x ) j x =0 = 0 : 012[cm 2 ] !$ w ( x ) j x =0 = h ( x ) j x =0 = 0 : 0142[cm] $rMQ$$$F$$$k!# $3$l$h$jDj L 9=B$$G$OKl$NI}!&8|$5$H$biw5m4IFb$K$* $5$^$k$,!$40A4BP?t@~7A 9=B$$G$O!$Kl8|$, Dc<~GHB&$Giw 5mJUD9$h$jBg$-$/$J$C$F $7$^$$!$9-BS0h$G $N$3$N7A<0$N <B8=$OIT2DG=$G$"$k!# 3 iw5m$NFs<!85%b%G%k A0=R$7$?$h $&$K , Dj L 9= B$$G$OF~NO %$%s%T!<%@ %s%9$K %$%s%@%/%?%s%9@.J,$r;} $D!#$7$+$70lJ} $Giw5m$NF~NO%$ %s%T!<%@%s%9$ODq93E*$G$" $k$3$H$,<B83 E*$K3N$+$a$i$l $F$$ $k [9] !# $3 $l $O EA Aw @~ %b %G %k $N IT 40 A4 @- $K 5/ 0x $9 $k $H9M$($i$l$k$?$a!$$3$3$G $O$h$jJ*M}E* BP1~$KM%$l$?Fs <!85N.BN%b%G%k$GF~NO%$%s%T!<%@%s%9$r8!>Z$9$k!# 3.1 Fs<!85N.BN%b%G%k ( %b%G%k 1) iw5m$r ?^ 5 $K<( $9$h $&$K%b %G%k 2=$9$k!’ <B:] $O124, >u $K$J$C $F$$ $k iw 5m $r1d $P $7!$ CG LL @Q S ( x ) $, 4K $d$+ $K $K JQ2=$9$k4I$H$7$F9M$( $k!#$3$NCf$OHs 05=L!&HsG4@-!&L) EY � $NN.BN$GK~$?$5$l$F$*$j$3 $l$r@-<A$,0LCV$K$h$C$F =y!9$KJQ2=$9$k4pDlKl$,FsJ,$7$F$$$k!#4pDlKl$OI} w ( x ) $G!$C10LLL @QEv$? $j<A NL m ( x ) !$ G4@-Dq 93 r ( x ) !$ %9%F%# %U%M%9 k ( x ) $r;}$D$H$9$k!# 8]<< 3, $N 05 NO $r P t !$ A0 Dm 3, $N 05 NO $r P v $H $* $/!# $^ $?8] << 3, $N %j %s %Q 1U $N x J} 8~ B. EY!$ y J} 8~ B. EY $r $= $l $>$l v xt ; v y t !$A0Dm3,$NB.EY$r v xv ; v y v $H$9$k!#$J$* P t � P v = P d ; v xt � v xv = v x ; v y t � v y v = v y $HDj5A$9$k!# N.BN$N x J}8~!$ y J}8~$N<~GH?tNN0h$G$N1?F0J}Dx<0$O $=$l$>$l � j ! �v x = dP d dx ; � j ! �v y = dP d dy (15) $H$J$k!#$^$?O"B3>r7o$h$j div ~ v = 0 ( C"$7 ~ v = ( v x ; v y )) ?^ 5. 4pDlKl$N%b%G%k2= $,F3$+$l , <0 (15) $rBeF~$9$k$3$H$G<!$N05NO$K4X$9$k Laplace J}Dx<0$rF@$k!# @ 2 P d @ x 2 + @ 2 P d @ y 2 = 0 (16) $^$?<!$N6-3&>r7o$r@_$1$k!# 8 > > > < > > > : JI$G$N y J}8~B.EY 0 : @ P d ( x;H ) @ y = 0 $"$V$_9|6nF0>r7o : P d (0 ; y ) = const. iw5m9&$NO"B3>r7o : P d ( L; y ) = 0 4pDlKl$G$N1?F0J}Dx<0 : @ P d ( x; 0) @ y = � 2 �a b (17) $3 $3 $G a b $O 4p Dl Kl $G $N 2C B. EY $G $" $k!# $3 $l $O 4p Dl Kl $N ( 2;6A ) %"%I%_%C%?%s%9 Y ( x ) = v y ( x; 0) P d ( x; 0) = f j ! m ( x ) + r ( x ) + k ( x ) j ! g � 1 (18) $rMQ$$$F a b ( x ) = j ! Y ( x ) P d ( x; 0) (19) $H=q$1$k!# 3.2 Fs<!85Ey2A2sO)%b%G%k ( %b%G%k 2) $O$8$a$KEE05B’$rF3$/!#N.BN$N x J}8~!$ y J}8~$N1?F0 J}Dx<0$r <~GH?tNN0h$G =q$-2<$7!$05NO$r EE05$K!$BN@QB. EY$rEEN.$KCV$-49$($k ML %"%J%m%8!< 8 > < > : I x ( x; y ) = � y W v x ( x; y ) I y ( x; y ) = � xW v y ( x; y ) P d ( x; y ) = V ( x; y ) (20) $rMQ$$$FJQ49$9$k!#$3$l$K$h$j V ( x � � x; y ) � V ( x; y ) = j ! l x I x ( x; y ) (21) V ( x; y + � y ) � V ( x; y ) = j ! l y I y ( x; y ) (22) $,F@$i$l$k!#$3$3$G l x = � x� W � y , l y = � y � W � x $G$"$k!# EEN.B’$ON.BN$N<ANLJ]B8B’$r!$<~GH?tNN0h$G ML %"%J %m%8!<$K$h$jJQ49$9$k$3$H$GF@$i$l$k!# I x ( x; y ) � I x ( x + � x; y ) + I y ( x; y ) � I y ( x; y + � y ) = 0 (23) $J$*%b%G%k 1 $HF1MM$N6-3&>r7o$O<!$N$h$&$K$J$k!# 8 > > > > > > > > > > > > > > > < > > > > > > > > > > > > > > > : JI$G$N y J}8~B.EY 0 !’ I x ( x; H ) � I x ( x + � x; H ) + I y ( x; y � � H ) = 0 $"$V$_9|Dj056nF0 : V (0 ; y ) = const. iw5m9&$NO"B3>r7o : V ( L; y ) = 0 4pDlKl$G$NJ]B8$N<0 : I x ( x; � y ) � I x ( x + � x; � y ) � I b ( x ) + I y ( x; � y ) = 0 4pDlKl$G$N1?F0J}Dx<0 : V ( x; 0) = z ( x ) I b (24)

$3$3$G I b ( x ) $O4pDlKl y J}8~B.EY$KAjEv$7!$ z ( x ) = j ! M ( x )+ r ( x ) + k ( x ) j ! $O4pDlKl$N%$%s%T!<%@%s%9$G$"$k!# 0J>e$h$j?^ 3.2 $NFs<!85Ey2A2sO)%b%G%k$,F3$+$l$k!# ?^ 6. Fs<!85Ey2A2sO) 2sO)Dj?t$O l x = � x� W � y , l y = � y � W � x , L n = M ( n � x ) 2� xw ( n � x ) , R n = r ( n � x ) 2� xw ( n � x ) , C n = 2� xw ( n � x ) k ( n � x ) 4 ?tCM<B83 4.1 4pDlKl$N<~GH?tJ,2rFC@- %b%G%k 1 $G7W;;$7$?4pDlKl>e$G$N05NOJ,I[$H4pDlKl$N JQ0LJ,I[$r?^ 7 $K<($9!#6qBNE*$K$O<0 (16) $r:9J,2=$7!$ H?I|K!$G2r$$$? [11] !# %Q%i%a!<%?$O 8 > > > > > < > > > > > : m ( x ) = 1 : 42 � 10 � 2 e 0 : 387 x [g/cm 2 ] k ( x ) = 3 : 34 � 10 8 e � 2 : 944 x [dyn/cm 3 ] r ( x ) = 1 : 08 � 10 3 e � 1 : 278 x [dyn s/cm 3 ] w ( x ) = 1 : 42 � 10 � 2 e 0 : 387 x [cm] S ( x ) = 0 : 012 [cm 2 ] (25) $rMQ$$$F$$$k!# Fs<!85N.BN%b%G%k$G!$0LCV$K$h$k<~GH?tJ,2r$,$G$-$F $$$k!#$^$?6&?6E@$h$j:8 B&$K!$0l<!85%b%G %k$G$O8+$i$l $J$$05NO$N8:?j$N4KOB (Prateau Region) $,$"$k [6] !# 4.2 F~NO%"%I%_%C%?%s%9 %b%G%k 2 $*$h$S Zwislo c ki %b%G%k$rMQ $$$Fiw5m$NF~NO %"%I%_%C %?%s %9$r 7W;; $7 $?7k 2L$r 9g$o $;$F ?^ 8 $K<( $9!# 6qBNE*$K$O x J}8~$K 140 CJ!$%b%G%k 2 $N y J}8~$O 6 CJ$K 6h@Z$j!$B?C<;R2sO)$N%+ %9%1!<%I9TNs$N@Q $rMxMQ$7$F$$ (a) 05NOJ,I[ (b) JQ0LJ,I[ ?^ 7. 4pDlKl$N<~GH?tA*Br@- <B @~ $, ?6 I}!$ E@ @~ $, 0L Aj!# <~ GH ?t $r %Q %i %a!< %? $H $7 $F%W%m%C%H$7$F$"$k!# f = 1280 ; 640 ; 320 ; 160 ; 80[Hz] $k!#%Q%i%a!<%?$O 8 > > > < > > > : l x = 12 : 9 [H] l y = 6 : 45 [H] L n = 20 [H] R n = 1 : 52 � 10 6 e � 0 : 0416 n [ ] C n = 2 : 13 � 10 � 12 e 0 : 0833 n [F] (26) $G$"$k!# iw 5m$NF~NO %"%I%_%C%? %s%9$O!$ Zwislo cki %b%G %k$G$b Fs<!85Ey 2A2sO)$G$b$[$H $s$IJQ$o$i$:!$ %$%s%@%/%?%s%9 @.J,$,8+ $i$l$k!#$3$NF~ NO%"%I%_%C%?%s%9 $ODq93$H%$%s %@%/%?%s%9$NJBNs@\B3 1 =R in +1 =j ! L in $H6a;w$G$-$k!# ?^ 8 $K$O2sO)Dj?t$r R in = 1 : 0 � 10 6 [ ] L in = 213 : 7[H] $H$7$?$H$-$N7k2L$rF1;~$K<($7$F$"$k!# $3$N%$%s%@%/%?%s%9@.J,$NH/@8$OKAF,$G=R$Y$?$h$&$J 1) iw 5m $X $N %( %M%k %.!< 6! 5k 8z N( $NDc 2<!$ 2) H? <M $K $h $k <~GH?tFC@-$N0[>o!$ 3) G=F0@-$K$h$jH/@8$9$k%(%M%k%.!< $N6&LD$H$$$C$?LdBj$r@8$8$k2DG=@-$,$"$k!# $J$*!$<B:]$O$3$N$h$&$JITET9g$,5/$3$C$F$$$J$$$3$H $+$i!$$3$N F~NOC<$G$NIT@0 9g$K5/0x$9$k J@32$r2r>C$9$k 9=B$$,B8:_$9$k$3$H$r<(:6$7$F$$$k$H$b9M$($i$l$k!#

(a) <BIt (A) $H5uIt (B) (b) ?6I} (A) $H0LAj (B) ?^ 8. F~NO%"%I%_%C%?%s%9!#iw5m ( <B@~ ) !$Ey2A2sO) ( E@@~ ) !# 5 9M;! 0J>e$G<($7$?$h$&$K!$iw5m$K$*$$$F$OF~NOC<$N7gE@$K $b$+$+$o$i$:Dj L 9=B$$,:NMQ$5$l$F$$$k!#$=$3$G!$40A4 BP?t@~7A9=B$ $HDj L 9=B$$K $D$$$F!$ iw5m$H Fish b one 9= B$$r<B8=$9$kMF0W$5$N4QE@$+$iHf3S9M;!$9$k!# Fish bone 9=B$$G$O!$4pDlKl%b%G%k$N%Q%i%a!<%? ( <0 (1)- (4)) $H Fishbone $N %Q %i%a!< %?$H $OBg $^$+ $K $O<! $N$h $& $KBP1~$E$1$i$l$F$$$k!# l ( x ) / 1 W ( x ) ; L ( x ) / 1 k ( x ) C ( x ) / X ( x ) ; R ( x ) = 1 Q q L ( x ) C ( x ) C"$7!$ W ( x ): 2#CG%S!<%‘ ( GX9| ) I} , k ( x ): %9%F%#%U%M%9 , X ( x ):( 6& ?6 ) %S!< %‘D9 $G$" $k!#>e 5-$N 4X78 $rK~ $?$9 %Q%i %a!<%?$r:NMQ$9$k$3$H$K$h$j!$BP?t@~7A9=B$$rK~$?$9 Fish- bone 9= B$ $r @_ 7W $9 $k $3 $H $, M} O@ E* $K $O 2D G= $G $" $k!# $7 $+$7!$ l ( x ) ; L ( x ) ; C ( x ) $, F1 N($G 3H Bg $5$l $F $$ $/$? $a!$ Fish bone 9= B$ $, D9 $/ $J $k $H Dc <~ GH MQ $K $J $k $K $D $l $F 6& ?6%S!<%‘ $O$@ $s$@ $sD9 $/ =E$/ $J$k $N$K , 2# CG%S!< %‘$N I} $O$=$l$K$D$l$F69$/$J$k $?$a9=B$$r;Y $($-$l$J$/$J$k!# $9$J$o$A9-BS0h$G$N40A4 BP?t@~7A9=B$$N <B8=$K$O5!3#E* $J0UL#$G:$Fq$rH<$&!#$3$N $3$H$O<B:]$N iw5m$G$bF1$8$G $"$j!$CGLL@Q$d4pDlKl$N <ANL$H%9%F%#%U%M %9$rBP?t@~7A $KA}Bg$5$;$k$3$H$O!$5!3# E*$K$b7A>uE* $K$bBgJQ:$Fq$G $"$k!# 0lJ}iw5m$N$H$C$F$$$kDj L 9=B$$G$ODc<~GHMQ$K$J$k$K $D$l$F%S!< %‘D9$OD9$/$J $k$b$N$N2#CG%S!< %‘$NI}$O0lDj $G$"$j9=B$$r;Y$($k:$Fq$NDxEY$ODc$$!#$h$C$F Fishbone 7?$G$N<B8=$H$$$&0UL#$G$ODj L 9=B$$NJ}$,8=<BE*$G$"$k!# iw5m$K$* $$$F$O!$7A>u$NBP ?t@~7A@-$r>/ $J$/$7$F%3%s%Q %/%H2=$7!$ 4pDlKl$N%9%F%# %U%M%9$K;X?tJQ 2=$NMW0x$r=8 Cf$5$;$F$$$k!#=>$C$Fiw5m$NDj L 9=B$$O!$5!3#E*9=B$$N @)Ls$NCf $G9-BS0h$r%+%P!< $9$k$?$a$K$H $i$l$?BE6($N;: J*$G$"$k$H$b9M$($i$l$k!# 0J >e$N CN8+ $rGX 7J$H$7 $? Fishbone 9=B$ $N?6 F0F~ NOIt $N:GE,@_ 7W!$iw5m$K$*$1$k IT@09g$N2r7h $N$?$a$N?7$?$J %a%+%K%:%‘$N2rL@$,:#8e$N2]Bj$G$"$k!# REFERENCES [1] G. von B� ek � esy , \Exp eriments in Hearing," McGraw- Hill, 1960. [2] J. Zwislo cki, \Theory of Acoustical Action of the Co chlea," J. Acoust. So c. Am., v ol.22, no.6, pp.778- 784, 1950. [3] M. B. Lesser and D. A. Berkley , \Fluid mechanics of the co chlea.P art 1," Journal of Fluid Mechanics, vol.51, Part 3, pp.497-512, 1972. [4] K. T anak a, M. Ab e and S. Ando, \A Nov el Mechan- ical Co chlea Fishbone with Dual Sensor/Actuator Characteristics," IEEE/ASME T rans. Mec hatronics, vol.3, no.2, pp.98-105, Jun, 1998. [5] 0BF# HK , >.Ln=g5. , \ iw5m 4pDlKl%b %G%k$H %U%#%C%7%e%\!< %s 9=B$ $N1F A|%" %I%_%C %?%s %92r @O ," EE5$ 3X2q 8&5f 2q;q NA SSA-98-4, pp.19-25, 1998. [6] J. B. Allen, \Two-dimensional co chlear uid mo del: New results," J. Acoust. So c. Am., vol.61, no.1, pp.110- 119, 1977. [7] J. B. Allen, \Co chlear micromechanics { A Physical mo del of transduction," J. Acoust. So c. Am., vol.68, no.6, pp.1660-1670, 1980. [8] 6- 5WM: , Cf;3 9d , \ D03P $H2; 6A?4 M} ," F| K\2; 6A3X 2qJT2; 6A9)3X9V:B#6 , %3%m%J<R , 1978. [9] J. Zwislo cki, \Five decades of research on co chlear mechanics," J. Acoust. So c. Am., vol.67, no.5, pp.1679- 1685, 1980. [10] J. B. Allen, \Co chlear Mo deling," IEEE ASSP Mag- azine, pp.2-29, 1985. [11] S. T. Neely , \Finite di�erence solution of a tw o- dimensional mathematical mo del of the co chlea," J. Acoust. So c. Am., vol.69, no.5, pp.1386-1393, 1981.