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E-FOHEAaGDEELTEShZ N B, ZRERREHFPEIS>h B3, L
PLU RECEBAREABRBCIZEHNFRROHNBD., BEOEBEI L Lo
E-FOMBAEDENHBEIh2, choDoEEEEL T, BEROBESL S
HTRE - BHEHLTWL 3B,
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2.2 E-FHBYRBDFLHEHEBRE—%

2-2-1 BEHE—-—YOHAEEH
M2—-1(aJRTIEBWEOH 2EAD. BEXTIEN

ux=Uxosin(wt), u,=U,psin(wt+e) (2-1)
TERHLTVLWD L, NMHEZESLLLI->TEARKZ2 —1(b) OLD REMAGKZ
fi<o COBEHYHRIITEYE (D—-%) 2HULHFTZL. BEAOHHED
JEERMONEYRBOERIEN LU —SYiimEETQELLLRS, O—%
HERAROEBHILBHE ISIHESR, -3 ~RAUHBMATHEEDRT 22T
HHHM, HM2—-—1(c) OISy HFAOEMIKBRXERSELETT., n—%
PMEMTAE-—FHRCED itk 2, BHEBHOFAEHBICTDZILizL
T, O—- Y CERAFTHEHOEINEZSN D, —FH. ux uy ONHEENG =
0, 180° OBECRUHBZERE RS, CORBTCHLEALTHYHERIE. B
DEXRAMETHI2HHEEM T IO, ARAOXWAMOEERS L LS T
ME xMARAOENZRT 2, “RoDEH” LRUEMAZIE-—FIMNHETH
%,

PRE -
PRESSURE Uy=uyo sin(wts ¢)
‘u;u,o sin{wt)
Uy Ux

/S/T/A/T{)QV/////// 0ty 22w e

(a) ELLIPTIC MOTION (f;{;;l <E]E;} Qgi
LROTOR |

CONTACT g .
o TIME ()7 eer g

DISPLACEMENT

M2-1 BHEHRE—FOMKFHE
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2-2--2 E-FHNEBREHTFLEITHE-—S
M2 - 1R TELOREMOBAEDZ2EDLSEERRTBZ2PICL-T. &
EHE-—FIOBEIFEDISREBEMFAONDIZLILRZ, RRROEF
HE— YV 2BBFRITZLR2-10LO>0EETN S, (1)F, BE—-HIEE —
FZ2FMATIHET. COBBRBR—-FTRHOEHESEZEMS»P»POFE (AR,
E-FEEHIVEEEFEAVWDIHE) T2o00FAOEBHHRZZ2/. MR
ELTU— YL OBMATELOMMED. 5 0VEHEREHZMNE T 5 MK
E. BEHZTOBOOHAMBEAEZFALI2AHOEHR D 2B I2HER Y LXK
flEdhd, COMBERFRENEL-AHOBMBTHDEARX TEEDLERE L,
EFEETRZE-SIHAED > tE-FHEBREREHFZAATIMMA
KaFshs. MEOCHBIEHOABKESGILIDZ2ODOEHZRHEL. £h
KE->TENORHEH 28288 T BEHAEBCL>T200RBEMD
MHEEFELTZ2CL2FAULCEEENEEZFT>H0TH 2, EHRHTEY
HEHPTE, X-YRF—-UVREV=ZFZ7E—-FLLTHAITHhTWS, LHL.
“RBREBRABEBZERXAP2 L L THHEEHORSHI»EILLT 20T, E#
BB RBshEKL, EHFOHELLHBEIA S,
E-FHEBEESHFRABETCARAEAIICIBEOEHB FIL2O0DEKEHE— K
EHEL. FIET2EHFTCHS 7, ThoODEXTZ200K =M
EORRDIESTREHIZILELL-THROLISENOKHEYH. H50VWEE
BMEHZEAL. MATOLOTH S, LEN-T. EHFOERPEHE - K
DHABEDE, SHSULHBNOROHBULARELLI>THS<DODE-FHAD
FE265Nh %, §ER2-1IRTEIIRCOEHFO-AOEHZMOEDR R
FULEBERRAZ2 LI THOME~NORBELARETHD., E-FHERE
BERET-—YVEFEITHCLRBE-IHMBOBRICLOBMNZ I EIZBR B,
R2-2~4BEHFERILELE-FHEBEDETORPSE— FHBRIE
BFESML. E-/BEOBRBNERLAEABDOTH S, CORDOPT, OH
OMBBIRARRXOFCHBELEEZHERLTWSE—%T. OHOHMHREE
RXECEEENTOWROHBEESHEFRELLAE-FYERLTWVD, Ch50R

_12_



KARTESRE-FHEBREBERE-—YE. EHFHROMICEBHIORD B
LARESOTE-—YOBHEREBITCEDS, Ch5OBFMBEOFEMBERIN TS
6 ®TIT do

REE-—FHMBEEHFZRAVWVTENOMAERRR IDZATELRANRE
— FHEBEEBERE-—FSORKNRBAHELIODVWE X B,

®2-1 BERE-Y0RH

— 77 I [ & EHFOE—RIEE— K2FE T MR

WHAEE ——— FREBREEHTFEMNET 28R
—HEESFEMNAT MR

(—HOEN%2BE7 IV Fax—%
RETHD)

L g #EFoMAShERRA TSR
(—HOEREHORETFTES)

— R FOABREELFHET 2HEK
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K2-2 HAR(HAR) BEWFEXF—S ¥ 23— FHEER
BE®RE—Y QMK

BENDING VIBRATION

- em . -

(b) LINEAR HMOTOR

M NON-AXISYMMETRIC VIB. RADIAL VIBRATION
Bmn MODE ((n.1)) MODE ((R,1)) MODE
1. 2. 3.
ELLPTIC MOTION
z b
<f
58 7
=g ta) STATOR FOR ((1.1)) AND Bi, Brn(m=0,n:0dd)
o s THO PHASE DR. HODES.. AND (R.1) MODES.
— D
= /ROTOR ROTOR~
)
m
() STATOR FOR @
SAME PHASE DR.
- 4 ROTOR 5. ROTOR
=t (L O
2 e i '
=
2 \ / § i
> | (R,1) AND ((1,1))
og (a) CONST. USING MODES. b/ax0.28.
E: INSIDE CIRCUM. (a) ROTARY MOTOR
=E
T ROTOR ©
: @ @
< v
<
=
S -
= (b) CONST. USING GUIDE
OUTSIDE CIRCUM. (b) LINEAR MOTOR
SV
O/ 10
4 4+
S 0
o Z_ZNOor
%g (a) SOUARE VIBRATOR
ot O b/as0.4
>: GU{DE
I
== ;
==
§ 1] [ ]
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R2-3 TREDTFEXTF—HLT3E— KHEY
BEHE—Y DMK

LONGITUDINAL VIB.

BENDING VIBRATION

BENDING VIBRATION

Lm MODE By,, MODE By, MODE
1. 2.
- VA
z ®) ~7 ROWR 0 D )
> A=
& (
= L, AND Bum(m:even) MODES Ly AND B, (m:even) MODES
>
iy {a) ROTARY MOTOR _ROTOR
<t LJ
20
of
= © I
= /‘—LV‘_—LV_J%
5 € i /Roron
- Ls AND Bea(m:even) MODES : J1 -
(b} LINEAR MOTOR 1
MOTOR CONSTRUCTION
3. 4,
ELLIPTIC
0 0 Z- O  wotioN 0 O
5 Q
’—
<
[sq¥u}
oo
—_0
>=
WO e Y HODE —
EUS O 1t HooL
O
=
LJ
m
CONST. USING Bu(x DIR.)
AND B,{y DIR.) MODES
5.
O ROTOR
5 @
o 3
—
=, 'S,
jas)em]
=9 N\
[ 2 = /
=5 CONST. USING INSIDE
2 C IRCUMFERENCE
o] (a) ROTARY MOTOR
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®2-4 HE (HB) EHFERFT Y3 5€E— FHEY
BE®E Y OMR

LONGITUDINAL VIB.
Lm MODE

TORSIONAL VIBRATION

BENDING VIBRATION
Bm MODE

RADIAL VIBRATION

Tm MODE (R,1) MODE
= 1. 2. AT IRICN
_ﬁ/RI\D
= @) Jem—
L : R e E TR s I
<g PIEZOCERAMICS FOR : .
% L-MODE T-HODE It ‘ll_r_'—
— g | u
= ' 1 LONG! TUDINAL 10DC '
-J 14 b 13}
< Wl H U :
=8 /.4 [P S sinut cosmt
—
5% : N
/ .y - LS
= E - AR LR TRYS
= L‘ T‘ VIBRATOR ROTOR ; S j
(&)
S
) GUIDL
RADIAL HODE ELLIPTIE Hotion
TORS1OHAL MOD
= /0{15 L hong
S I l
< "
ow
— | . | ,
>g (8
ROTOR  StAtom Rotom
E:’ E 2' N\ ’
=
S O
W) @
[0 /
o SPRING SPRING
—_
PICZOCERANICS  PIEZOCERAMOCS
FOR R-MODL FOR 1-MODE
{b)
3.
% _ROTOR ROTOR
—
<<
[s g BN}
mo B,-8," VIBRAIOR
- ta)
>=
O E
=z —ROTOR
e
] —§§§ ~ethanics
® LA )
-l vigraton
tb)
=
o
—w!
<O
o
[sa
>A
c
-t
<z
(em]
<<
o
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2-2-3 FAEE-—FEABCLIZ2EREHOE W

(a) 2HEHOEBA

MEEES FOEBANBHBEY (FUMAHEBHLEREILS) OBEFIEO>WVWTHHA
T35, ZOE—FKRZ—-FICW(n, mNE—F (n:EHXRY, m: BHAX
X)) tR&ENhZ, ChbDE-F2FMETIE. HEE-—FORBEEELEL
ES>ENORHEBINERTCES, R2-28R3T((2, 2NE—-FKEZD2WT
E2%, COE-—FREBRAR(bDIERIEAEORMBE—-FIHEETILS., &
TE-FZRETRT LDIC90° IHDORLRB AN (sinwt, coswt) TRHT S
E. 2ROEMurus BRO LS IR EH B,

a®t— KT Uro={U.}cos(nB@)sin{wt)

us={Uslsin(nB)sin(wt) (2-2)

b®— KT U.o={U.}cos(n@—=z/2)cos (wt)

ues={Uslsin(n8—z/2)cos(wt) (2-3)
=7 L.
{Ur}={A dJdn(hr) +nB Jalk r)}
or r

(2-4)

n ) n
{Ug}z—{nAJ (:r‘, aJd (kr)}

+B e

— -

((2,1)) MODE ((2,1))"MODE
(a) (b) (c)

M2-2 (a).(b) SBT>EABHIES((2,1)E—F
(c) EMOEMAEHL T— KEE
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h2=pw2*(1—02)/E (2-5)
k?=2pw?(l+0c)/E (2-6)
e, o, EFxxhezh@BE. A7V, ¥ ITETH S,
- T.

UFZUF5+U rb:{Ur}Sin(wt+n6)

Ue=UsatUso={Us}(—1)cos(wt+na) (2-7)
ts=w{Us}sin(wt+nbs) (2-8)
(ur /AAU2+(us /iUs})2=1 (2-9)

Enh, B u. us KD EHEBNERELBZ LB TREINB, ZOFE.
M2-2(c)ibREILOLBH AL O=—w/nNOARETCEEBH T 3
Ttk B, M2-3(a).(b) W&EMu- . us . BOETLEHEG ZRHRLE
bOTH 3, §RbB, u, Us KE-oTHHAENDPERE A, Fhicksn
- YOBHAFRAYK—WICHEBIL D, AHDOMME (sinwt & coswt) 2K
Ed 3L, HEET-FOEEBEFMLEO-YOBHFANKRET 2, BB E— F
PHEOES ERRZL-TERIWI2HEHEBOERBEILL. ChHRXT
— YL ULTOREERDZ—DODHELR D, BLLBRETHR~Z, D&
SIAR (AR) o dMEHE2ANAT 2L, TOABELARBOEMND
BHEH EFHETEZDLSE, BLAORBREBEHEE—IVERETID P,

DIRECTION OF ROTATION
OF RESONANT MODE

B 2
VL C '211 5m X=wt+nd
7, p)

|
I
IIIIIIIII/IIII/III

/

(a)

| —— ROTOR
= 4 ::: )
/ ' f |
./ X=wt+no6
Ug
(b) MOVING DIRECTION OF ROTOR

M2-3 E€— FHERE—-7OBEFRAE
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MBEOEEERMBEH2AALTCOARCENORAEDFER ET h 3. X
2-4(a)BRTHMDBo2E—F (—RIBanE—FKEREN B, m: fHiH
B, n: HEEH) C&F AXOD OHFEEMNBEORRIEBE-FKFMFEET
o E-T. CHhSDE—F%Z90° MMHORLRZ2ESTRHITAIE. HHEMH
EHHroHEINDI LIS, HEORBLETCENOHHETEBR TN D, 2
MEETREET-F L UTRAMNREBERE - YORKERLEDBOT, HEH
E-FOHEE, BERELZODWTITTRH#LIEEETh TS P,

6L, M2-5(a),(b) CRTHESHDIWREAFEHEE2RFODEERED
BRI 2EHBEBDILL- T, HHEDPERINZCLBBFHLHEZ O S,

NODAL LINE

O sinwt
Y e
A A,
COSwt
sin(ne) sin{ne-n/2)
(a) (b)

M2-4 WETIHEEEMHIEHBo.E— K

ELLIPTIC MOTION ELLIPTIC MOTION

O/ 0O \O

2-5 (a)FHO&EEY?EHERY
. (D)EFBOME T 2BHIE
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(b) FHEBOSA
E-FEGEAAET AR (HE) ORRBEE— FEARAWT, EHOM
MEBZ#EKTI2oeNTcES, M2 -6(a)itmmdT DI, MODEL @ LOOP
ht, MODEZ2 Tk NODE THH2DOD0OMBE—KE2F2X 5, COFHTIE. MODE1
WE-TEESFAD., NIE2DEHOEMBEAL LI TKEFAOEMNE UL B
POEME—FERMEBT A Licd-T. AM(b)ERFE>AHAFAO
EREWNERINE, EREATFHOEUBEAERAT. BERT L&
RENKBIONB, D5, B2 - 1(2)DAMEET S “Boos®” 0
E—FHMBEND 0,
AROEEEEMENB  E— K2R W TRENCRE T3, M2 -7 (a),
(DR THEE—FTHD.©.0,.0 0XEfIt2WTHFLILZ L, A0.0K
(a)DE—-FOBMERL, (D)DE—-—FTCRHEBON—-TLIZH D, RO, @
B2 ZOHFDODNBIZIRS, TROLB, AQ, QW(a)DE—FTERHAMEI

Uy:MODE1
LOOP
/ ]
MODE2 MODE1 //LKZUX-MODEZ
~ Voo
NODE
(a) (b)

M2-6 FRERDHEBH®RE-FOBHERE

M2-7 HEBBRMHESHBL.E—FIXLD
AHEHEE-YOMERR
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ZEMoMMEHES, (D)DE—-KFTOQREOLAKR. QEREDOTAHALEENT %,
oT, M2-7(c)D LI >RZDEACERBZEBITZL., T0RERE L. A
AAHOEMNEZRD2. RO, QUEODVWTHLAROFENTEZIH. BEH
E—FLULTHATLIHEAR. RULAROREDZ2RBIRELZTZIMAT S Z
i, REMRMBRRIEIZE TR~ BANEHIEHN CHEAROMBE T
EETH D,

AEMBEE-FR. EBFLEIHEEMAMNIIL LD BBENMET S
CEHTESL, ChEDP->T2EHE—FK (AHE) 74 VI REDODHTRLH
G TVWHRET, FIAEARENFTCRIM2 -8R T LOCHADOD—B %
BlbhEEICLUEL LD THEBEZERHEE TH LN TEZ, CO2ODE—-FKZH
WRLEHBH LIV ENOBERRGEBE TSI LHAETH D 1,

M2-8(a)id, By E—FAKOEBLI I v/ AEBENBELHBIHD
EHOORLAY FHERLTWVWS, AHR(b)Dwe EHBULE2ODDHIEE—
FOa-FkSY Sy VAGEHRT. BHBHHFEORERELIERT S 2, BH
REBEOFMEBEBIKZ2 -8(c)BLUF(c') TREN, w=wr TEHER
KHENZ2BHE 1. & 1.0 MBI,

i.=i.,e7'%2 (2-10)
OBEEPEDID. o7, H2-8QRQ)OHBHETEMBEITI2HEOEM .
i(sinwt) TOEMZu . i(sin(wt—7z/2) TOEMZEu T 3L

u,={Ug}lsin(n@)sin(wt) (2-11)

u={Uglsin(n@—-n/2)sinlwt—=n/2) (2-12)
i3, L. (UdddE—FBBTH D, LEN-T, 2EDEM U

U=U|+U2

={Uolcos(wt—nag) (n=1) (2-13)

LB, R(2-13)kbh. 6=w,/ nThHsdH6. EfudRKEHHKKEIE
T2, PILE2-90HMRCLIZIAREDHFLEMEEDH T2H4. Effuik
BEfFAMmicEE TS Lithk 3,
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MODES AT RESONANCE

CUTTING OFF
S

VO '.

Bu MODE DISK
(a)
O
I R R
v 41
’ TC 5L L
C C
o 1 J
Wie Wae
(c)

. COUPLING
sin(e) sin(e-u/2)

M2-8 HEE-FOMBIEIZLS
E—FEE (REEFHE)

WA — |} 0]

R L C| R L CJ||
C.T C,T Y

O

B,, MODE DISK
(a)

COUPLING
(b)

M2-9 HEE-FOHMBIBEICILD
E— KEE (Kt )
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2-2-4 REE-FRBABACLI2HHER ODE K

(a) 2HEBHOBS

M2-10(a)cRTHEEBEHFC. BETHFHOMMED (MEH) tEHT
HMOBHEDOREREHRRZ. EHFOLLZELICEETILLLI>T—HYT
50 COLDUBROEEDE-FOXRERERP B LERER2, BT -
FREBEMHEE, M2 -10(b)REH IXLBHEHLIXRE-FOHEBLERK
Eerd. BHEHON - T LELOROD, O2F25E. Ch65DORTEHMIEE
Lo Tx#iAM BHEBHCLI->-TyHARMOEMMEL D, >T. WE
—FOBBMEEZEERZ LT, ChOoDRAMPHARKEHIZERE
ZULEBEING, REE-FOHEEBRE, PoTCzV i bORrA=ANT 4NV
ANDIERAEERNE LTHEBIWESEE-FEHFESHF L ITBZI L Lo T,
WL O2PORBBEORBFTCEREIND, RANZBMBELCZ DLW TRXRETHLE T
b0

Sinwt cosSwt

? ?
AL L
: PIEZOCERAMICS :
NS A A
—lsr—-Ux
ARVARRVA-RNT

L1-MODE O—g1pTic €2 By 4-MODE
MOT 1 ON

(a) (b)

M2-10 (a) FHOMK-BH T FHBHEDHTF
(b) #M1IRXR-BHWA4ARE— FHBEEHTL
OO M EE)
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(b)) AHEHOEA

RMEDOFEEE—- FHBEEHFOBALARIL. BEE - FMEBL LZEH
FREBWILHE-—FEZ2RAMESH T itd>T,. ZHNOEEEHHER X
hd, B2 -1(a)ERTHBRONHMBTES (R,1)E— K& EHEHIED
((1,1)) E—-FEFEZXZ, RFTERBELI>E, ChB5DE— FRABOA
EARED b/a=0.28 L THBL., Th2hoE— FRAELOAA, B
THEREM(DIERIEMNEFTERD, LEK-T. ZhoDT— FZRMEED
TZObE5AM(D)OHFOHZI VIO TCEH T L, AR(c))eFIEMOE
MEBDPEREIND, BIAEChbDACHS FEEETZ2LitL>T. B
RBOHET-SHHERTES, BFOHZVWROTCRB T2t TE— K
DHAEDLENEDZOT, AN(CIERTLIOREXN TI2ELEHNER X
NE-SYOBHATRANKRET %,

/ LT
:/ ; AR ‘/\h ) i
NN /’/ = ,.‘ .
TR, 1) MODE ©,

(a) (b) (c)

K2-11 (a) FARORDE—-KE((1.1)E— KOEHE — K
(b) IREIE S L EBERF
(c) FAHEBBHLIZMOELEDOER
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2-3 E-FHEBEBERE-FIONLTLAR

R CTRBERE—YORBLRIEMHEHORERAIDWTiEXRE, 22T
HEREROSHELBEBSZRANRMEH 2R T,

2-3-1 AEKEBE—FAHOBEHE—¥
(a) MK (FMR) EHFOFERMAHERRHOHER
MREHTFOMBTSZ((1,1)) E—F&ENM2-12 (a),(b)eFR¥. 2 -
2 - 2TRRELEDEZZASOBEEE—-—FKZ290° MHORRZ2EETCHH T
. HEOAN - ARECEMOMHEBNERI N2, Tabb, BEHT -
YDRF—FLLTHATIHAR. AROAN - ARE»PSRB A ERDH T
CENTEBNT, N2 -BREFRTIOCSREBEN TR S, 22T
(a), (b)RZThZhHBOANER, AABCo—y2HLAHT 28K, (c)
HFHBORABE., 77— N"2E>0 -y 2@ LACHR. (dIEARECAFR
ERRAT O MM THSB 12,

-~ — -

(¢1,1)) MODE (¢1,1))" MODE
(a) (b)

M2-12 SBT3 F@EHHEHLD)IE-F
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g2 -2 -2(b)THR~R-AHEEEEH2MNATZ2E - LA UCEHHT. MW
BIZFEUMANED2EEEH T2 Lo TRBEHRE—YEHBRTCE 3,
((2,1)) E-FAAOBEHE—YHBAAZEM2 -~ 4ZRTH. ZOHEX
TV RBERAE-FCAS L REEROLEND 3,

FEHNHEHZ2FNATI2BETHE ORI, A - AREOHMEERDA
RATEZ20TCAYBEBEICLHEAT S e, M2 -BBERULELDIESERHEED
AR H D, RERHEH O WTRBIETHRX S,

STATOR

’//ROTOR \\‘..32

s:sin DR.
c:cos DR.

{0 :PRE-PRESSURE (4

(c)

K2-13 SMEBITA3(LD)E-—FZHAVWL2ETHE—%

CERAMICS STATOR
{7 :PRE-PRESSURE

M2-14 (2, 1)E—FzHAVWIEEBHEE®RE—S
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(b)) Mk (AR) B FOHEEHEHESHRHOHE K

2 - 2THERELIIR. COE—HYEHKOKEEA» SREHEWMDOH TH
BELeR3, 2HEDCRPENCRB 2RV E T A CHEELEOE T KM
BERY., sLERAHEBEHOBEE. RAMORHHE2EIEADELFERE-FE
EoRRERREEF - TV, U—FRFAF—FPHREANNONMELRDE2DICHEE
MIERETH 2. 2HEBHOBRIZDWTR. filcd~rz2LD LI TCLEAL
HEXATWBEY, EXTRE2 -5O0RERBREE-—YREO>VWT, F3ETH
LB RTW B,

P RESSURE ROTOR
ﬂﬁ/

| : : ]

' Ay ] J

STATOR! 'CERAMICS

M2-15 BizE-— FERAWIEMHEEBRBREE—F

(c) M (HE) B8 FORMIKRBANAE OB
AEEBFOIRXROBHIEBHZ2FMAITHIE. M2 -16RTLICEHFO
Wi %% 8. &6b\¢i*§%%ﬁ’(‘%ﬂ@#§ﬂi§iﬁ£‘ﬁ?ﬁiéinZao BB roEENZ
BOHUI—-FKY - FAALEASL EHFO—HKZEELEE-F¥IHE
ShTwd, BHAEE LT, HHOBAEREI I VA ZAAMCEI I LR
HEZOT, 5937 XABGOERDFPLIITRAETFNIZATVLREDSE
BEMHTRADOEHFMIALVLIATWS, BEREBRB LIV AOHMMREZ
FMATZ?CLERZ2D0T. WEOHWE—-IPBEBRCEHILHERZIATL

i

4

6 (14)0
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COWMBE. AR(b)OHEE (EAK) FEE2ETSIEHTF LB LTS AL

T, AM(c)IERT LI A RBCORHEH2FATI2ERBHEE — & »t
BEIhTWS (13,

ELLIPTIC MOTION () ELLIPTIC MOTION

0 ()

(a) (b)

MOVING DIRECTION
CERAMICS SLIDER

I— ,.ml'-ll e ..

R ;5J /GUIDE
SPRING—H T T —

. 5

L —==17 TTTooeo

K2-16 (a) BE—EHE— B EREE T
(b),(c) BH—-EBHE- FEENERED T
ERBHET—»
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2-3-2 REBBE-—FEZAHTIBETHE-—¥

(a) THEDFORK - HiED R B R
COMBUEREHLEEATMOEHESH. BARMOBEEDHLOHEAEE.
SORHBITOMOPBULARLITWLS DO DOEEXFLOL B, M2 - 17
(a)ik. ®1RXR-HEil (EaHFME) 4R+ 2B EBEHF2ERBHE € —
FABAULERAT BEHFLREERITZICELL->TRLUARAOEE N %21
TWd, AM(b)E. MI1X-Bii (r5m) 2X»roR223EHFEZHAVDIH
THd. BARILHKERHEFEZBRRTVS, SEEREHFE. EaFmEH
EBHeWETABMEHOMBL2ANA T 28R OTERTH 5,

Sinwt CoSwt )
N e
Tl B
BRI L. o
© ) A —l /l 4‘\ 7,
8. ,-MODE }CERAMICS o, . -
vd ,o K
‘—l l\/";i‘"r"l ‘\‘ 'T'J I_.Ux
/,/ ‘\.’ s
%TATOR
MOVING DIRECTION PO | ERVEREN | SV |
ETHR | T
Y \ - ; ROTOR
GUIDE Sinwt coswt
(a) (b)

M2-17 FHROM-EBEHE—- FEEREHFL2RAVIBEHE—¥

(a) Li-BwE—FR2FATA2ESEBHRE—¥
(b) Li-BuwE— F2fATIEERE—%

(b)) MRAEHFOMU—REBNAOBR
M2-BERITHEOESMENGFRTCEH L, RIEHHIPS5RDE— FMHR
BEBF2522¢. WE-FOEMNIPHOLOCERTS2LE. HHHOW
A-ARBTEMNOHMAENPERI LS. T— VB EL LTERER(b)D &
SRERBUOBEE-—INEFELL LB,
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ASYMMETRICAL
‘_J ___~RADIAL MODE

—

;-.-.-.------_-.\_-ﬁ: ::[_.”
: !
] ~ TLONGITUDINAL MODE U
(a)
Sinwt COSwt

L | R | R

(b) GUIDE (c)

K2-18 HMEOHK-—HEE— FHEEREHT 2
HWLERBBREE -4

(c) M (AR) ERFOMUT - BiEESHAEHORRK
22 -3(b)TatrELSE. AROMTER(R, 1)E— KFEEMXNH
EEB((1, 1))E-—FKZ FAROABELAGHZEZIZZLELI->THEBT %
ME—FOEMNBRAZHEMRT 2L, M2-19(a), (b)) RTHERBHE E —
5. BH2VWEAULNUBREEE-—IPHEBRLI LS, ESERTHELIHMESN. £
7?:%7&’(‘?3—}“)—-5"\@»‘&‘\%%%71?3‘0.
COFBMRE. AR (AR) EHFOEHNEEEHZ2OHFRT B L
- XA CIRE & HEEE IR
- FMNRIRE & HEEEBIRED
DHIBEELBARIZED, M2 -200(R, 1) EHEERBEHB..E—F %
FMATHZMHEZRLTWVWS, AHL2BHEHZAVWSI CLIEL>T. HDA,
BRATHUAFRAORBHERGZCENTED, M2 -21F (1, 1))E—-FKL&
HEHEBHIBEH B TE—F2Z2FMAITI2HER T ABREHEHZAVWSI ZLE
o7, BIOA, BRATHUATHOEEHZB/BZ2 LN TE D,
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T

u MOVING DIRECTION

STATOR

T 5 (o:PRE-PRESSURE
Ue (a) (b)

M2-19 AROR,D-((1L,1)E—KEMBTZE-Y
(a) BEEBHUE-—4%, (b) HEEE-—-Y

STFTOR

NODAL LINE

3 e
Ug CERAMICS
&> :PRE-PRESSURE

M2-20 MEOR,1)-B E— KBREHFEAVDIE—Y

STﬁTOR NODAL LINE

ﬁD TN\ I A
Uy CERAMICS u,
© : PRE-PRESSURE

M2-21 ARD((1,1))-BoE— FHBENEBHFEAVWDIE—%
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(d) MREBHFONBMTE-—EOEHNAHOBE
M2-2Z2073HEERDFONMMBMEEDHLEHRZ. EHFOERELES %
FARBIDCLUELELI-DTHE-FOMENER CE S, WERKETE, EX(b)
CRTXSCHABTHEMHEHPER Q20T ARK(c)CRIHETIRS
FORLPOLHBB N ZROE I E-—IPREIH TS, ZEL. COMET
FEGOD-SRYEETILIIRD S,

RADIAL MQODE ELLIPTIC MOTION
TORSITONAL MODE
/ \ O

-\!
~
A
Y
R R T
K}

l(a)
ROTOR  STATOR /ROTOR

/
PIEZOCERAMICS  PI1EZOCERAMOCS
FOR R-MODE (b FOR T-MODE

M2-22 HEOWMTE-EDE— FHEBREHFEAVWDE—5

(e) MAEHFOM-—ROEDHRNHOBE 17~ 1
ChS5DE-—FZFMABAITDE—SE. BEFE BIMVILWIBERE-F&F
ROKHZAITHHMAL LT, BXAOHBEOE— Y HREETHhTWS, —RR
MEBCRERRMEBOXERARBEIREVETOZA LD LAEEEFT V. BT E
BBF2ZRAVSICLEL>THE-FORHBERBE T LHTE S,
MEBFRHEZ EHFOERPEHOTHELLI->TRRE2ZY. AI2XERK2 - 23
RRTE>2GBEBENER2EHIIEHFTCR. BEERd/d D E5EXS5 N
hid, BN EBORI(X)ZERDZLILL-T. MIRE-FHERFHRHE O
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ET2ED. SR fu=~FfurERIIh?, M2 -dcE—V#HEEO—H %
RTLTW3, E—FK#HlAaEDLYE., HAVWERE—SVHEHEECLIIDEBELOEBERODO T —
INEILNS, WS OPORKERZEL4ETCHERL T W B,

L ,-MODE T,-MODE
(a) \\ \\
‘fL1< fL1l
L -MODE T! -MODE s
L 1

\ 1 o“ )
(b) {] \\ {] URRANS

M2-23 MEOM-EDE— FEBREDT

T-MODE L-MODE
SPRING ROTOR DRIV ORIVE

yu
=gl

K2-24 MHEOM-RDE— FEBREHFER VD E—

L

2-3+-3 OO

WEETHEAEEHFUALDIVWLS O2POE-FHBREBHFHEFEILS>N D
M, ZITCREELEZE2BEEOBERAET I,

M2 -25uBXERBF2RT. IEFTAKEFHEHOERH (HE—-F) &, W
P—LDENRECEHITI2BEESWNOEE (VE—F) & EBHFOLLZEH
BIDHDILRLIDHERT I, MBRHFIFLLEEXIhTBD, Z7—LONME
THEOHRLT, EHFO7 - LHBER—ROEILEME-FOHRERER
~RBEEZDLPEREIATVEY, BRA7 - LHEPESFFEOBAICHE
E—-RFEEET D, WEREBCTR, AR(DIEFR T LI IE7—L0ARMENARN
THAEBPEBREZNZOT, CONBPSRBEBHNZMDbHEIILILLDEBEER
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BE—VDPERTEZ. BEAETCHEOET—FHHERTE S 29,

M2 -2CEFFEKROBWEET—FE, ChZ2FMALEE-SYHEHRAZTILT
W3, chid2 - 283 (¢c) THAREHAEOE-FEHBTSHEHBOT,. 20O
BAE b/az0.4 TAHE-FNIHETAILINERRNEIE»POSh 2. AERDBE
ELER EBBHERET-—FLELLTHBETE S 2,

vV MODE — Q

H MODE

A: ROTOR B: BEARING C: SPRING
D: FRICTIONAL MATERIAL

E: STATOR F: PIEZOCERAMICS
G:SCREW H:CASE
(a)

(D)

K2-25 ( - MBS SRS FLEMOEMES
(

a)
b) E- BT IEHFEEVIESHE—&

, (—
________ RO (S |
o : r " : el |
: : ‘\ ,' : .-‘:.‘ ) _-'.:.. B '
:~a@ E ‘ O [ 0 | ER R Y —
| L s (1
N ' 1 el '
e y e + A:SPRING B:GUIDE D:SLIDER
SYMMETRICAL MODE ASYMMETRICAL MODE s:sinut c:coswt

(a) (b)

M2-26 (a) EAFBERONFECESLENERIED
(b)) ESEHROHWEET—KE2METS
ERBHEETHET ¥
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2 -4 %

i

BERE-—YOHBRFEERZARE-IFHEERBBERE—FYLBOERLEDIL
BEZITW., COBE-—Y0SREEZ2ELOGPICLE, E—-FAHOALE»PSBEH
BE-—YHBEOSEZ AL, E— FHEBERESHF %
(a) AEMEE—FZ2FHETZHER (b)) BEHEBE-—FEMNA T 2HK
KA UL, ZOBFLZOBEN2HEBH LEE (EH) RBOBTFHRE -S4 DR
F—HELTHATESZZCLEHLGPIEZLE, ERLAREE—-FHEBEESHTFT
BHBEDTHBLULEZ2ODDODHRIEE -2, IJ-FS VY NVEAFERTEHRE T 2
CERELOTENOEEREZHE L. BEHRE—FYORATF—F L LTHAA
fEThdzr~xi,
2 3TR2 - 2TEHEAE-FHEREHFOABECLES VLT, RENR
E-FHBEDLDFLIDZE-FHEEESH T2 LT, BEHFZzAVIE
BERE—YOHEBBAZRLE,
UEZzENT 5L
(1) BBROBEHEE Y LE-FHEBEBEHE - YOLLBR ZT L,
ZTORBEHESPIZU A,

(2) BEHFERLELE-—FOHAEDEIL LD TE—- FHBEBETEHEE -4
EOEU k.

(3)2ﬁﬂﬁuﬂtﬁmﬁﬁf%Eﬁ@%@%—&#%&f%é:t%%
L 7zo

(4) WEDTHMLEZ2ODDE—-FZEMHRBGH T I LI TEMNDEIER
EOVMERETHDI I LEHLIIZLE,

(5) RANLZBERE-—SYOHBBAZEZTLE,

LR 5,
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B$3H FRAEE-FEEREHFZAVINERETRE -

3-1 ®& §

AEE—-FHEBEEHFR. AFORET - K28R 720 FHBAEN
FERZE, BUNMESPEELZMC LI 2HERBEROEHFELANIIA —-—TH
2O RBREHEE—FYDRATF—F L ULTHBETSH %,

ABECPHREDFTOREEEHERDPCEABMBIESH X, PoTAI=aNV7T
ANEZREITIVITANIANDEHEEN L LTHAETh, BFEMHEEE— K
DEEMHSA T WE, 19I2EKBLI-TREShEAETHEBETHE—¥
Y, AROEEEEHEDOREHEAT -—FK2MATI2HRATRANRE
BEHRE-—YOREEE-EHBOTHS, T TRE—FHELLTHEETH D,
ERAATOA- M7 AN ABHBRLECERLERATWVWDS P, —F. £F
FHEHE (HR) OFUMNHEDOREHET —F2HBLEBERE -V 2R
XL, W<OPOHERK, BHEBAZRLE Y, ZOE—-FZ2FALEBREE
FREUKUTHBBARITRFIATVLEN, YHEAET - FPEBEFHS D
Ehhhok ', FHEAKMEHLZNATIHERIEZ Y., D-SO0HELS
DOEMIEESY. HEOHRE  ABFECORMAEH ARATES L, #
Bl - NEEBECHETILRERERTILE. SEORBRE—SYDOINHA
AHPLRO—-HEESI D EERZLSNS T,

ABEECIE. AR (HR) OREE-FEEREHF2HVA2ESOBER
E-YORERHAZERTVE, BALBEREE -V ~ONAZENELT
MBEOEMAHFEDTEZEMLTNWD, LEHNEXDE-FIODWTEXBHAN
ERBOWNEBFEL, T FYOHEFRHECLEDLIZEMNOKEHEDH Z2RF L. 2
hEBLELWSKO2PDE— Y 2RKELEZORBHEIZE XL ¥,

R, AROAERBEHOREEEE - F2MNAT2HEM (EH) BHE
BERT-VE2REL. ZOBHEAERLTNVS, COE—FE. WHhD D
FHBEE-—FLL<{AULE-—KFERALAENS, 2200E—~ FKE2EHEHEL L TH
AT 322 EB8»dY. AHEBERYGANGFOULBILISoTHATHE
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EEE—-—FLULTHETES, BERHE, TE—-FRERZODWTRFZMX. W
K20 EHZRLTWVS P,

32 HEREOFEMNAHKEHEZNRAIIBEHRE ¥

3-2-1 ERBtEISIVvI/HROFEMNHEY
AECHROEBHNEROFMAFMETOBFEII TCLRESIATHL D
Ger. L FEBHOAFLPERFTET-SOBEEHEHCHELDLIAA-AFRE
TOENOHAEHCZODWTRHEIPTREL, 22T, EEELI Iv /7HRIE
BT 2BERE—VYORT— Y LULUTHATIEADPS. ZOFUMHERDO
EHAHFLPHEONE - ABETCOEMNOEAES, X TCHEEETS /M, &

SERBERBIC> VT3 12,

(a) HKAFHALABBGER
M3-10EBEIIv/7AROEMAHEHEERX 2. BEARLHAATR
@E{ﬁurvui’ Flf\jj Trr, Tre (i\ %Qﬁ(3‘1)~(3‘4)(5‘25n50

Ue= L[A<9Jn<hr)+B aYn(hr)+£{CJn(kr)+DYn(kr)}] cos (n@)e et
h dr ar r

(3-1)

ug:—l[—“—{AJn(hr)+BYn(hr))+c 99 k1) ay"“‘”] sin(n@)e
T or ar
(3-2)
z
\ e
a
SN
b

K3-1 FMREHFLERER
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r4

Z.

_ . du; . Ur , A Jus
Tee= (A" +2u) 5 TA —t——5
. dus . 1 dur us
Tee=u ( ar Tt B r )
Z T.

hf=pw? (A" +2u)

K#=p w?/u

AT +lu=E/(-0?3)

u=E/I(1+0)
SRR -5 o: EE, o: R7V UH,
a:HROHE, 2b:HREONE THD, ERZH

Trr | r=a:Trr I r=b=0
Tri I r=u=Tr6 I r--b:O

AO-D~G-DRATZeXRAHBED A 3B,
Ho | (B
i g =0
D

CT. YMYVIVZADBERIL
Hi=[(ka)?2-n(n+)}J.(ha)+haJ.,(ha)
leZ[(ka)"'/Z—n(nH)]Yn(ha)+haYn-x(ha)
His=n(n+DJ.(ka)-nkaJda..(ka)
Hiz=n(n+1)K.(ka)-nkaK.-i(ka)
Hz:=[(kb)?/2—n(n+1)]J-(hb)+hbJnsi(hb)
Hezz=[(kb)3/2—n(n+1]Y.(hb)+hbYa.-(hb)
Hzzs=n(n+1)Ja(kb)=nkbJa.-(kb)
Hzz=n(n+DY.(kb)—-nkbY.-:(kb)
Hai=nhaJd.(ha)=n(n+1)J.(ha)

Hsz=nhaY.-i(tha)=-n(n+1)Y.(ha)
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(3-3)

(3-4)

(3-5)

(3-6)
(3-7)

(3-8)

(3-9)



Has=—kad.-i(ka)+[n(n+1)—(ka)?/2]}J.(ka)
Hss=—kaY.(ka)+[n(n+1)—(ka)?/2]Y.(ka)
Ha=nhbJa.(hb)—n(n+1)J.(nb)
Hez=nhbY.(hb)—n(n+1)Y.(nb)
Has=—kbJ.-i(kb)+In(n+D—(kb)2/21J.(kb)
Hia=—kbVYa.i(kb)+[n(n+1)—(kb)?/2]Y.(kb)

THhd. AEHGTER

det[Hn]=O (3-10)
IOVHAROBBRBMEN ha ¥ROGN 3. o7, HEFAHEBIXXTERS
h b,

_Qan E
T iza¥ p(l-0?)

g¢nn=ha (3—11)

ST, BF nem BRAEHE-FOMAARE (RE € — KO FREicHiS)
EEFABRKRBICHBL., BEHE—F2 ((n,n)) TRT,
BE-RFEARBT2ABBER .. OFEEZR3I - 177 (MHEEK
GE®Y 53X v U NEPEC-6, E =7.874x10'! [dyne/cm?], o =17.73 [g/cn3],
c=0.322(H) . BERUCERALUALZERE 2a=40(mn) OFEEBLIIvI/7HED

HERAHEHEZEZM3I -2 LTW3, 2hib b/a Z2RKEL23E((2,1))E

I

((3,1)) OXERABEIPBEHRCET TSN bL B 13,

£3-1 HBEBHFORGEHREH (0=0.32)

(a) ((1,m)) E-—FOHE

b/a ((r,1h) ((1,2)) ((r,31)
0.0 1.60237 3.52371 4.00057
0.1 1.61250 3.63698 4.02742
0.2 1.63678 3.83840 4.15371
0.3 1.66146 3J.89973 4.58054
0.4 1.67000 J.99918 5.28005
0.5 1.65137 4.32260 6.30395
0.6 1.60962 - 5.02162 7.86298
0.7 1.54602 6.38887

0.8 1.47781 9.32314

0.9 1.40810
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(b) ((2.m)) E—FHEa

b/a ((2,1)) ((2,2)) ({2,3))
0.0 1.36793 2.48912 4.48389
0.1 1.20745 2.43701 4.06721
0.2 1.09733 2.37810 3.99437
0.3 0.89519 2.38707 4.317423
0.4 0.71509 2.42674 5.04821
0.5 0.55671 2.45893 5.15445
0.6 0.41642 2.45462 5.61082
0.7 0.29563 2.40512 6.77548
0.8 0.20930 2.32267 9.55044
0.9 0.17118 2.22356
(c) ((3.m)) E—FkpiEa
b/a ({3,1)) ((3,2)) ((3,3))
0.0 2.10112 3.41984 5.29527
0.1 2.09724 3.41576 5.22225
0.2 2.04317 3.36615 4.73208
0.3 1.86707 3.2940 4.64949
0.4 1.60121 3.30905S 5.08874
0.5 1.31598 3.36790 5.96545
0.6 1.03330 3.40235 6.42091
0.7 0.75176 3.37076 7.35023
0.8 3.27507 9.91019
0.9 3.14281
300 —
- ((1,4))MODE
~N ((1,3))MODE
=
~ 100
((1,2))MODE
>— .
O
=z
w
0D
S S0 r—
35 T T——
((1,1))MODE
wJ
(48]
=z
<
S
[22] 20 —
wl
[o 4
10 I
0 0.2 0.4 0.6 0.8

DIAMETER RATIO b/a

(a) ((I,m)) TE—FOHBE
M3 -2 MEESTF(22=40.0 nn)D LiE & # K
(E=7.874x10'2 dyne/cm?, p=7.73 g/cm?®, o=0.32)
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300 r—
((2,4))MODE
Y
= 100 — ((2,3))MODE
>
2 — —
= 5o ((2,2))MODE
g 20
u.
(VS ]
g
= ((2,1))MODE
S 20—
&
0 0.2 0.4 0.6 0.8
DIAMETER RATIO b/a
(b) ((2,m)) E—FKDBEL
300 F—
- ((3,3))MODE
<100 —
ot v v § v ¥
. ((3,2))MODE
=
Y 50
o ((3,1))MODE
(@ 4
u.
S
= o : EXPERIMENT
Z 20
w
&
0 | | l N
0 0.2 0.4 0.6 0.8

DIAMETER RATIO b/a
(c) ((3,m)) T—FOHESE
K3 -2 HHEIELDF(2a=40.0 mn)D £IE B H K
(E=7.874x10%'2 dyne/cm2, 0=7.73 g/em3, o=0.32)
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(b) ZfrEHoWHAR
ROG-10)EDRDE .. 2K(3-9) LRAT B L
1 B _ Hzz Hzs Hz4|—1 [Hz
“{ L EE e

RS %., ChEDHBOLE B/A, C/A, D/A BEE D, F-EMNOKREAL
K (3-13),(3-14) TIFhbh 3,

JoE2dv=m (3-13)

S=iu.+jus (3-14)
2T, MEARODELHEE, i, i BREBIUVHEAFAOEAXIMNVTSH %,
BREBARK(3-13),3-14)ic KX (3-1),(3-2) 2RATHBzLicLhRDSEH 3,

M3-3i. b/a=0.3 OB ED((n,m))E— FK(n,m=1~3) OE—-—FHZETRL
TWwd, BET. 75402 TCRUVEAKBEHONMBETCOEMNDOKE
TE2EAPOEITHRBIERLEBOTH %, FIRE. ((1,1)) E—FkTkxH
M EcCRWABLARABEEA CAMICEM L, @ EXT2#8ECHA
BEETDIZLHHDH S,

M (v (3) (0,3

() ((1.1) (") {01,2)) (3) (0,3

(a) ((1,m)) E-FDHA
M3 -3 FEHHABEBHORBE— K (b/a=0.3)
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{{2,3)

(3

{{z2,1))

()

((2,3))

(3}

((z,2))

(2')

{tz,n)

1)

(b) ((2,m)) E—FOHE

)

{(3

(3)

{(3,2))

(2)

((3,1))

M

%))

2)) (¥ (3

((3

(2*)

AN

(3

(1)

koiza
MIEBDOIRE E— K (b/a

(c) ((3,m)) ®-—

I &h xt

0.3)

M3 -3
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RIENOBHEHIZIODOWTEE T Z, K3 -4 TREAEHEEB((L,1)) E
— K#290° RO E R A AH(sinwt,coswt) TEHIT L., HBOHNA, 4
AECODENMS 1, s EFhzThiXRX0L>icRTh B,

s:=a,sinwt+b.coswt

Sz=azsinwt+bzcoswt (3-15)

22T, a1 D BHABEEOAP TOEN., a b b BABHECTCOAP TO
EHTHD. K-> T. ZTHRHOBHEHZANEDIWEIABELETESH, 6F M
CEHETB I NP D,

(a) {b) Coswt

M3 -4 HMEBTI2FUBANHIEE((L,1))E— K

M3-5 kBT 2FMAMEDZ2HEH L LEZEGE. HEORAE - A
BTOEBRIhIEMNOFHEHORFERLTWVWS, CORTHMELDKF
FHEPEAERO, ETFTHAAPABFAOEMERLTCNWDS, AIAEREKT(I)
HAABOKHEH2R L. BHFROEUP»ARFROEMNIDRENZ L%
RLTWS, HHEHORERTU: OAXAEVWE—-—FEFEALTCEEDZERD
HIBEFPAMNLFTAShS S, CORFEZAVWSILERETE—-FPRA - A
FHOEBRIPER IR 3,

M3-6LAEROABENARI (b/a) 2E2ELeED. FE—-FOHEMHE
BOERZRLTWS, AET(a)~(c)E((1,n)E— K. (d)~(f)ix
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((2,0)E— K, (g)~(i)R (B, n)E— FOMHEBERLT WS, =E L,
EHORBEEFT>TVNIOT. BIE—FKOWA - AEAECOLBTETY
EE—FHMOHMMAEDOKRE SOHBEHBER V. o BIRE. ((1,1)) E— K
i b/a=0.5 EHCHAE (K3 -6(a) AESE) TOHHADEAN/IE W
DT, NEBOMNAEEE LS AW LHRAD 2, ChEBEERNZLER LR
T 5,
UEOHENP S, MEOERMNMENZEERE—IDORF -5 & LTHA
TEIABERDEDIBRZILDNE R B,
(1): AAEOHRMAEB P o RB A 2RV ETOLBELTVWBE— K
(1, 1)), ((1,2)), ((1,3)), ((2,1)),
((2.3)), ((3.1)), ((3.3)) |
(2): AREORMEB P oBBIZ2HIBITOLBLTVSE— K
((1,1)), ((2.2)), ((3,2))

(1) \(11)

A

[
(1) k&)’ V
) —’”//:;AMETER DIR.

—

—l=
A ——

=
A

M
)

T
\
M
U

CIRCUMFERENCE DIR.

0 9.1 0.2 0.3 0.4 0.5 0.5 0.7
DIAMETER RATIO b/a

M3-5 HWAHARECOZENOMHEHORLSA
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OUTSIDE
M\

\
\K \ \J )} 0/ VY] [
[NSIDE
H—P—d— — D

0 0.1 0.2 0.3 0.4 0.5 0.8 0.7
DIAMETER RATIO b/a

(a) ((1,1)) E— FOBE

OUTSIDE
=>——O—(—
INSIDE
N m _
\/ U ) ’
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
DIAMETER RATIQ b/a
(b) ((1,2)) E—FOHBE
OQUTSIDE
M M AR oS s Y P
) O— 5=
D TN TN TS o INS1DE
T\

0 0.1 0.2 0.3 0.4 0.5 0.8 0.7
DIAMETER RATIO b/a

(c) ((1,3)) E—FDHSH
M3 -6 HWESIAFHCHAITI2EHNEHOEL
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OUTSIDE

INSIDE
N

M

Fanl

L/

74
JanY
\J
N
\J
FaAY
\J/
o
\V/
FAAY
\J/

¢.1 0.2 0.3 0.4 0.5 0.6 0.7‘
DIAMETER RATIO  b/a
(d) ((2,1)) E—FDBEE

OUTSIDE

INSIDE

Fany
L/
FaaY
Faal
52
Foud
Y
h

»

A\

0.1 0.2 0.3 0.4 0.5 0.6 0.7
DIAMETER RATIO b/a

(e) ((2,2)) T— rO A

M DD m I fl OUTS1DE
XY T U S Y v W
AN DD INSTDE
U ANVANVZANY t—{—

0.1 0.2 0.3 0.4 0.5 0.5 0.7
DIAMETER RATIO  b/a

(f) ((2.3)) E— FOBA

M3-6 HWENARHIHT SHEMEHOE L
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QUTSIDE

INSIDE
&h FA A 0 fd ) P et
h d \J \/ \L/ 1/ L
0 6.1 0.2 0.3 0.4 0.5 0.6 0.7

DIAMETER RATIO b/a
(g) (3,1)) E—FDHES

f I} A— OUTSIDE

[NSIDE

g

Ly
o

Fon
A4
m

Y a
J -

0 0.} 0.2 0.3 0.4 0.5 0.8 0.7
DIAMETER RATIO b/a
(h) ((3,2)) E—FDHE

m M M M__ M OUTSIDE
17 U v U Y
L AN AN INSIDE
\u \-J \J \J 1

0 0.1 0.2 0.3 0.4 0.5 0.5 0.7
DIAMETER RATIO  b/a

(i) ((3,3)) E—FOHE

3-6 AEMAFHEINTIHEEDOEL
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(c) EBEBHLBABMESRE
BEH#HFRCABENEAEBR LI Iv/AREHFOFRBEH I, XXiITKD
E26h0 %,

D.=—2dai (A" +u)h[AJ.(hr)+BY.(hr)]cos(no) (3-16)

CCTdnREBERCTS. AEBERZLERCRAT I L LT, BR
BEOAHERDZLNHTES, #FE— KD b/a=0.2, 0.4, 0.6 OHFEOD
BAHOBERFOHBEZ2EI-TERLTWS, 2F L. ZZTCHEBXIE
BLICRDZEISRBIELERLE, FHAKEHZEBETILEDILE. RO
ERNHUELZFRLIAAFACEE 22 TI2LEXH . M3 -T7TEHRE
MARBEOZDLER. BARCALTHLEREFROFTS A LES I EHE.
HDIVWEIHHIEIPLETHD 2L ERLT W S,

Ric, BEHAESRBEERDZ. EHTFORFDEHZINX—T , HE
viERATREI h %,

u=au ?+u,® e’ (3-17)
a .
v=ﬁ=jw«/ur2+uaze”" (3-18)
2
To=f [ [£5—av (3-19)
2x a
— — 2 jot 2 2 -
=(=1/2)pwide’ [ * [ (u.? +u)rdrdo (3-20)

ST, dBREEMFOESTHS, —F. EUNEBERIBHERBBH IO RO h

N

]

2= a aDz
1= _fi — )rdrd@ (3-21)

BHMHRAIAZVEBERRL T 5L, LR
I=jwe [ [1ID.Irdrde (3-22)

DE3RBEEHh 3,
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NORMALIZED IND. CHARGE D.

NORMALIZED IND. CHARGE D:

NORMALIZED IND. CHARGE D.

1L L

~((1.3))

b/a=0.2
| [ '

T 1 1 |

0 0.2 0.4 0.6 0.8 1.0
( r/a

(1,m)) MODES

-1

IR

T 11

((2,m)) MODES
(a)

r/a

b/a=10.2

((1,2)
\
\((1,3))
|

|

|

/a 0.4

o

1 J

0 o 2 0.4 0.6 0.8 1.0
({1,m)) MODES r/a

(1.1

IR

((1,2)) —t—

L

((1,3))—
b/a=0.6

0 0.20.40.60.81.0
((1,m)) MODES

NORMALIZED POSITION r/a

— — -——— - ,—-

M3-7

'

0 :
((2,1)) : Yi

|

]

0 0.2
((2,m)) MODES r/a
(b) b/a=0.4 OBE
- ((2,3))-'
- ((292))’

L

b/a=0.6

-1
00.20.40.60.81.0

((2,m)) MODES

NORMALIZED POSITION r/a

(c) b/a=0.6

DEE

1
0.4 0.6 0.8 1.0

0 0.2 0 4 76 0.8 1.0

DE:-3=y

—_—
—_ 0

VT

((31))

T

b/a= 0 2
11
0.2 0.4 0.6 O 8 ] 0
(3,m)) MODES r/a

T 1T 11

N

~—((3,1))
b/a=0.4

] [
0 0.20:490.60.81.0
((3,m)) MODES r/a

((3,2))

S

((3,1))

b/a=0.6 |

1 1 1 ]
0 0.2 0.4 0.6 0.8 1.0
((3,m)) MODES

NORMALIZED POSITION r/a

NEMARIEIIN T 2BEEBE DS
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B 3-8 RE)TFOSMER

M3-8kRTEBHFOSMEABOI VY V¥ VAL HKHEDERT V¥ —
T: &
Te=L1%2
=(-1/DLw?e’ | [T [*D.Irdrdo ] (3-23)
TE25NENs. EHFORDEBIA VY- LEETRAVF—HFLLL
B<L, EMEBFOS VY75 ALERDL A

3 od U-jx J-:(ur+u5)r‘dr d@]

S [ pdrdrae]

E B, FMBFEC, FHEFECRBRRATERIS N B,

(3-24)

2_H<e
C:wglL C.= eue,ﬂfja b?) (3-25)

T, eRBREBEIIJVAOUFEELETH S, ChoIXDEHFOSEL
7=C/C Z2ROHDZZLHTE EIHEALEIRE Kk, BERMKMICRATHE
T h D,

K2, =1/7=C/Ce ,  Ku54/C/Ca (3-26)
BEABRBRESRBOHBEZRK3I -9 ERLTWVS, WS HODPEHBEHRLT
WaBMHHERITLELS—-BHLTW 3,
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= & _o- ((1.,3))
) \ .o

[ Ve

< 0.3 _ §/5-0%00—0—0-
P . o8 ((1,1))
o, 0—07"

e )

S 0.2 |- A

. a A\

§; \D——U \A

= ~

£t ) ~

= 0.0 L 1 L . )
-

=3

0.0 0.2 0.4 0.6 0.8 1.0

DIAMETER RATIO b/a
(a) ((1,m)) E—FOHE

50.4 o a
= /
2 7o ((2.2))
-l »
:ho.3 - D/O A A—O—0O~
Q::p': !!/ A A/A/ ((
o a /__O 2.]))
S 00 Dot BN,
< o
2 / \,
T Va A
g 0.] ~ ) \D

o N
S o ((2,3)) o
= 0.0 L 1 1 1 )

0.0 0.2 0.4 0.6 0.8 1.0
DIAMETER RATIO b/a

(b) ((2,m)) E—FKDHE

0.4

(13.3))
=N ((3,2))

‘/f ((3.1))

0.3

ELECTRO-MECA. COUP. FAC. Kvn

PB\A (o]
0.2 \:7};6"
0.1
l—o'o/
0 0 1 1 i 1 ]

0.0 0.2 0.4 0.6 0.8 1.0
DIAMETER RATIO b/a o o :EXPERIMENT

(c) ((3,m) E—KDHPA
KM3-9 ABNARHECH T IBESBAESEREK
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LEDODBREDPSXRDEIDIBRIEDNHELIPILRZRS &,

(1) ((1,1)),((1,3NNE—FTRH. AEFARL b/a ¥RELSRDEZDOH
Tkvn BAELSRD, BROBECA LTHEEZL W,

(2) ((2,1)),((2,2))FE—KRikDoWTHEE(() OE—-FLEAUHERZRT,
Bic, ((2,1)) €E— KT b/a HRELBRBUEODNWERAZEMET
T3zt s5 BERBTHNUEE-—SINRBRTE S,

(3) ((3.1)) E—Fiko2WwTH(((2,1)) LA LHEREZERD,
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(d) BE— FORKHE "

MEDEED S, ROLO>GACEALEVWT, FHUNBEHOMNRED T
F2HEDOREHRE—SVORF— S L LTHEATIHAOBAEMET > 2.
(1) £EABHHSLBBE L &

(2) ZHOHABHOMRPEHHORDHLEAET 52 &

(3) BEBAKERENAE LI &

(4) BERENEMTH B 2 L

ChoDAEFRULT, HBENEXEREROBELE— K &¥HET 5L K3 -2
DE>ehd, 22T, HEREHLHEHEE 2a=40.0(nn)  b/a=0.3 O
ERLTLS, RBTR ((1,1),((2,1) T— kAW EERBE @ E —
S ORIEG IO W THl < B,

R3-2 RAF-FEUTOMHREHTFOFM
(a) WAHEFMAOES

DIVIDED ELLIPTIC COUPLING

MODE £ _(kH

plkHz] ELECTRODES MOTION FACTOR EVALUATION

((1,1)) 45 NON e} 0.27 Py

((1,2)) 105 NON X 0.26

((2,1)) 24 NECESSARY o 0.17 BH

((2,2)) 64 NON 0 0.21 #

(b)) ABBERBOES
DIVIDED ELLIPTIC COUPLING
MODE £.(kHz] EVALUATION
ELECTRODES MOTION FACTOR

((1,1)) 45 NON 0 0.27 He
((1,2)) 105 NON 0 0.26 ¥
((2,1)) 24 NECESSARY X 0.17
((2,2)) 64 NON X 0.21
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3-2-2 HKEBEHET-Y0RK#

(a) HMAEL®HE (WEAEZAMEITIHER)

F2RETRARZISCHEMED, 2HBRBHOVWTHAICL>THORBEHRE— S
EHMRTESLSN, ZZTRU(1.1)) E-FOARNBFEEBEZFMATS2HEEH € —
SOREREF 2B~ B,

WRAE2FMAEAT R LTK3~-10, M3 -130FE—-—%%2H{ELE, K3
-10(a)0BREIAF—YOWAEFTF— "Rk, BLF—NzZHFE-L>T —
YHHABROANBAEBLNERAINS, AF— YU HrR2BEBHFLO-YDTE
ERR(DICA LTV, EHTFOARAFEICZ0.5(m ) )EROERM Z2HM L,
((1,1)) E—FEFERALTWVWADCEBER2NROII AT LT 2HEHL
TWwd, U—YTHAKET. MO >R4ABEREBEZRET DI LILETED
EEREE2@B5ehTERL #HE2HZEH3 - IR LTWVS, HHEZKX
S-12ILRTH, BRAKHEHIO (%) BK PV I H0.T(kgf-cn) TH o ko ¥
R, 0-IHEPREDFOIRAEXKOIXTBZILILL-T. HI2BEHSE
Eh3EA25H, EEHNERODBIULE (¥E) XhEnwze, A7F-%eU
—YORMBEBN AT —SOROBHIZEHIROBLELIMELRZ>TY

ROTOR
2 CONTACT 4 CONTACT
TYPE TYPE
I seaning JL
SUPPORTIHG *1“W6/ ™y ‘\&"6 [
JIG v ] _w [¥

'y '

PIEZOCERAMICS i e :'
SPRING Ll :
1

- '%4@,% ok

0~
\ () 0
(<o) )
N L_J
URIT :mem

(a) (b)

B3-10 (LINE—K2HAETI2BEHE— &
(# LiAag)
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BWCELREERBEZADER L, COBRRBIEFTAEOE DR, S MNVIDE—
YIFHFETCERZL, T LULAFNHEE SEEEE2EDP LEE—F L ULTRRS
RETHA Do

M3-11 (LINE—F2FMATHIEERE—S

150 10
v
= n

a —
< 100 o E
= -1 6 c
g 8 N No 5
= / | &
- _ —
O 4 o
= P =4(W) o t

PRESSING FORCE P¢=0.5(kgf) 2

0 | ] i 1 | ] i 0

0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
TORQUE T (kgf-cm)

3-12 H3-WWETRIBEHRE—I DR
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M3-13ik, 0—YD—AEZAF—FYORABECMEEMULUEETOM#ET,
EESYZ I RFYUVTEMNALTCTY-—ACBEEEN, RNANRFLELEL2TAT —
yhpru—yEELODIZMBELRo TV, BENMETHI L, BBFL
AEBEOEI BB TCELLLBMI »HSY. RE—-RABEMOLED THEMA
CEELHE, P IJETOBETERBISGARL, ((1,1)) E-FZAWE
BHEER3-4IERLTWS, BA MV Z0.14(kgf-cn), BRHE 5(%)EE
T, RELEGETZHHMBOE— Y LV BB ABIIBETIZ2, A7 —-% I,
& 2a=40.0(nn), AE2b=12.0(nm), EXt=2.0(mm) @t-‘iibx.ﬁﬁi'@\ t
A ®B XTS5 43(kHz) TH %,

Sinwt coswt-
STATOR u:;ﬁ‘ S

SPRING

M3-13 (LINE—FEFATIRBEHRE—¥
(# LfFirR)
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REVOLUTION N (rpm)

EFFICIENCY n (%)

300

200

100

0

PRESSING FORCE Pf=0.8(k9f)

~g 6(W)

~
\ D<
A A\A D\U
~~
\\\\\o 4(W) A\\\\U\
~ A0A
/O\O\
L p=2(W) o~o @

] 1 | 1 1 ] _J

0 20 40 60 80 100 120 140

TORQUE T (gf-cm)
(a) PV —EERSEHE

4 ~— \
A 4(W)
— /o A/A o
—
O
o /5/ ol \
i %ﬁ/

PRESSING FORCE P£=0.8(kgf)
l 1 ] | l L ]
0 20 40 60 80 100 120 140

TORQUE T (gf-cm)
(b) Py -HEBEH

M3-14 M3-BERIBEHRE—FORKHY
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(b) ®WErFHE (AFAEZANHETHSHEHR)

3-2HicTH~RAELSK. AROAAEBCERINIEHEGZ2ANAT S
LRESDTHBEHE—IVPHEHATES, M3 -1k AF—%%., K3 -16
HELEE-—YOHERZRLTWVS, AF—FEARE 40.0(nn), WE 16.0
(nm) , BEE1.5(mm)DRAF YV 2AHABR2ERK. A& 35.0(mm), AWE 23.0(mm),
EX1.0(mD. AREROEEBLSIVZAEEBEULENAENVIRHBFZAL
e ZORLBRIBEMBARBFRNTIRNOLI>EHEHRIEES>TWVWD, HIEA
WL 58(kHz)TH D, DSV REFXHIZEINI - 16RO (BRI HEHKKOD
—BEYDRVAEVYITH D, THBRAT YV IT(CIZEoTRARTFT—F DA
RBICMEEh 2, COXTIVVYINFTFNVI) U BROT—-2 (A) CEEENT
W307T., (A),(B),(Cl)2kbrEETszichkd, XRREIXFT—% (D)
OHABTIHFDODL B 15,

BHEE3-17, I3 -18ERLTWVD, M3 -1Tk. AHBEE Ves=
160(V) B LEZABOBEEB N T2 &EHOHEHTH 2. HEREBEH
ZEELLT. ZhUTOREH TCREERREEHCETLELEY S, Ehiltl
ODRABBTCEHERREBALET IS, OBROBERE-— Y OEAKROKH
ERHoTBD, BEBHIFBERCRIMAECRBERITRRET. THhEDEFE
WEABBTE EBEEHRETHI2FLELHET S, M3 - 18EEFHERTH D,
BRXHELIN(%), BAKMNVY0.5(kgf-cn) THo72. MEHEEBT LD KE
mbw&#%&h%&%bnéﬁ\ﬁﬁ@ﬁ%@ﬂma@ﬁ\&0%%%&%
EHBERWETZL, M IDPRELBoEBALEHTFTOZIRIBEMHNSE
DEELRRA bR B D,
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!
i

STAINLESS STEEL  PIEZOCERAMICS

,-: POLARITY OF -
PEZOCERAMICS 1.0 / N5

M3-15 AREANABEHEE-—FYOXF—FEHT

(A)
(B)

Sinwt CoSwt

(Cr

M3 -16

(A):CASE  (B):ROTOR
(C):SPRING (D):STATOR
+,-:POLARITY OF PIEZOCERAMICS

(LINE-F2ARAT2REHRE-SIDOHE
(AREFAE)
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600—

_ 0o Vp-p=160 (V)
=3
a
L
400}—
= o
=
S 300
=
pn }
-
o
>
uJ
€ 200
100 }—
0_‘;] I 1 l 1 l
.5 57 5 58 5 59

FREQUENCY f  (KHzZ)

M3-17T M3-16cnITBERE—FDORH
(AR -EEHREE)

Q
5005§\\
8
:400 :P]~=6(W)
~14
=
_ 300 1125
9- —
5 —10 -
3 >
S 200 . 8%
@ \ s
4 6o
-
100 4w
2
| ] | |
0 A 2 3 4 .5

TORQUE T  (kgf-cm)

M3-18 M3 -6 dEBHE—Y0OKH

_63_



3-2:-3 EMFONRLE~DHEK

(a) AIROABHABKENT3((2,1)), ((3,1))
E— FOHIER#K

#3I-1lmRLELD>IZN2,1)), (3, 1NE—-FORBHEHE. MR
OHENAZER (b/a) PREL 2B EH>hTRABLEHIEIRS, Tbb, A
BN —FhoEmE- FORXBERABEHRE. #H B0 —# (NEPEC-6, 2a=40.0nm)
23 -19kRT LD, b/a BAKELSRDEDNETT 3. Che65DE—-F
ERAVWAHALERASECHEOE-—IDBEBRTE S, £, K3 -20, M3 -21&
((2,1)), ((3,1NE—F®D b/a kR T2BAMMBERBALEMONA
HEBOBRFERLTWVWS, ME—FK# b/a=0.5 EFCTEREBHEESRAMNE
XKickzb, RASOHHEBBRAF -V LTHATIORHEEFLLWERER
STW3, RI3-TEFRTLO>L, BAMOHERRBRHOTSEZERT ILEDN
H50T. BEHASIVEIFEBIERICE Y. BEXBEABSRBE20(%)
Bz (1,1 NNE—-FedlhLB2ELR2, UEZEFEXEDED L,
b/a b 0.3~0.6 T, AEH»PSBB 2RV EIHENEANZBA LR D

100 —
= e : EXPERIMENT
<
- A ((1,D)
>— \
(]
&
=2
o ((3,1))
&
E: ((2,1))
o
o
(s 4
10 l I |
0 0.2 0.4 0.6 0.8

DIAMETER RATIO b/a

M3-19 AERMAZBLICHT S((1,1)),((2,1)),((3,1))
E—-—FORIBEEAHH (2a=40.0 mm, NEPEC-6)
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o
(aw]

-

((1,1))

S
= 30:‘/1———\
a ((2,1))
8 fo==<T

-~ \
= 20+ ///"
= ,’// ((3,1)) \
= 2y \
g 10 .7 \
& L,
5 ¢
W
o

| I l | |
0 20 .4 .6 8 1.
DIAMETER RATIO b/a

B3 -20 WEMARILIZANYT 3((1,1)),((2,1)),((3,1))
E-FOBXHBEE SR (NEPEC-6)

——<L: «Jb— OUTSIDE

A%

3/

P INSIDE

Fan
fan)
\J/
o
\J
M
\/
a4
\V

0 0.1 0.2 0.3 0.4 0.5 0.5 0.7
DIAMETER RATIO b/a

(a) (2, 1))E-FODHE

OUTSIDE

g
Fa AN
\J/
an)
T
T4 )
\/
FaA)
W
TAA
\v)

INSIDE

0 0.1 0.2 0.3 0.¢ 0.5 0.5 0.7
DIAMETER RATIO b/a

(b) (B, INNE—FDFA
M3-21 WEMNABRLINTSHAEDHOE
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(b)) HEBERE-VYORHE

M3-22i2 ((2,1))E—FZFATEZAT-SLE-—FTHEEZTLTL Do
AFVVAARZERLTOINAEN7EBFEAL. EEEIIJAZNO
IOLFPHHISBEL, BELTWD, BUBLBREMZ2EOR -FI NPT —
YPORNAHCMEEME NS, EEH30.0 nn (b/a=0.36) & 22.0 mnm (b/a=
0.49) OERBFEAVWED, HEOLAEAEHE T ETH 31.8 (kHz), 35.3
(kHz)TH o7z W3 -23, M3 -24EBLAOHHERLTWS, BHEEETH
Th 3.5(%), 1.2(%) ehEwhs, BERAHECHHEOBEHRET-FIHFMMTE
LZehEDIDHS ML,

SPRING

~ROTOR
STATOR |! ﬁ ’! 9ASE

= 5

(a) MOTOR CONSTRUCTION

:Sinwt
&2 :coswt
l'

—12.54

P1EZO- . . O

CERAMICS H e

' i Oow

[ - ——

WV 170, CE<

il o1y, =

mo "'.l '
(b) STATOR (c) ROTOR

M3-22 ((2,1)E—FK2NAETIBEHRE—%
(a) : T— Y&
(b) : AF—%iEBHF, (c) :u—%
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REVOLUTION N (rpm)

P,=3.5(w)

—1.
f=31.80(kHz) .\\‘
‘\.\

! | I 0

&3 -23

50 100 150 200
TORQUE T (grf-cm)

M3 -22kRIBEHE—F ORBHE

ZSOT—
—~ 200}—
g '\’\‘\- P‘=6.S(N) -"].
; '\\. S~
150)- N ~ /GTD\
% .\ L] \D\‘D__~1'
3 d///xg\\. \\\\-
o 100— -
. c(//// P a5 Ne® .
/o/" "~ i
50 |- f=35.25(kHz)
Pr=320(9rf)
] 1 | ] | 0
0 10 20 30 40 50 60
TORQUE T (grf-cm)
M3-24 ((2,1)E—F2MAETIBEHE-FYORK

(2a=22.0 mm, 2b=10.8 mm)

EFFICIENCY n

wn

(%)

(%)

EFFICIENCY n



E-SBEOMELEHIAZDICRK. ((2,1)) E—FTHWEAOD—%ZA
BBMIcH LT 28E (N3 -138W) bEFHTH 3,
—YDEHRZRLTWVS, BERK3 - 13.2£<RFAULTH 3,
LT, A®3I0(mm), WEL10.8(mm),
H— S e OHEMBLEFZ0.1(on) BEOBRBEHEROIATI TV S, -5
HEE0.0(mOEB SR THD, K3 -26~3 -2BHEELEE-—FIORK
ZRLTWD, M3 -2BAHBETHIH, BE, PIVIELRI -230%
HEHE4 %, ULrULEERRET. M3 -2723 -28R$T LS /N—-X b

BAHDCHNTI2HREABER. FEARSA- XA PHEHRCFULTIEREOR WK

M3 -25lcikfEL~E=E
A5 — 4% iEEF
7V RAN

=
-~

EZx1.0(omn) OEEBE S

R R

M3-25 (QUANE—F#MEATIHULHOIEBEHEE—¥
300 — 2.5
jt n
z I~ 60 =
£ N A/ \A— 2.0 22
200+ =
= ><O \— 1.5
= Ja N 8]
o N © =
= \ L
5 / fe) —11.0 G
= 100—/A n
o Pe=3(kgf) N i
0 | | | | 0
0 20 40 60 80 100
TORQUE T (gf-cm)
K3 —26 M3 -BrnTREHE—FYORYE
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601~ Ng(CYCLE) INPUT WAVE f _=28(kHz)
—F— o
o) —lnti— 1 v
s 45 I /
- o A
= 10 oo /A/
Z V=300(V
; p-p’ %
= /=
= L /A v 250(vp_p)
[a'4 0/
ofA
1 Pl T R B B
0 100 200 300 400 500
BURST FREQUENCY NB(Cyde)
M3-27T M3-BRRTBERE—FOD
NW—RMNBEAHIIH T BHH
- NB(CYCLE) /O
——
< 8-
(]
- INPUT WAVE f,=28( kHz/
=a /
(L]
= V=300(V p/
g 4 A y=250(V
2 /
5
2 21 /
0 20 40 60 g0 100
BURST FREQUENCY NB( cycle)
M3-28 M3-2BRTHTFHE—FYDNN—Z MK

AR T BEHE (NeS100)
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33 HERomWEHEMEDZMNAITIAHEDREERE ¥

3-3-1 FHE-F&BERA
MIEPHBROMEBISHEEEMED 2, 90° MHORRZBES TR T3
E-FAGEEBHEHE -SRI CLERACEIATVWSY, ZCCRAFROM
BE-F2AMEEHIZCLUELL->-TREHEE—IINMBETED L ZR L,
TOHERBLHRAEREN I DLW TR RS,
COMBRBE-—FEHEZAMALAVWZE, REBHEMLIECRVWILEUEEN
HHB. COE—YRFEEN LB -—FRAZTOEETCH 2H. MEE—FOH
BEDEREL-STHAAEEDE-SHHEBETE S, BRMICHFEEZB~,
REZBEOE-FzRBVWAHREE—SVORHEZRLT WL 3,

(a) HEOHEE—FELHEMHE—-FORR
EBEOEBEXOMAKORIEETE - FRIM3 -237&hd, 22 Taan ik, R
TV Ho=1/4 OKOBE-FORABGHRERTH 2, ChH5DE—- FIZEHE
KOHMEBE-FNEET S, HROBEEE—-FiE20W Tk, #HERAGEHR(L)
PEHM(Ua) B I TICHELIBREZATWS 17 18

_ 1 am® E _
f'_Zn a? hv 30(—02) (3-24)

umng{annméi}+cmn1{amfgj}sin(ne)sin(wt) (3-25)

C _amann(amn)+(]+6){aann.(amn)—ann(amn)}
e amn2 I n(amn)_(l_a){amn I n' (amn)_nzl n(amn)}

2ZT. o, E, cBMHOEE, Y /E, 7V a, 2hiZHKO
XE, BEITHD, M3 -2 RTE—-FOFTCHMAEZE~ZZWVBomE— K&,
BHEOMPRIANAOERES I v/ BBCLLIZIBETR. BEXHBRAESRED
MESKREREMNBZB/BLO AL W, CZTREHOHZ2B. 2BEHE—FYO

Yz

AT - LTHERATDIAUEPOSRIT T 5,
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DORDD

Bo2 Boj Bos Bos Boe
(2.348) (3.570) (4.724) (5.845) (6.946)
Bi1 B2 B13 821 Bis

(4.518)  (5.940) (7.291) (7.729) (8.592)

B3-30kX(3-25)poROBEE-—FKNS-—VERLTWS, BEHT —
YORXRF—-S e LTHAT28E. AREHFOXNERBOBRRAPSHEHER
EMOUHITONEHTSH 5. COKELD Bin(n=1~5) £— K&, nHFRELR
DEDNENEBEBEARPABRTA~ABHTILFDP 2. LDHAXEVL M
VEBVBIBRDPSTHLnRREVHAIPFELL, M3 -3EXRALDKRDE
BESHOHBHREERLTWL S 12,

Dz:Jn(amn—‘”—)—chn(ami) (3-26)
a a

Quecc[ Derdr | (3-27)

2ZT. D: REFAHHHT, TORSEMRTF-FYEHFLLEILO>INIAE
KRLTEANVX—(Qu) WKHATZ, 2h&b, EHXRE n ¥KRELRZED.,
MINETSRD, BA5NB3TRXRNVF—-bEFR/NhNEL 232, COBERERX. EsH
HTOBRARETRTHRBLEMRTIZIZ LIRS 29, ¥2bb, BEEE—FOD
A7 L ULTHATHIHARBRAN RN TINENH D, ERIIKRE %
ToTHBLBuw(n=1~4) E—FHMATE. nHREVELEIIVIBKREL
MBBLIWZILEPEIPOSAE, ZOZER, XF—Fu—F% OEMMAEK (
NBIER?) PRESRBELTWLWAEDEFAIASLNZ, Chb2FRULERT
X Bis, BuE— K&AWE,
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Ho

Wa

b

Wo

W =AHe sintne )sint 0.83 "S3\BI3

o= (Jnlax) + <l plax))
0.62 ]
0.64(85) [*"3)

Beg =57

e By~ 0.8

X3 —30

CHARGE D-:

NORMALIZED IND.

0.2 0.4 0.6 0.8 o 1.0
X:B15
B4

0.2 0.4 0.6 0.8
NORMALIZED POSITION r/a

M3-31 MHEOBnE—FOBHSE (BHF W)
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(b) EfeE 2 22
COETE-—FYOMBERHPEB2ETCAEARTVIY, CCTREGEAFRAETSE
HTEEFEZELRT S, REZBZHLTHL2OHM3 -32RT By E— K%
plicthHBET 2, AX(a).(b) FAKOMEBE-FTHBIARZE. +,
-—ORSEEHOMEZRTLTWVWS, (a)ITHO, @, (b)KTHO, @R
ThZ2hOE-FORBOBRHZ2O0TCEESARAOEIRFEHED. —H(a)
THRO, @ (b)THO, ORHFERLELH»Z0DT. ENOBEEILL>TH &
RITh2KFHFHOBSERD, #->T. ChoDE—-F2AEEH THIE
OHP5@QDKTEEI - 32(c)ERT LI AFROEMMKET 5, 22T,
OH, OHEBETNETAEELALTLAE, THEOFAMERLTW S, AU
FRAOHEDTZMOHI L Lo TRBERE—SIPHEBEATESL S, BiiE—
FOBEROD, @HHVWHEHAO, O sHEHZHOEHEEIRW,
EBROBERAN(dIERT LI, Th2hOARKFFRNOEMNIEAS
HNEREZRIZCLEEI-,T, BULFMORBLIZHOHB LTINS, HlX
., RO, QLRENHIZ2BACORBTCO S 2HLHOUAE. ERERT
— YA BLXECLEELDOEENEZ S X %,

»
PROJECT | ON
(d)

M3-32 (a)(b): WBTZHKROEEMEHIEY B, E— K

(c): MMEBBRE—YOHEERRE
(d): AHEHEE—YDIXF—YIEHTF
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COE-—FYOEHEAFAR EBEHZHRIHIRZREONELHEE-FOHEA
ELH (EBESIVAOERBAE) TLoTRE S, M3 -33(a), (b
ZTOHERLTNS, BRAE. RO, QREEVHIBA(a)HTREAERD O,
(b)TCREBOORBAMNET S, ChODE—KZ2RHETIEAHDICIEE L
S3y2%Fhzh(a’'), (b )DL >EBETHIER L, LEM->T, K3
DL SK, FOLY - AEBELEEEESIIVZAARZAVIE. BR¥KF
ZYDBABILELISDTEALADE—FOMAEDEMNERTE 3, ¥a&bb5,
MFOYDBIABHELLSDTE - FEHHEZEOE— Y DEBETE S,

Bs®BuEt— KRADHEAD., D— S LOBMBIPERZETITE>ELA

- 7 o
CBHFRBELEZ D P1EZ0-CERAMICS

M3 -33 FAMHEBEE—-YORESR

" ..:-: : ' .'.':,. SW .
AP | - 0—0D0
-‘v/ P : ce ! . IN

RE | %

PIEZO-CERAMICS

X3-34 EHERBEE-YOERESHAOG D2
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(c) RF—POBBLEH

M3-35 K3 -36IKAFTF—F%EL LTERIZAWEBs, BuE— KA
MEEDFER LT WS, A5 YV AKRAKRT, B T— FOBBRE RAK
(a)ERT L CHEBLE6BRI TV, BAAMBEELAS O BXE
CZ2>TW3, HEE 2a=60.0(mm), EX t=1.8(nm). REMIT 2.0( ) x
2.T(HE)X 4. 0(BAFHEE)(?) TH2, ChoORENERMILiZ3H
o0 — Y EzRBITL LIl RD, M3-35(b)EE/FLSIVADRFT.
MBI 220D0H#EE—F2RABCBEB T2, BEREIIZVIAHFEOD X
SRBHTOREBINS, M3 -360Bu T— FLoWTHRABDZ LNE
2 %,

4

PROJECTION PIEZOCERAMICS

(b)

B3-35 BisE—FMEE-—YDOXF—¥iEHTF

PROJECTION PIEZOCERAMICS

7. 5
o
Lo e .
7 bt et
n R
.
R

K3-36 BisE-— FRBEE—-—YDATF—YENHTF
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B3-37TIk, BisE—FKEBHFOMEP (kgf)licd T D2FBEBHV ARV R,
RI-JUSMEBREOHEEZRALE. NMEHIPHEIXERAGEHEILER L.
BERBEIEFDHNELR 3,

- 25.4

/P£=9.1(kaf)

26.6 Pr=14.3(kgf)

/

E I ] J
22.5 25.0 27.5 30.0
FREQUENCY f (KHz)

K3-37T MEHCHTILXERABRBOEL (Bia®—FK)

£3-3 MEHCHTIEMERBEOEL (BrsE— F)

P LKkgf] 0.1 | 9.1 14.3

folKHz] | 25.43 76.46 26.49
R (2] 108.11 | 103.75 | 102.70
L twHl | 117.70 | 185.54 | 192.22

C [nF] 0.33 0.19 0.19
CynF] 12.52 12.47 12.46
Q 173.98 | 297.36 | 311.23
k, [%] 16.30 12.50 12.28
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3-3-2 HUEBTHE-FIORKHE

(a) E—H%08HE

RELEE-—SOMEZM3 -38 LRT. XF—%IiF 3.0mm*)D AWV b
PEEEIATWS, - FYRATY) VTR EI2>TRAF—FZMEEMZ I 5D,
HMRODEXSERATF—VYORELEZEMETS22ZDOHREPB/AILATVS. £O
WRULAZTYV VYV IJOBMRERBRAIAMNXRTFY VT EZRAL,. D—-FAORERZEZE
BLTW2, - S HEMBIIEES (pps) ZHRRCERL T D,

00— 0O FTHIEERERS.0(mn® ), EX2.0(nn). BEHBHMOEXE1.6(an)TH 3,
M3 -30WRHEROERBE-—FEHULAEAT, E—-FHEOELTWLARL
:th‘bil))%o M3 -40ik8 K (By E—FXF7F—%) OBHEBLET. X7
— eI DHEFABMBULELTVWSIRFEDP S, COE-—SFRELZRXRE
IS BHEHFMLRKFEFHRAOEMY., SRINAAHAASTMOENOERED IS
LOoTHAHBLO - HBEHIID (RoDERLFETIILE). COBED
ERAMELGESE, COE—IDPFEBIIESVWAEHEZLTVWS I DD S,

AL

A:BOLT  B:NUT

C:SPRING D:THRUST BEARING
E:ROTOR F:PROJECTION
G:STATOR H:PIEZOCERAMICS
| :SUPPORTING JIG

M3-38 AERBHEE—-—YO#E
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M3 -39 BEROEHE— K (BraE—F)

T
I 1 A
‘ 1 ]
[ }
! t

g
>

<
T
.

L] T I I IS BYRY IR YRS

1 L 1 1 1 ]

P S DU

T T -7 H

M3 -40 EHEROBREE (BiaE—F)



(b)) A#H¥HE

BELEAEE—VOAHKMEER3 —41~43CR LT3, M3 —411k Bz €
—FZAWEE-YORBRHET. AHL1®OKMNVZ0.9(kgf-cn) T, BAZE
24.0 (%) OHBEHHEWHEIMBTESO LA, M3 -42BEB«E—FE2HAWEARA
T, ABLSMWT RNV Y 1.22(kef-en) DB ICBAZR26.0(%) OBEHBS h
o COLXIRZOBE-—SUERBVWHEZED, BRERTRECEHEY %, ME
RE-oTHRHUERABIEIEDS D, ERIEBW TP S15(kef) THBAMN 24
(kgf-cn)BI RO E— Y BWHETEL, ELEZOE—FRBRAADPDHMZIVWHEASS(E
HTREKCEHET 32, M3 -433BEO—FERLTWSD, HERIXEICE
T 2.

M3 —-41, 208459 2L5BsE—FEBuE—KitL23KEDE
RELAERVY, EFBy T—FZ2AVAE—FORMHEIE V. ZHhIEXF
— SO S L OEMADEVNRY O EORE DL BALABN, HLR
SEOHREFEREI RS R W,

50 -I—l«:P1=1.0(W) - 30
-0 :P.=0.5(W)
5 40 - =
= — 20 [
o [&]
—_ pd
— )
o 20 / o
(a4 Lt
N - 10
/
10 f=26.1 (kHz)
Pr=3.0 (kgf)
| |
0 0.5 1.0 1.5

TORQUE T (kgf-cm)

X3-41 RMEERBREE-YO®MHE (B13EF— k)
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(rpm)

REVOLUTION N

40

-D—DI—IZP]-=O.5(W)

v OO *®:P.=1.0(W)
f=35.7(kHz)
[ ]
0L NN P¢=3.5(kgf) 30
(}'—O\O\O
20 F N 1 0%
/ x«m\j :
P \\ N
(]
=
L
10 - \\'\\~ 103
[ L
[N
.\-\-\- =
0 P P B 1. 0
0 0.5 1.0 1.5
TORQUE T (kgf-cm)
K3-42 RHEBRHEE—VOEHE (B1aE— F)
-0 P =100 mw
®-0-:P =200 mw
= //////’#{j _
= = -
g \\\\' © >
5 S
= | o
S 52
% P_=2.8 kgf o
I I | | 0
0 100 200 300 400
TORQUE T (g-cm)
M3 -43 FHEBHEE-—YOEHE (Bi1aE—K)
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3-4 ¥ §

2O A TOREE-FHAMNEDFZAVINGENBERE— Y ZRE
L. ZORERMEAZEUCTCELROE-—YHRHBOFHLHMEAZHEHS PITUL &,
BACHBROEMAMEHZ2BETRE—FIVAFHTIAIBLPLBHRLE, MR
T2200RAKEE—F290° IHORLRIBEBELL- TR LEAHZESL, AR
OHE ABEBLCETIEMOHFMNEHIAB L. SS5LECEHFORME L ICBR
HEXh2BE2RD, BE-F20RVCBETSIEOOBEHRREZES »
LE. ChEIhHREH T (AEFAEL b/a) & D THE N FHIED O L &
MBRXROE—-FEZODWTUTOZENHELL LR >R,

(1)0(2,1)), (B INE—-FORBEHEH a1 b/a KERIEIHE

MELSBRZ52D0T, BRABHTHNEOIESH FHE >N %,

(2)((1,1)) E—FOHE b/a=0.5EFTHEABTCHE. BFROBRSNHE
EALELRVWOTRAT—H L LTCOFBRIZEIFAEMETH 3,
(3)((2,1)),((2,2)).,((3,1)) E—FOBEIEAREL. ABETCERXTF—

FLEITIENOHBEHEYRNERZT R,

(4)((2,1)),((3,1)) E—FDHBE. EFRTELCEFOBEIRET S

DTZheDE—-FZHRNEBIETZ2OCE. BEEHOFEZ

FRUVEBRBASAEE2RBISRLELH 3,
ut%%mbfﬁmﬁﬁﬁﬁéﬁmLEZEQEEE%%—&éEWL\:@
BE-IPBEOSRIFBPEHEISCBEREINEE S L LTHTE
tzHELSPIZLE, ((1,1)) E—F2ERALAEAE—FYTERBRIN(Y. BRIV
7 760(gf-cn). ERIO(on)DEHFE2HAVWAEA((2,1))E-FRAODE— % TR,
MES(R). BRK PNV Z300(gf-cn) BB TH > e MNEE—-FHTIRE((2,1)) € -

FZ2ERA L. ER20(m)ORAF—% CEEBEAHHEHI6(kHz) OE - ZHE L
o

3 -3 TRHAROHEEEHFNH I AMNEHEUBTFHRE Y E2REL. %
DEHERECLESVWTE—Y2HELE, BHEBEEHB:, BuE—FZ2AL
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HEE—FEREI(), PV I2~3 kgf-cn) BEOKHEEZESL. AU E—
FZFAITZ2E-FHEERE - YLEBEALBEORBRVWHHENLET O 3,

CHREOEEE-FEAREEHFRNAOBEHRE-—SYiEonwTixEDN 2
DXATF— Y EHFREANIRIZ2O0E-FORERABBRPA—THD L
BEAXOFREYHH, Chz2EIPTLEDLIEBHFOI-—SYOHNE. T HIZE—
YHHETEBLS BRI ILEND 5,

LDEEWT B L

(1) MROFMAHKEHZ2PROCBETIEAODOBEBRERZRWEL &

(2) BALENOEMHED2B2LD0HBONENAREENEE T Do

(3) k#WHHEBHZANATIE -SRI UEUPZEHESISCERARDPEE -

e ULTHT 5,

(4) BT - F2RAMEBEHIZIE-—YEZREL. KEFHERNER L

R 5,
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(1)

(2)

(3)

(4)

(5)

(6)

(1)

(8)

(9)

2 ¥ x M
EHELE :” BEREHZMALEZE S RE” BiFLH, B58-148682 (1983).
REEE, FHEE " BFHRE—SYAM”, BEETHIEE (1991).

MI=95:" BEIERV  AHBERE—%", BEHT Y/, Vol.1, NO.2,
pp.36-41 (1989). ‘

"E, ', MER, BFE, EF,EAAERDOSEE- FEHFAAHICLS
BEHRET-FV-", BFHEBRESFIHFHSE. US87-32, pp.33-40 (1987).

FREBE :” EOBRGREBERT— 57, B LOH, ME63-181677 (1987).

ERYE, LEHART, HRE " AROMEEDHZ2AVWEBERE -5, BF
MHREEFESHWHYE, US84-50, pp.1-8 (1984).

RREBEE " BERE-—IVIESIENEF", HIELABREEHARFAB M
YYRI YL, No.lI-6(1), PP.107-112 (1989).

T.Takano, Y.Tomikawa and H.Hirata,”An Ultrasonic Motor Using Non-
Axisymmetric Vibration Modes of a Piezo-Ceramic Annular Plate”, Jpn.
J. Appl. Phys., Vol.28, Suppl.28-2, pp.202-205 (1989).

Y.Tomikawa, T.Takanc and K.Toda,” Same Phase Drive Type Ultrasonic Motors”,
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(10) BESFx, AMIE: ” HIRREBEL S 3 \y§Z?EEb%®3E§IH?¢ﬂFtE§b” , BR

BEEF&E, Vol.49, No.1, pp.104-110 (1966).

(11) hHEE, #KE:” EBELI I/ AHROFHAHIEY” , BFEEEIR

Xk, Vol.55-A, No.9, pp.429-433 (1972).

(12) I, ¥H. S . " BERE-—YOLDOFHAKREHERBLS I v I/LHE

MRikOfEs" BFREEEFSHEWMEE, US88-32, pp.1-8 (1988).

(13) B)Il, ¥H, &% : " FuxHiR((2,1) E-F EBELIIvIAAHE

AREZAVEREHE—S", BRF¥RVEREERFERRRRIBRE,
No.1-P-@, pp.929-930 (1989).
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(22) T.Takano Y.Tomikawa and C.Kusakabe: *Same Phase Drive Type Ultrasonic
Motors Using Two Degenerate Bending Vibration of a Disk”, IEEE Trans.
UFFC, Vol.39, No.2, pp.180-186 (1992).

- 84 -



Bam RET-FEEBEEBHFZAVIENGEEBET®RE-S

4 -1 # F§

FETH., BEFE-FFNEREDFERAVAEEREBERE-—SYO0BR LK
EHEHRICODVWTHERDS, 1BOEMKOERZFAE I ZZLREL-T, %
DEMGCDODEBHETE—-FOFD2ODE—-F2HEBEIHBILNTES, > T,
B2HEHTREREIDCEBHFER, $20WEEHE-—FO#HIEDHIZ Lo T
S<ORBE-FMBEEBHFIERZS LY., ChEZRAVEEFHRE & D
BEREEhD3, COBOEHFRZAVERBHEE -3, EAITIEHTFR L
TEABEBLEEBEECED. SEAE-—FVRROSBRTCBELRTABRENEFRS
hTwd, ERHIOMOBULAZERDZILILEL-> T, BEETHERD &
IREBBHHE—FANORABTRLR S, FETCEIUTO2EFEOMEER
E—-—HIZDODVWTRDB,

4 2T, AEOMEBHLEVREDZANA LEABERE-— Y E2H-> TV %,
FHEBLAROFEAHLESVWEAHBRR REFRASCHEET IV Fox—4F %
HWEAEAREBERE— YL LTI TRBLIRHEIATHE N2, ZC
BARE2EEIRATEEHFERATZI L LT, 1BEOEBHFTHE— K
ODHMEEZEFRE L. BEHET- V2R T320TH2 > P, BHILERME
EBFEZAVIBEAOEET - FOMEBZREZRDOTWVLE . TROLBEHF
B CBRNERE2ETI2HE. ﬁiﬂ%ﬂfﬂ%%ﬁ:&ﬁ%&ﬁéﬁ?é%%@%ﬁi&%
HeERD, BAOEHFERVEE—E2EMEL. TOBEMNEZEXTWL 3,
BEIL. XEOR»PSBRETHhIN, HEHFLEREIVEDFOE-—HEFZHE
HEDEFERALEE-YORERBMEAZRILTVD ¢, Zhid, EBHFH2
EOHELR232»HERAEBABLNELLI2HLHERAFREL~OHBEP. EH
FOXRAEODBEBEIDPSE— YD —HBHBEL LTREEAhTRWEHF IO
Do

4 - 3CR. -BHE- FHEEEHFEAVEBERE-—SILO>V TR
RTWd, COEHFEIM-—BEHSZEE-—FEHFLLT, oTAHA=A)N
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TA4NVEIREITIVIT AN AORAEZENE LTELLTHRETh, $<OD
BB FLPREILE T, COHPT. FHTRRAEHIRE-FELEHFOE
EHMARELEBRE-—FICKZE-FHBREEHTF LY., REH1IXLED
FOBFAZ2RE-—FICIZE-FHEAREBDFZRO LT TV 3, ZhiE,
BOESEOEBBYUEE—¥% VL, FTEOMED TN XADIEH %%
BHILBWEAD TS, COBBRREDTORVPHLALL->T. HERE—-%
CHEHBRBHEET-SYUERATEDY, AHTREERE-SIEREL Z OHMK
ERMHEEZODVWTRBRXRT W D,

4-2 FAHOW-EVERMANAOEERE S

4 -2--1 R-BEVEONABTHE-—YOREEL2E '
H—EFEVERDE-—FFNAOBERET - YOBHEEBELFTFILSA TS, M4
—1K‘K%T&ﬁ?éﬁ%&f—?@ﬁ&é%bfnéo(Hu%—Fmﬁ
REHFHMNAOMMA, (IIMEHLEIVEHOE-—HEFEZHIEDLDETH
Y5250 TH%, AMT(I)-(1), (2)0OMER. EHFILHNWSTh 2
ANZ2OD0HEE—FZ2HBFEATIHDOTH S, K4 - 2(a)iRmTLOR
FHRERCIOMNBEEHFOMIRBELI VM ZRE- FORBEFHEH(L 0,
fra)d, EVDIRXRBIUVZ2ZRE-FORERAHEH (L, fr2)ZExB L,
—ﬁ&ﬁfﬁprprfLofT1té& chZzRM(b), (c)D&X >
. EHFORK~HMBEZN LTHEE (/17— %) Z2MULEEHFZH L
2. IMEABBIREHORBERABBRCIXRELLERT M. EDIEHOHRIE
BHBCEHEVEBEEEZRLWAS, TS fridB0VREE 5 R3E
—FHEEEHFIrERTES, AHHEORBE. EHROEZ L L > THIER
ODRHERBBORBENBERIILEBHATESLILH %,

(I)-SEHEHFOFRBEMEEHEL., furLth, f2TRIET
fus f2 KB IE5H8ETHD, 5k, BffERRIELo T TS £13
bEBETE 5,
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— (1) MULTI-MODE VIBRATOR TYPE

LONGITUDINAL , - -J{:] ]

TORSIONAL __ () (2)

MODE REMARK

MOTOR ROTOR: ABBREVIATED
(3)

— (I ) SINGLE-MODE VIBRATOR TYPE

) ONE VIBRATOR REVOLVING TYPE
T-MODE L-MODE L-MODE T-MODE

m“g (4)mm? ~ (5)

—(b) SANDWICHED ROTOR TYPE
ROTOR

L (a

(6)
—(c) COAXIALLY COMBINED TYPE

===}

D © | e

(7)

M4-1 HM—ELE-FHEEREEHFZAVDS
BERE—YOMR LM
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(MEBELXE-HEFLUTHATIHET. WSODLOBEIEISH 2,
(I)-(4)E—FHOEHFHI -5 2HRNZ2LDT. (4)TREMOIER D IE B
FH (DI FRECOHATCELIRBLSI IV IFPIVFaz— S REDORIE
BRFIPEETIMECH S, (DIRREVEHFLHUEHFOMIID — & % 4
YEUA4 v FULEMET DS RIEHFHOBEBIREL, HEHT &
DEBINSSKBRETDIONEATH 5 (c)IAWMIHTBRERVEHF &, 2
OABCMEDFERABCEEL. ABKNMOD - Y 2EEIE3HDTH 5,
(IOWBEEFTVWIFheH - ROLERAEREThA A CHBTEL L. &
BERET-IYOBBEELDBERE LT 3, UTRHEREODWVW TR~ 3B,

L., -MODE T, -MODE
-~ N
(a) \\\\\ \\\\\ fLi>Tr
\ \ ’
, , URRIE
L', -MODE T/ -MODE f7oog
—1 —~ T1= 177
(b) u 1| flsTy
\ \.
T, -MODE L., -MODE
\ /- f” '—f
(c) \\'- / T17 'L2
S (T11% f11)

K4-2 WEBRMSEDFCIIREHL
IR D i 8D HE R
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4 -2-2 R-BErvE—FHBEEEDT

(a) EVEYORIEK

ME (350 EHE) CERBOCEVEDEZMIETS2 FEEZK4 -3 KR Y,
ChEEBESIVADIRDYREFNAITZLOT. §TCRLESAVLLNT
WBHETHD. HE-—FWBEEBEFELTAVWSIHEAE, 53720
MANBIIERT ZLELH 5,

(a) PIEZO-CERAMICS FOR LONG. VIBRATION

=

POLING
(j] DIRECTION

| pispuacemenT
(THICKNESS MODE)

| &2

(SHEAR MODE)
DISPLACEMENT

ELECTRODES

POLING

DIRECTION
CERAMICS : 4 PIECES COMBINED
(b) PIEZO-CERAMICS FOR TORSIOMAL VIBRATION

M4-3 KEHLEVIEVBECZDHOD
EBtEZ3IV2R
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(b)) EERBEMNEEHTFTOREBERHY

Ma4-4~4-6k. BEVEHIRLUEH 1 ROXEAEHROFHHEHEZ T
LTWws 12, EBFOTEREHHPLEIRLTW S, 2, HELCEXIYaI N
VoM ESR (E=7.0x10""dyne/cn?, p=2.8 g/cm®, 0 =0.33) Z2H L
2o M4 -4, 4-5 HBEORI(X)ZEXARLLEDEE-—FOHRIERHE
BT MEBRSOEE®ZHZH5.0(mn),10.0(mn)DBETH 2. L X=5
(mm), x =9(on) ETHE-FPHEBT S, BEOHBAM4L -4~ x
KA TI2RHRERBEBOEMXECrPROT, HREFAHBABECLIENTH 3.
M4 -6RME—-FFMEBLTWRIRO, EHFLMEROERELL(d/d1)
E. TMEHOES(x)OWBERDEIOT. AMEEZN T 2HMEIFMH LV
BxXOEXNESTRWZ END D B,

(@]
(@»]

-~
o

(@)
o

LN
o

RESOANCE FREQUENCY f (KHz)
wn
(@)

| l
5 10 15 20

X (mm)
LENGTH OF THE ADDITIONAL PART

w
[a)

M4-4 BHOEIrHNTI2HEEABEROETIL
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(@]
o

~J
(&

w
o

RESONANCE FREQUENCY f (KHz)
N
o

E=N
(@]

w
(@]

15 20
X (mm)
LENGTH OF THE ADDITIQNAL PART

M4-5 WEOBRXHTIHERGEROE(L

=

E10 —

> S54.6

— Y

o=

x 8

= © £¢=59.1(KHz)
=

© 6

E ;

o

< 4 — 30 ——FI-X4

= T

" d, A

S 2 N 44

= d,=20(mm)

% l il ] |
— 00 . .2 .3 .4

CROSS-SECTIONAL RATIO (d,/d,)?

M4-6 E—FHEBEOLDOEHTFOWEL L
SWER D R & M E
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B4 -7(a),(b) CHEBOEEDY 10(mm) OHFEOMEDH 1R, ELHIE
BH1RXROEHE-FOHBEEREZERL WS, EBHFREIXF L AREL, K
HRAOEBELSIVAZEHFHRLEBIDILNENSHSDOT. ThEFRELT
mBImrLTWwW3, COEBEIIVABHEBE—FOZEhZ2hO) - FRIERE L.
FERMET-—FOEWNOREWERZEHHDOMHEE L LTIFNAIT LI LHFEE

TH Do

f=54.831 [KHz] ///R\W

/ W\\
/

(a) Torsional mode pattern
"(1-ST.)

RONNNNNNNNY

]
ANNRNN

STAI
STEEﬁLESS PIEZ0-CERAMICS

£=54.895 [KHz]\ ///}/?;;
¥ ’
JZO _ / ”_1"# 10|
Y|

54 6911.7

i
!
i

i BN NN

-

(b) Longitudinal mode pattern
(1-ST.)

R4-7 WBSBASEHFOEHE— K
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(c) WHRBENEEDHFORERH
M4-8(a)eRISEHBHACLIABEEFEBLTE. MEH LRO
HEBFHEB(fu) BV REIVRH 2 ROXEAHEH(fr2)id, fu<fn @
MEH 2, L L, AE(DICTRTIORPRBEENEEHTZRAVD L,
fuiu BERUfn MEF T30 TCHE-—FOHBEERTES (177, M4 -
O HERABBROHBRREO-—FERLTWS, BITFE HHEREHD
(b)OBELALTH 2. EHFLEDL=60m)—FL L. EHFOEERLEK
FEHOEXO(b2/b)ENSA—F LT, HEMEL(S/SHENT 2
HERABRRKEHBELTWS, S40HBOXATHE- FEMEBEYT 3. L2 L.
EROXF-—FEBVTR, EHAERBLI IV A2EHTFRLERELRTN
ERORVOTHERKEIR4 -9 LETRERZ. RANZEDFLEOWTH
4 -2-3THRY,

—_Lq-MoDE ~ T2-MODE
(a) \ \ / fli<tr
\ N’ ,
(LINEAR FORM) [fu > fu]
', -MODE T,-MODE f12< T2
— ~_ T s
(b) \ / L=t
N

(STEPPED FORM)

M4-8 HREEMEZEHFICIIHEEDL
ROEEBOMIR
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CROSS-SECTIONAL RATIO (d./d,)?

N
o

—
(S5 ]

1.0

Mmoo o>

| _1 |

40 45 50
RESONANCE FREQUENCY f (KHz)

KM4-9 HREBRTEEHFOHEL

o R AR
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4 -2-3 HIEHBEE-—Y0%H#

(a) SBENEEHFZHVIBERE—SORE

Bl 4 —-10ic, MIEBH 1R LEVEHIRE—FKE2AHEATIEBEHEE SO
BHETT. EBREZIVZACr HIRDLIEFH 2. CLOHREHZHIET 2. Th ¥
h, EE2(om0)  AEH20(m) ARE.Om)O LI I VX 2HTBEZRALRAH.
EHREBHFI, U, NHZ2EE Sn)OANV b TCHEDHFT WD, 0—% &
BOXS5EA7V vy z2NALT,. 3R NV TR FIMVICMEERMS h
B, U—FWAFYLVAWMT, AF— 4 LOBMBERLEEVCERMS (PPS)H#
BXhTtw3, 4-13EHFO—FY 2Ly L, BEAEMELTWL R
WRBTOBE-—FOSMERELE2RLTWS, ME- FORXBERABFR G
5(kliz) BEOEZENV H D, M4 - 1IEEBHBF~DODAH%E 200(V) —F & L. ©
— Y ANDOMEHE2EXA-HBOTE—-FORERABEHROELERLTW S, ME
I T LRHEDORERAGZBE *EHF LR L, BVEBHOXRBERICED
<o

~__ T-MODE L-MODE
SPRING ROTOR DRIVE

-
=l

KM4-10 SBBRAEEHFE2AVIEETHE—¥
(R1X—EFEL1XE—FKFHA)
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R4-1 N4-100IEEFOSMHERTHE

L, -MODE T, -MODE
£0 (kHz] 37.16 42.42
Ym0 (mS ] 26.61 47.48
R (ohm] 37.59 121.06
L ([mH) 76.39 40.19
C [nF] 0.24 0.35
Cd [nF] 3.53 3.34
Q 474.64 508.61
Kvn 0.26 0.32

f0 : RESONANCE FREQUENCY
YmO: ADMITTANCE

“Q : QUALITY FACTOR ,

Kvn: DYNAMIC ELECTROMECHANICAL COUPLING FACTOR

44 -
5 INPUT V=200 (V,_,)
] N
S A—2A 1
= f
S 40 T1
W40 L
v d
L
2 fiLq
Z 38 \
v ___o
= b o—"0
36 ] I ] |
0 10 20 30 40

PRESSING FORCE Pe (kgf)

X4-11 MECHTsLEREROL
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M4 -12EBELEE-—SDORBEEZERLTWVWS. BA MY 2.04(kgf-cm),
BAME 22.7(%) THoke AHEREH FIC 0.5(W), WMOEBHFITL1.5(W),
BB ARHIE 48.0(kliz)TH 3. RHAFEHEIR4 -1 LR LEARE - FOH#
BRAHBELOPRZDBON., MERPASCLI>THERARBMHELTZ LN
ZEO—HTHD. EBECOE— Y I HW40~50(kHz) O FHHEHEH CcCEE&EIFHA
Ehed HERBBEFHERIBHEXFTRETHD., BRELTIRELHET S
A#EBz2E&ATW S,

ME—-—FOXERBEHE. MHEBEZRIVEIKED, EDEBHLIEDHFO
RIRLEL2TOHRES:, ->T, E—HEFELEULTIHNATIOTH hITKIKF
DERffERrECIDER®KIL (NBL) HEhad EBHEOLIRE—FME
BREBFCRIERAE, PMELELEZELL, BL3 EEOMVWHEIIEAT 2,
ELUL M 2BBHAOESTI VAT b, BRELVLTEE
BEOLR® BOVEHERBAELI IVABERLEVWRZREOMBETE T 3,

60 1%
R INPUT Pj=2.0(W)
= f=48.0(KHz)
s q PRESSING FORCE - 30 s
= = -
= ol Pe=35(kaf) | = =
9 >
= &)
= J— 4205
S A 2
= \ -
g L \ 5

0 l ] I 0

0 1 2 3 4

TORQUE T (kgf-cm)

X4 -12 m4—10{:ﬁ<‘§’-"&—5'®ﬁﬁ4§ﬁ
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(b)) HRBEMNESEHFEZEAHAWIE-—YORH

HIficThaRELSIE., PRBLBENEOHIEHTFERHVWD LR X - T,
MIEBH IRXREBEVDEHZ2R. D52VEEVEHIRE-KFELOMEBEERT 3
TEMNTEZ, M4-13. MEHIRLEVPEH2RE—-FILI3HBIED
FEZRAVWVEBERT - SOMBRNEZRLTIVWS., ZOTFTET fuu=fr2552
(kHz) R PEE—-—FEHBT 2, BE—FRHEHFOEBLS I VX E. &H
RE—-—FO/ - FRIEZBALTWS, E#HFRXYasvI ¥t EE 3(an)
ORNVPTCEHEHOF T T VWD, D—-FRAFyLAMT, EMRETEDF
fICEEM(PPS) 2D HFT TS, B4 -2 CEHFEATOSHERED
AEEZRLTWNWS, HEEHBE(Q)DEIHIT200~ 300BIR E/NET VA,
MEEHFREOHEHMEIIMAT, ROFT L3RV IBMEIPoEZE, &S
VEBEMEOREBENX+ATRPoEZLEEBETZHBDOLE DR S,

SPRING ROTOR  L-MODE T-MODE

l DRIVE  DRIVE
hmm
/

BEARING

ALTITCRRRY
AVLARLARRUANMAANRY

ANAALTURURNRAAY
ANNNNANNANNNNN
—t
Yo
©
N
w
on
©

b 17 A 16 e 17—
50

M4-13 FREEAEHTFZAVWIETHRE—¥
(M1X—ED2XRE—KFH)
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BM4-14~4 - 16LEELEE-—FIOBHEERLTWVLS, EBE—-FOANL
21 :1, AHENZA—-HLLTHELE, OD—-—FYOMER., £EE—- KD
HIEABEEPHEHEEZZURVWVHEBEZIFKLEE, 8.2(kgf)e/hE LT
W3, o7, BB EEEBETCHZIH. PV IIETBKT 600(gf-cn)
BETCOBE—YLLTEPENV,. BAMVIJBAHAS (W)DORKIZ12.7(% )T

& -2 t’.o
#4-2 N4-DOEHFOSMER EHE

L, -MODE T,-MODE
f0 [kHz] 50.49 47.71
R [ohm] 28.85 294.56
L (mH] 26.60 0.16
C (nF] 0.37 0.07
Cd [nF) 4.65 3.36
Q 292.52 162.83
Kvn 0.28 0.14

£f0 : RESONANCE FREQUENCY

YmO: ADMITTANCE

Q : QUALITY FACTOR

Kvn: DYNAMIC ELECTROMECHANICAL COUPLING FACTOR

270 f=47.7(KHz)
\ E] - L[]
o Lo m\n\ Pi tPyp=1t1
- -
= — Ve
= 170 A 4(W>\f-5(W)
o a
g O\l\ \
o _
= P,=3(W) A\ \
70
[ PRESSING FORCE \A
P=8.19(kgf) N4
20 1 L | l o) |

0 1 .2 3 4 .5 -6
TORQUE T (kgf-cm)

X4 -14 TREBGEEHFEA V3BT H
E-YORERE (M -EEY)
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HM4-16lk, EE—FEZMABZANEERAEBOBEHETH 3,

mEL. AR

PV EH4 - 10K ETCBOBYEOR W286(gf-en)—F & L. I X HKE —

Ricxa UTEDE—FKZ2 210° £ LTHBELR. Thbhbb,
WME—F~ADEHLEIEFIPir:

14

12

10

EFFICIENCY n (%)
[00]

ZOFRHETE

P 1l :18 HELWZIEHHLIPEZR -

O~ 5(W)
| / D*’ ,
a
| ON\a

—A
A

o // 3(w> 5
{;ﬂi f=47.7(KHz) \\\1\\\\

PRESSING FORCE Pf=8. 19(kgTf)

] ] ] 1 ] J
. .2 .3 .4 .5 .6
TORQUE T (kgf-cm)

M4-15 FREBRNFEEHFZHAVIBETHR

TE—-YDEHTRYE (MY —%R)

12—
£=47 .7(KHz)
TORQUE d//"u\gj”S(W)
T=286(gf- cg}x
se
- 9 A AW
(o
>
(&)
=
E /O/O"O
O
= 61— 4 .=
L
wl O
PRESSING FORCE
Pr=8.19(kgf) 5
3 | 1 | | J
0O .2 .4 .6 .8 1.0
INPUT POWER RATIO P,p/(Pip+Py )
&4 — 16

FREBRMEEHFEAVBIE— 0D

BE—-FANOADH T 25H%
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4-2-4 B UHEFEZHASEDEEHLEBREHE—¥

ZhZhEORED FLRVEDFLMAGDEEALCL, BEBT —
YEMBRT B L HARETH B, chid. E— FEBNEMFLRIERYD. &
BFE2ELEL TN, MECLIRERAENEL~AOHEESD = ARK
E%. EHFONKF. ZRFEORFEIPSCOBE—FO—MREL LTR
BEATHWEH 25N 3, MA4-TERTREH LR EREOVED 1 XOEW
FRORBE— S EEMELE, MO LS cHEHTOM . EE(b)RT O
—y (BE@ER) FEASH. EBORTY YL Lo TRDEMFHNT —F &
RCREDFLAONT LAY, T2bb, EEHRREVEBFLO— ¥
ODEMETEXALNZH5, CORMOBBREAES, $A0—5 LREBDF L
OEBMEOEBI NS THCENAETH B, LEN>T, BEVEBHFOR
MU I EEM(PPS) 2RED. D— S b BEHFORMEE. (D)IEO &> #
MEEZ/PhE L, SSEMEHFOBEMEICT 70 Y —b2RD, BHO
BIEDOET &8 > T 3,

Sinwt FRICTIONAL Sinwt
R MATERIAL
SPFING \,..—ROTOR

2% 7
2% 4

E== 2?2 7
/4 4

TORSIONAL VIB. - LONGITUDINAL VIB.

(a)
1| ~ 6%

—_—

0 -] ]
YU e
(D)

M4-17 B-HiRFzHIEDLEHEHTIBTHRE—¥
(a) £E—4%#H#E (b) m—%
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R4-3k. HEHFOSHERELERLTIWVWS, ME—-FOHXERAHRB KL
., M1 4KH2)DED H 2D, MEC LI HERBER~OEEE. M4 -18
MRTEIDEKE—-—FRAKEL, T (kgf))OMETCHE—- FORERHEHIT—H
3 5,

M4-19~2lE— Y ORBMEMEZRLTWVS, BRIV IIE 1(kgf-cn). B
KMWER (R )BEBTH-oR. K4 -2113. GBEBHF~~OALLEEXIRELE
OR#%ET. EHFIIMAZ22AhE2—FE LT, SEHFLEMRAZ2ADDLZ
BEXATHELE, PV 7, M4 -200CHEMKBEAICRZ700(ef-cn)—FL L
Zo Pu:Pir21: 10OKRCBOBRVWHE (M%) BBOGIE, RBREZBEL
TRERBFEEAMEHOADZEMAT VWS Y, —FE2HHLEZIDI L TH
HEXBSO D, ERTCTHEHALAO-YPFEWEDIZ., EPEBHFELT -S5O
AAETH+aBMEBSohTwhnwZtd, M ILHEORTIO—EIZR
> T W3,

COMBEE-—YL2BRIELS 22 Y FHsrHBCELAE., ATERBRREZRNR
EHT20T. ARLE-TRANZHAR L AZDBZBOLHE X SN 3,

K4-3 H4-1TOWEF O F MR EHE

L1 -MODE T, -MODE
f0 [kHz] 28.08 29.42
Ym0 (mS]) 32.99 7.69
R [ohm] 30.31 130.13
L ([mH] 223.33 137.61
C [(nF] 0.14 0.21
Cd [nF] 4.34 0.99
Q 1300.01 195.48
Kvn 0.18 0.46

f0 : RESONANCE FREQUENCY

YmO: ADMITTANCE

Q : QUALITY FACTOR

Kvn: DYNAMIC ELECTROMECHANICAL COUPLING FACTOR
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RESONANCE FREQUENCY f (KHz)

28

1 | 1 1 ] 1 |

2 4 6 8 10 12 14
PRESSING FORCE P¢ (kgf)

4—-18 MELHTIHERRBOKL

100

80 -

60 (-

40 L

REVOLUTION N (rpm)

20 -

™ PiTiPyL=3:2

). PRESSING FORCE

(W) "N\, Pe=12.2(kgf)
a

) . \ a

X4 -19

.2 .4 .6 .B 1.0
TORQUE T (kgf-cm)

K4-1TERTE—SYOAHKEH
(MVy—EEH)

- 103 -



EFFICIENCY n (%)

EFFICIENCY n (%)

10

PiT:P1L=3:2
-PRESSING FORCE T < 5(W)
Pf=12.2(k9f) O 4(W)
n A / -
/_A\A a
A\
/OP1-=3(W)

Y

] | | i ]
0 2 4 .6 .8 1.0

TORQUE T (kgf-cm)

M4-20 MA4-1TERTE—YOAHRY

12

10

(bW —2#)

— PRESSING FORCE

Pr=12.2(kgf) g
f

- TORQUE 0\
T=0.7(kgf-cm) 4(W)

.2 4 .6 .8 1.0
IUPUT POWER RATIO PTT/(P1T+P1L)

M4-21 B—-HEFEZHEAEDEHERATIE-SOD

BIEMFAOANICH T2 %H%
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4 -3 FHORK-BHEBDNAOBERET -4

4-3-1 R-BUE- FEEREBTEALV 3
BEBRE—VOSBMEBA
FHOMEH L BHEDC L BE— FHBENEDTE. BLOMRNERS
hNz, ¥2PLIOMAEE—FOMsALEOMIE, BHHOMDH LA P
ROBMIMERL Lo TE—SBRIEDS, M4 -2 AHTRITT M- B
ME— FEBUEHFERLTVS, CONMT. Buw REAFHOREELZ.
Bun R EH FOWAMOBHEH 2R LT VB, (1EREH (LIEEAHA
BHEB L€ FHEREBTFTHS ', COE— FOMBEDEE,
nemOBEEE->TALAFROABN, K kL. EHFORMET
AUAFHORMEP RSN 32D, REHOFRRE — k& ElHED
ODBERE—F, REDOBBRE— FLEHEHOTRRT— FOMABAED
CBZLHNBBELRD, B, HEOHARDEE. EBHFOFRBINMEE -

- '\ J

-~ -

. Z
P— - -~ 4
S W R
b7 |

- - Y
(n) =-— \\\\ - / Y ,', T X

~ . / o)
- / e
L, ~MODE By, -MODE

- . < 1 _a

(e ° e )
BV—MODE BHZ—MODE

M4-22 B—BEHE— FEEEEHTOBR
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ORBOHALERDIDOT, XROETHHETH D, 22T, CORZEFR
UTMIER LR BHIETGA4RX, 8RXPH 22— FHEERIEHFZED LT,
FELTWS, COEBFR. BHHOMOVBLA LI > THERE % & K
BBPHET— S ~BATESH, FHCHEELE -V OHCBEL T <,

BEEPBHET-—SEESRETHENRD,

(I, HEHCLEFMBHEHLC L3 T - FHEERESHFT. RO LD
CKEBHFONEBTCOMMEBHZAATI20XHRNTH 2. COBHK Y ERER
BAOORMOHULALE> T, HEEE- YRSV ERBHUEE -V ~DIEA
MHEE L & 5, (INE. EEAFMEEFMBHEHCLIZ2E- FHBEED
FERAVWD HEHRBRTHS, COBHBROLELXDODE—FOHAEDLDENFRXL N DD,
RENZEBEAREX TR TWLER W,

BED XSk, ETHROMEBHLBHEH L2 E - FHEEEHFZHWS
BEHE—Y3. T—FOHIPEDLDRBLLI-DTEANLEZHLBZ<OEBRPFRLS
NEd. BAOBRBEEP LEASLENES CEDTRHEN S <ETH 5.
uTéﬁfﬁﬁﬁﬁﬁﬁ%tf—&@ﬁﬁ%ﬁ%%ﬁi;

4 -3-2 H-BHE—-—FEAREDTF

(a) FHROBEHEBEHEDHOHERHE

M4 -230L52RFRECEB LTIV 2EETHE. HIEH 2S5 FIZEM
EEBHPBETE 2. —RBRRTROMEHLEHEHOXERERE. HHOY
VU REZE, EE%R2popLITBLRATEZS N B,

. n E _
fin TS (n=1,2,--) (4-1)
(125.1-, t E
fon = —A— =1,2,3--- -
B 47z4/3_ 2,2 0 (m ) (4-2)

SZT 2 LEENZTLIEHFOEILEX T, asid

COS @s» COSh @ en=1 (4-3)
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EHETHIHEELTEZON 3, REFECAAE. A (4-3) ORBELH K

asa={2m~+1)/2}7 (4-4)

CE25MB. BA-4L VWL ODPDEERLT VWD, oT. WEBRHE
an:me (4-5)
EDEHFOTHLEFRES, P2E. HIRE—FKEERAT 5 L.

2
_a Bmt (4_6)

_275«/?:
THINS, BEHFOEIILL-T. 2OEIHHRES, L ULERIE B
EEAOEBES I V2P, EHFOTELOREEZFRLRTAERS R L,
ChoOEEE*ERUAMBREZRDODZZLBTETH Y, ERTERA
(4-6) TROLEHFOEIEZHAB T LI I T, MEREBEREA LV,
GEE, BHEHOREAHREY. Th2hEHFOoETCREA 2FCR
AT 22L:2HBTZBDOT. K4 -243F0—PITHhd. COFMERIE,

/.

FRAE-FPEEEELIIVAOTHERIDRRDZCLEYERTH 3

®4-4 EHEHORAHRBMERK

" 1 2 3 4 5 6 - 7 8
ap 14.7300 7.8532 10.9956 14.1372 17,2787 20.4203 23.5619 26.7035

- 4

_xw t

+

———69———J ELAST[C VIBRATING
MEDIUM

PIEZO-CERAMICS

M4—-23 M—EHE— FREBEEHT
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H4-25kBARmoOBMENAERALAERFE2RT. BEHFELTET S
yABKERAL, RED IR LBHEH2XRZEAT 2. - T, BEDIH 2
ZRL, BE2NROLIO>EAEL. BHLTHL S EHFOBELESODLD
HERAEWOT, WBREIR(4-5) LbhFDT NI BLETOMWMEBL
FoTHE—KFOMBREBLLERTE Do

: s

T 4

x t= 1.5 (mm)

w2 w=24.0 (mm)

>—

2 20.0 "N\

3 sl AT

‘;.EJ 2=113.1(mm)

o .6k lag=0.01 (xHz)

()

<Z£ 41-{ 2=117.1(mm)

5 o O\:fBB

A Af=0.43 (KHz)

& 2 \
19.0 ] | 1 | ]

113 114 115 116 117 118
LENGTH & (mm)

M4-—24 H—EHE— FRBEEDHFO

BB RED—
Sinwt coSwt
N I PR | R R
BO| = AN
1 EDETE

I e —

PIEZO-CERAMICS  t=2.6 mm

K4—25 SlLREEHABH2RXMAEO
E— FHBRREDF
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(b)) ZHOBEHAEDHOER
(a)TRARELISELE-—FOHIEDER LT, WKOPORENRFIK
DE—KMEREHFHBON S, M4-26ic, MEH IR LEEMBEDOD
E—KNY -, ZCheDE—KREoTHEREAZENOHEHEH ZT UL
TWw3, ¥2bs, BEXOBHEHEZEAVAEEDFOFRLICH L TR
AT, ACFHOMHESHERS A SEEHFORRFEE-FOXE
DEHAICRZDOT, XBLOFHLATHI, BHEHORBIEHFRERPHE
HERNIEL-,TERS,
M4-27(a)icfiEH 1R LESFAEHEH2RCLZ2E- FHAREKED F
ERLTWVWS, BERTEOCERFONE (AL) CTHHEHIER TN 2,
2, AMA, A’ HOWAHEHIRED 1R LBHEHOBBEKRE- K2
MAT2LtALAAKLRS, $EAK(D)IR. REH IR EEHFABHIER 3
XOBAT. BERT LIKLA, A’ CRRAFAOHHAEHNER T L %,

ELLIPTIC MOTION ELLIPTIC MOTION
\\Cj) / U

N o,y O o0 o Y
. \ ‘// \\‘ ,,/-\/A\‘ ; ‘—. U \ ,f\\ ll-\\ //"\\ /r\‘
‘Lji Z \ . - X g LA \ 7 \\ LA \}I U

o’ \\_/ \\ N/ ! S \/
[ &S / (S &8 & &7
L1-MODE Bv4-MODE L1-MODE BVB-MODE

(a) (b)

M4-26 M—EBHE—- FRHBAREHFIZILS
BUoHHEBHORR (EXFRAA)

ELLIPTIC MOTION

\ ELLIPTIC MOTION
o ®)
I =
rn \\\ A . P A \\\ . l['li. "/‘"\\\ ’z‘“\\ U'y
1 Taa ot ! A I T < 7 XTT
'y ) ’ . /, PN
O‘ PRt A t U : A Se e A ‘l : L
;. \\\ /1" \\\ ,); O X () i. ,,—‘\\\ R ; O UX
[ 8 /S [V N
L4-MODE BHZ-MODE L,-MODE BH3-MODE

(a) (b)

M4-27 QE—BHE- FEEREBHTFICLD
ENOHMESHOERE (BFAHMA)
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4 -3-3 HrBEHRE-YORE

(a) REB1I1XEEHHMEHIXE-FNAOMMK
BHEHEFAATIES. BRELAEBSR LEBRD A EERATILEND
5, M4 —28(a) WARDODBHMIEH (B T—F) OBERFHETRL TL 2D
COE—FEPERI<BET A IAEADICE. AHAER4-28(DI)ERTLIRE
ReoI 7 AERBTHLENS B, =T BEFEEH(48.2% x10.07
x2.6*mn3) ODXAFYVARAERO—FEI. E®EF 32 X (NEPEC-6) Z#HF L
TW b, |
WIETTCLEALTVWEDTH S, MBE-FORBHELODVWTH
B 5, WBTB3200FE— F290° HORRIZANTRHTI2HE. &4
DHFTRE-—FEZHMICEHIZAEL. ARLBEE-—FKFEBEHITHHE (X
4 -28(b)BE) BH 2N ZITHEEORBAFEEZEERLU L.
M4-28(b)DEF IV RIc 90° HHEOERZBAD(sinwt,coswt)ZHM
T3¢, EHFRESIV2A0ABHAALKBLEERE LS. BEHE—-FOH
B, EIIVRDEMHRENBEHARE-FOBERFESBLIRT—HLT
WB DT, AHREIBULAMEBBERTENEL 2, AIKTD AHDKXSEMME
ZERBIITHAE, BHE-—FIZEUDZEXY PV Ss R4 -23(a)D L3I,
Di AfZls L4 WHOEAZEDBD LR D,

—HFRE-FOBE, BEEHAGINTIERBELES IV ZADOHENH A,
M4 -28(bl)mRT LH>IC1, C30EIIVATCWEESFmMTHH, C2,
Ca4ATCHESFATH S, LiENK->2T,. €5

y2

Y2

/.

¥z

JZXAC2, CL4ic&hiEEdT 3B
ERUHEIPRETZ2O0OTC. ME—FIZEBZ3EXZ bV S BE 4 -29(b)D &
D45 [UMEHNENhZ, HRLUT, BE— FMIKIX90° HHORZZEME
C. ChIEWUEEREBICEID, B4 -0ERTLIOREMOEHEMER X
h

<]
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——— 48.2 —
POLARIT INDUC AR
YgF__DU ED CHARGE 10412 <+ 12 <10 4
O N 28
X\ 7 A} [jlj*\u R s e o |
'\ N\ ' Cly| €213 1:C4%| 10.0
PIEZ0-CERAMICS \L1-MODE \/‘ ' -+
8,4 -MODE coswt Sinuwt
(@) (b)
M4-28 Li—Buv.E— FHEBEEHTFLRBAFE
Sinwt . Sinwt
F--- ,SB
1rl4
— VT coswt — Coswt Us
z-}nm
F- - u
: L
St
B-MODE L-MODE
(a) (b)
M4—29 K4-—-28(b)0BEBIFEICELLT M4 —30 ZALD M EE

E¥58E—FKDE

CORF-—YEHFOOEERBOER OB T E—SHEE LT, K431
DE-—Y2EMELE, ()3 LBrooHER. (DI)FHEKTH S, 2%
ELTR7ZY VT EFERAL. MEXROL > ERXPYV VoM OHLEHEZ
ALULTCLEFABHT2XFERBILLDToh, - YOMNBZIEMABEHON -7 £
(M4-26A,A'fH) ity brEh3, M4-32CANEHTHIRENDOHE
HERLTWS, CHREHPERTEIORTIA AT —-—TJZHAVWTHEL L,
AF VAU - 1IBETTHSDH 3200 )BEDO NS EHE D K4
—BEANCHNTIHEOHEANERLTNDS, COBFIT—FH1BHED
TIN(R)BREOHEMB O IEY, CORBOEBEREEMEBOMALEL. %
ERMEBBEOFRILH 3,
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-~
o
-—D

]
I'
”j)\
Joa
- F

/- =
r 7
A B 0™ CoSwt Sinwt
T A:SATOR B:ROTOR
0 R C:SUPPORTING BAR
D:SUPPORTING JIG
(a)
M4-31 Li—Bv.,E— FHEREHFZAVD
HENBEHE—Y (FE1u—%&EH)
350 V__ =80(v)
P~P \
el
% 300 /' 70(v)
L * 60(v)
W 250
oz
o
[
2 200 FORCE GAUGE
= * 50(v) ﬂ_\F ~
= (Tm
150
/} 40(Vv)
L1-B4 MODE VIBRATOR
100 l 1 l
1.0 1.5 2.0
INPUT POWER P1 (W)
M4-32 M4-3ETIBEHE—Y ORH

(A —BEEEN)
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—_
(@)

F m=113.6(g)
AA’\\/mess.e(g)
e 8- - 'A\
=TSO\
N
S 6 \\\M\
5 ®
= / m=63.6(g)
o 4r
t5
2+ ‘\O\
| | |

|
3
INPUT POWER P (W)

M4-33 R4-3leRTEFHET— 5O
(A —#%E)

COREERM ULHBLAEAE— Y 2X4-34, M4 -35R T, £TME
BRUELEBEHFORYZER T522DE. AF—%2RKODLOEETFTOZ7VLV—-AT
BAHACBBEE LE. CAEDOT7 V-0, MEAEEHORXRT) T ZEBELT
4XORNIPTCHEDFTTFER D, EFO7V LR, A7 -6 h2R
oo —% (E®E12 on, E18mm) HL4EWROHMFITTHS, b—%iE. L
F7Zlrv—LsoAflle@@ISsh 27— VEALTARXNVE (BRSEDPWTLAK) TO
¥R, BO—-SOHEEBEHEPFLLRZLEOIELLTWVWS, AT —FYEREBFOR
. BE-FOHXBEORMBTCHIEHFOPRBFIIHITLEREEZ, THOV
V-—LALCBEZELTHFDLDIh S, -, M4 -358FTHOIZV—ALALLRAF—VIEH
FORKFELELT, TL070y 7 (2.0x14.0x3.0mm3) 2WbFF., 20—%
HFRAOBHhHHL LELDTH 3.

- 113 -



X 4 — 34

B4 — 35

A —r— —

s -

C—-L_:i & [ONEHIN

D— L S A

: R

C—L ® [ONEE

B—Lél_l I——LFT'
]

¥ P
AT = 1Ty |
N—”

A:PULLEY, B:BELT,
C:SUPPORTING JIG, D:STATOR
E:ROTOR, F:SPRING,

(b)

M-BHE—- FEEREBHTFE2AVIEER
BEHRE-YOME (HE4 D —Y#H)

p Lzt be
NH® T
C == ‘x . :i]f‘r.#l
A R

A:SUPPORTING JIG, B:STATOR,
C:SUPPORTING RUBBER, D:ROTOR,
E:SPRING, F:BELT, G:PULLEY,

M—BHE- FEEREHF*A VI EELR
BERE-SYOHE (FE20—yFH)
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ZFRUFHLAE-FLEDFA2N4-36, SMEREHROBELERERA4
~-B5kALTWVS, M4 -36(a)BS5UFR(DIERTLIIE, ZCTRALIXR

y)

PEMBRE—FKERAVWE, 53372, K4 -36(cl)ERmRTLIICERE L.

f)

RSO I VATRHED R, B CEMEHEMIELLE. AT SO0 —
yroEmMmEicR EEMERMTLIWVWS, M4 -37, M4 -38ic,. EhEh
20— %FHR, 40—V HFAOKMEERLT VWS, BHEH~AOAL%E 0.5(¥)
—Fi L. RMEBH~ODAHERELLE, BHLETAEREDOZEET RV, MU
y, HEBRTREULA20 -9 AAPER TV, NMEBBEICIOLEDF
DEBREOHELIVWNENKHEORERZEATZ20T. SRISIRHITL

EThH5d,
u
AN AN AN L BL -f
L A vt v A ¥ claf —24.0
o’ ! ’I N \ .-,: ,.‘
[ oo 0 O/ : o .
L, -MODE ) By ~MODE ! e =%: o
' g A g —
PIEZO-CERAMICS
A:FOR L-MODE DRIVE
L - B:FOR B=MODE DRIVE
ROTOR (b) (c)

M4-36 RH—AHE—- FKHEENIEHF
(a) M1IXLBBHBRE—FK (b)) O—¥mMEMLE
(c) Li—Bvg TE— FHBNIEHFLEE 5%

£4-5 [M4-36kRTEDFOSMMEEEHE

L, -MODE B, g -MODE
fo [kHz]  37.13 37.02
R [«] 91.5 104.7
L [mH] 140.0 96.5
C (nF] 0.131 0.191
C, [nF] 15.0 16.3
Q 357 214
Ky, [%] 9.4 10.8
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REVOLUTION N (rpm)

REVOLUTION N (rpm)

400

300

200

100

300

2 ROTORS 7

PRESSING FORCE
Pr=2.4 (kgf)

. 2
TORQUE T (kgf-cm)

M4-37T M4-BrRTHEROEAHTRKE

[ 4 ROTORS ]
y
i % /VN\ |
n
\\fk\
- /\ —
N
1 |
.1 .2 .3

TORQUE T (kgf-cm)

M4-38 MA4-UERIHEROAHRKHE
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(b)) REB1IX-EHFABHED2XRE-FRNAHAOHEK
EAEBHED L ERA-27(a) TRLAEIICYFAORMIRE 2R 7,
COBE. EHHFAOEAWHLEBHAE VWO T, BROBHE— F & ik
I1RE—FOMBIFATE S, M4 -33FEALE, HL1X(L)-BH 2R
(Bu2) E— FHBEHEBHFERLTIWVWS 29, EHFLLTEIIVAEGKZ
Ao, EBRROIS>AH UEHLE, BEBAFEE L TE.
E— K220 AN sABECRB I A UAEZERALTL %,
Y LroBEMBLEILCE. ROL>KEBEMEZEBELTVS, R4 -6 IR
BFLLTCOEMEHBER LTINS, 2ELZOHERB W TR,
ODRHTRL E—F&Buw E-FEBIKEHTERLWOT, ThEAMIL
CEHECE2EHAETCHELTIWVWS, E5IVABEKOEHFTH DD,
EXBRAESREE,. TROEBHFREBENXTRKEVWEZZR>TH 2,

L; € — K & Bu

a —

X4 — 39

ELLIPTIC MOTION (O

r'f\\\\ /(/’—\\\\ 1 L]Ji' ¥ | B | T ~TH

S D NE 13,0 Yt =1
O:\\ SRR J:O Ux BRI A

e e ——
L, -MODE - PIEZOCERAMICS (t=2.6 mm
1 ¢ Byp-MODE FRICTIONAL MATERIAL )

(a) (b)
M4 -39 L;—BuEF— FHERIEITF

£4-6 HM4-OERTEHFOSMHEBEEKE
L, -MODE B, -MODE

fg [kHz]  31.71 31.18

R [2)  110. 374.

L [H] 0.142 1.13

C [pF) 177 23.1

C, [pF1 2518 732

Q 257 592

Ky, [%] 26.5 17.7
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M4 -40cEMELEE—YOMBERERLTW S, AM(a)FXERBK. (b)),
(c)RBERT. (c)LBHERBEIRLTNWS, MEDHLBEHIEHO*E
OHPBTCHHAEMFOPREY, KOLS5XxHEINZ, -SRI RT7Y T
ZNALTXRBLLEY bEhh 2, COXRBLHASI FICBEOAEHh, ATV Y
JEZBULTCHA FEME., bbb HALKEBEEEATWERAF—Fa—%
EOMENTDIh 2, MEXEGRICHETEZSY, ERTRIRFECEGRRE
BEOHNTMELHZELE, AF7—%Lu—HYR3NOLCEMEELINZNE
Hiz,. MENICEZEDPARETHZ2H, MEZHEBEIZ2 Lo THAEOH
—PREAUCELIREHETCHET S, FEOOD-—Y L2 E2ZE4 - 4IER L
TW3, BREI/PEVH, BAMVZE450(gf-cn)BESHD, BUHFUTEE -
FEeLULTHREBHXEW,. BHOUOD-—SXRAARNICEET 50T, XNV M&EHT
BELE-T2WO-YOEEN2FETLAE. AFLLI2BEME~OR®
oA, B, PVIDKEABEIRZOOLEDL 2, BHERNKE. X7
—He0 - S ORMAMK/NETVWOT, BEOMEDRAV vy THEL. 2OV
EOBIDOERFERELF XS N 3,

~ROTOR
!ROTOR STATOR ROTOR

/ £ 13-BEARING

l [ ™ .

--- (..,:.. ;-:::.‘: _":':'...':',“ - L..qe
e ' G
----- ~Cegar )t Q.,.‘--,'.-' > 7

SUPPORTING JIG
SPRING NGUIDE (b)

(a)

ROTOR  STATOR ~ ROTOR,

— / —

B4 —40 L,— Bu2E-— K RNEYFAMAOBREH®RE—%
(a), (b) Li—BuE— FHBREHFERALVD
AEEBERE—YOHE
(c) HHEEX
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)

(rpm

REVOLUTION N

L\G\ —o—o ' Pi=3(W) .
el
A

/// N o\\o\\\ya\\wu

f=33.6 (KHz)
| l l I

] 2 .3 .4
TORQUE T (kgf-cm)

HM4-41 HM4-40TRTE-—FYOEFTRHM
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4 -4 ¥ =

BTt - FHAREHFZ2AVS 2BEHOBERE— YO TR E,
MECHAEORMEH (LILEDIEBH(T.) 2AVWVABERE Y 2RE L &
TOHFETCZIhSDE—-—ROMBEERL &,

1. BB EEBFEAVWR LI E>T fu=fn

). PRBBENFEEHFEAVSIILLE LT fu=fn
FREEBXDTF—IDLHIETE L B,

). B-HEFEHIEDEFEATIER
KOWTHRELE, EEREODVWTZTOHBRGEERODE-—FYOHER
ERERLE. BHEORH, MERAZEBHEITIZILUTOLIRER S,

. fNMEEBAOETOHABRLEL->T2O200FE - FOMBIPERDCER

Eh 3,

WME—FDO/—FOfEIFEIAhTWDOT, RBHAEEBELSII 0D

BARLHHATHD, HBE—-—FODEBESEBREARBMIEBEBHKXE L,
P27 3~5(kgf-cm), BHE20(NDVULTEMNNVIDE—-FICHET B,
2). Ey bEORBREEIPEETDH 3,

FPREBRMTEBUEIREDRDAOEEEES I VX 2WMATEOT, H

BRSO, BEVE-—FOBKBHEBR M DHET W,

MV 7500(gf-cn), ZHE12(%), BEHI0(rpn) T, ZOEE—-—S L

LTRMIVTIEZINE N,

3. BE-FOHRBEABRBIPBMICEABETESZY, 0D-VYORAFEIH

MicXxEsEgREE R 3,

E-FOEZTELTER 1. D).O2EBBECLR2PEABRHBEBIEES

THD. COFE2ZHIMOE-—FHBRE-—FYLLHBRAATE B,

-5
LA

4 - 3THFHROM-—EBHE- FHEUEHFERAVIBEHE—FIZDO0
Tt~z FPROBESHFREBAAOBHEHZ2ERT 2L, IEHEOE— K
MEREDFHIBOA, TAEABLTIWLK >POE—YHENEIO NS 2
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L EFU%Eo Li—Bun (n=4~8) E—F2FALEE—FOEHAEL. BEXH

B BELOBEAEWESOPICUR, Li— B T FZ2MALEBERERED

FOESFHOME,LrSBEHHEMOBTE—F2REMAELE. ZHhOOMER
HUrFEEELEL RBHOBMOHELABELAEFEILA 20T, T- 78
PUTEhREBTIZLIOLEAEEZ2EFRLEHERREI G ZN Do

LEZEWNT S L
(1) BRASEBFE2RVWBILCLIVARORKEH LRIVEHOMBEREZR

RE2-0D0HFEBEEZEEL &
(2) BEBHSEDFEHAVWVIE—YREFRBEEIBL N D,

(3) Ht—HEHE— KEREDFERAVLIBERT -V 2REL. ZT0OH
FRLBHEERLUE,
2%,

- 121 -



g F X ®
(1) kH#R=, EHFER: "EX - BREDFLZOKRA’, a0 75, (1974).

(2) BEE, tPET: " EHFLEE 7V Fa— S 2HWEBTHE—%",
E¥eEfEs, US8T-31, pp.27-32 (1987).

(3) B, #0, B : " H—EFErEHE-FMNHOBEHE-—YLIZO>WT”,
ERYSTRTEEERTMRRERIMRE, No.3-P-22, pp.817-818 (1989).

(4) HER, Em, K@ : " - BoEAEHFEZAVEERE—FYOHBR
ZHMERENR" , SEESTLHREEBNZTHRRBRRSHRE, No.2-5-5,
pp.805-806 (1990).

(5) B, Bir. B, B, G- R0 EDANAOBERT— 4", BRELHI9E
EMY>YRIY YA, pp.5-12 (1990).

(6) &I, W, B, BF: " M-EFEVEHE-FNHOBEHRE -5 —BE—HiE
FOHAEEHBOBE ", VEEFHBERESNFLEARSHERSE,
No.SA-5-5, pp.1-178-179 (1989).

(1) BIil, £, BER:” WHAEE-FEFEZAVEES - BT V5 - BIRB &
RMEDHOWNLAEMNHE -, EFEBEEFIRXE, 51-A, Vol.24, No.9, pp.341-347
(1968).

(8) &), NERE, EE, I, S . BEHE—FY¥—OHHBE IO WT", EFEH
BEEEESHWHEHE, US8T-5, pp.29-36 (1987).

(9) Y.Tomikawa, T.Nishizuka, T.Ogasawara and T.Takano:"A Paper or Card
Forwarding Device Using a Flat-Type Ultrasonic Motor®, Sensors and
Materals, Vol.1-6 pp.359-379 (1989).

(10) 8%, Bl : " - BHSEE—- FEHFFAOELBHEBRSEET—%", B
CEBFEREEZEAMNETLEARSHRE, No.SA-5-6 pp.A-1-153-152 (1988).

(11) Y.Tomikawa, K.Adachi, M.Aoyagi, T.Sagae and T.Takano:’Some Constructions
and Characteristics of Rod Type Pizoelectric Ultrasonic Motors Using
Longitudinal and Torsional Vibrations®, IEEE Trans. UFFC, Vol.39, No.5,
pp.600-608 (1992).

- 122 -



(12) g)I, B, #W, =8, 8% : " f—ErEHE—-FNHOBERE—¥
—AHEBE (M7 -V ¥)EOBE—-", NNEEFRRBRECGFSFFLEKRR
i, No.A-351, pp.1-351 (1990).

(13) 8, B, #W, 85 : " H—REVEHE-—FAHOBERE & —PREN
SHMHEOBE ", 1NERBTFHEREBFSEFTLERIHERSE, No.A-349,
pp.1-349 (1990).

(14) B, B, #W, EEWI, BY: " H—EIEHE—-FKAHOBEHRE—¥
—uU—% - P UERIAvFRHOBEE-", BEERIRAEERETTRRERE
HRmM, No.1-P-@ . pp.933-934 (1989).

(15) Bl B, MER B SR A K- BHSET - FEHFIHAOEHRRE —
5, BERFESMUCSEEEFTHRAERIMEKE, No.2-P-30, pp.797-798 (1988).

(16) ®EJIl, R, BE: "#§t—Eih - PIHERRFEE- FEHFRNABETHRE-S0R
' ', BNEEFHBEEFSETLEASMWRE, No.A-197 pp.1-199 (1989).

(17) T.Takano and Y.Tomikawa,  Linearly Moving Ultrasonic Motor Using a Multi-
Mode Vibrator®, Jpn. J. Appl. Phys., Vol.28, Suppl.28-1, pp,164-166 (1989).

(18) 0.0hnishi, 0.Myoga, T.Uchikawa, T.Inoue, S.Takahashi and Y.Tomikawa,
"Paper Transport Device Using a Flat Plate Piezoelectric Vibrator®. Jpn.
J. Appl. Phys., Vol.28, Suppl.28-1, pp.167-169 (1989).

(19) E)il, NEE, BT : " —BH2EE— FERMNFOBSIHE—¥",
INIERBTHBEFEIMRERSHRE, No.SA-9-3, pp.1-231 (1991).

(20) B &, ®)I, HMEF:” € (R,1) - BHU(1.1)) - FEELIFI v IR E

ARZAVEBERE— 5" SUPRTARAEERERRRRABRE,
No.1-P-@, pp.935-936 (1989).

- 123 -



BHEH T-FRENEOFERAVWVIEBBHUBETHRE S
5-1 #% &

B3, AETRAEAEHBEEERET-FYORF—FE. R HOMOH LA
EE2BH52L 2T, EOARBAIPERBYHEE-—SIYOXT—-—F L LTHW
3oL TED, BEHE—VYORBO—HDE. BEFHE-YEROBRH I
AT, HARNCRKBOHIE— I VHERTEIRIIHD. BERBHE T - L
LTOMA® IO —DT. HENZEEZ2EPEIREAEEZFRLTIRAS N
HZRETHHD V-4,

AEBTR. AROBEHFANKMCEHEFHIHREHICL2E - FHEARIE
Bre. TR (B) OREHLEHEHCLIZ2E-—FREAMEHFEZAVS 2
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53T, FHROMEBHLEHEHL L3 E - FHEREHFEAHVWIE
BREBEHUET-SLOo0WTid~x3‘C. COEHFR HLETEBERE-S L
FRAULEAEHTFLRAULETHZY. EHFER>»SHUK ITILERBHEE -
ZEULTOMALRAWTWS23DLBDbh 2, E—FILL>THEREZNSHE
MEHhzZz, BEEXHLIELTHEBTZSYA T, "RPVVITENLTCREB L Z
BEPIATEODVTIRHF LT WS, AIERAT—SEHFIFEELV - NVLEZDH

KrEdH. A7—-—% V- IVHOBEREBHEH - RO LY, RELRHELZED
BERELBR D, BETCORFEZHOISDT, X7V J Lo T—tmEEEH L&
LTHEBHZHODHIHBMELELELODTH 3,
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5-2 HROBFEFHMNHBMUCEH L FUNHGRDZMNEIT S
HRBHEBEHRET -5

5-2-1 (R,1)-((1,1NNE-FWBEEBHFLRHERR

(a) WHRFH

(R,1)- (1, 1)) E—-FHBEREEHTFR. PoTCFEE-FT74sVIAHE
BEFANOIAZEMNLLTIHRETATNS T, Thbb, AROEFELFENRK
WEEB (R, 1)E—FeFHAHFEH (1, 1)DE-FIF, HROAEKL LA
BHEZ2HP2ECRBEILILLI>THEBT S, BE-FOHERARE w1,
fcramEzhZ2hRXRATERXSN %,

Qn E
ra’¥ p(1—0?)

, _Cnn | E _ _ _
f((\.in—zn_a D(]-O’E) (n—l, m—l) (5 2)

22T, BAPOEBERBEIEXG-1DNEHIET 2. 2E L. an, dne E &
E-FORABBREHTH S, LiK-T. @—0OEBHFTHhiL

(m=1) (5-1)

f o=

Ap=0n n (n:]., m:'l) (5'3)

P, ME-—FORHBRH 2522, AEBER a:, o & AROAERHHA
B (b/a) DALHMBORTZY Yok k- THEDIN, ERCAVEE
Bt 53X (NEPEC-6, 0=0.32) TRES5-1DL>5ich3d, COHE. @
T— KX b/az0.275 THEBRT Y. EBRNREHFHETHIR7ZY VD
0.25~0.35 DWHE CRAEHAEEID 0.25~0.28 OWECTH BT 3,
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™No

FREQUENCY CONSTANT o

—
-

0 2 4 6 .8
DIAMETER RATIO b/a

MS5-1 FAREHFOERHFAMFHTEREL
A PR QBB ER (0=0.32)

(b)) BHAEYMOER L HERE &E S
BMS5-2k(R,1)E—-—FE(1,1))E—FODENNY—VZERLTW S,
((1,1)) E—Fik. AE(b)DA-A' 2R I2EANBEHEHTH
5, HALDA-A' T HOXHOFHAEEMRD(Us) 28D, —FH.
(R,1) E-FRBAANONHKMTEHTH 2,56, A, A’ ATEHEOLD
CEFHAOENBEF(U.) 2F 2, #->T. AM(c)OLSIEHE— K 290°
BMHEEZORRZ2EESCHEHTAE. A, A’ ATl RNFROL>REMOWHN
EEVEREZN S, chbDofRico—y2HLo0hiE. BERE— ¥ HH R
Ehd, E5IL, EAOMHEBOSFRAPRARDOT, BEHNASA KEHLOY
hid, BEHFFAIAFCR->THKESBHHE - Y HHERTE 3,
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((1,1)) MODE
(b)

ELLIPTIC
MOTION

e s
- Q
.
0
B
.

(c)

KS5-2 (R, 1)E—F&((1, L)E—KE@EE— FI
FOoOTEHENZEMOEMEY

(c) BRAEKLETFORHE

((1,1)) E—FOEMNAHLPEEGEABFTBIL DV TR, BIETHLSBERE,
(R,1) E—F:MEBEREBTHWS LELIE, K5-3(a), (bJ)EmRT2 &
hOBBFEXFEASL 2, ARK(a)id. HFO, @2FL90° LHEHORR S
AhDTEBBTSZHFET 42 -3 (a)BESTVTV3, AM(bIE. BEZ
Mo LSl Ric4H#L., WFOT(R,1)E—FZ, HWFOD@T((1,1))
E-—F2ZhthBICEB T2 ETH. COBBFEETE— FOEM
ERMACHBECTCEIRNAEAEE TS, HNS - 4P LERTLIOCEBHHAEZE
2EBEEO0OME-FOEBRSHBBESRBOHEEZRLTWS, AE L. @WE
—FoRAEMKE LAWK DT &L (b/a=0.15)CHELAEZ. ((1,1))E—FKD
HARBEBABOLLNY ULTEhEBONSISROERVWDT, LEOHEHEF S
bEZLEYLBHAELEDAS, L L., E-KNFEEE-EZDTEHR
ODRFE—HYTHEHES -3(a) OREBAEEAV TWL 3,
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(a)

M5-3

D (%)
nNo w P~ w
S o S o

[}

ELECTRO-MECHA. COUPL. FACTOR K

B 5

(R,1)—((1, 1)) E—-FHBUEEBHFORBHF&
(a)WE— FO*EBERE, (bD)HE— FOBIRE

q (R,1) MODE
/

— //((1,1)) MODE
- ELECTRODE

2a=40.0 (mm)
8 2b= 6.0 (mm)

t= 2.0 (mm)

| |
0 30 45
ANGLE 8 (°)

-4 (R,1)E—F&((1,1))E—FOD

BRBRES R
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5-2-2 HFHEHBBHOHRE-S0RE

(a) E—Y0HBEBELEH
M5 -bRAELEAE—YOHEETRT, AT —PERHFLUTERER4L.0
Z X (b/a=0.27, NEPEC-6)%

Yz

(mm), W&E10.8(nm), E&2.0(mn) ODEEBE S
B, MO >CEMBIFCBBEME2EDPFITVS, IS5 -B6RRT LI
ME—-—FORERHEHRE+SEEL TW D,

HA KL, B3.5(mm), FIL5(mm)OBERHODXF UV VAZRAVWTW 3. K
DEIERATY VIR EH>TMEZNZDOT, BHFHOFILH-> TE <,
M5 -TRE—FYDEEZRT. KELEE-FE. HLAFOXREFOFZ D
3(cn) BESHZH., FEHNCRIHA RV IVOESIEETCHRTE %, T— %
BT, B2 5mBEOEEBHUT —IMBEETEDZIIODLHFZIL N
2, ¥ bbb, COE—YORBUEBEIHETCHDI L, FLEARET-S
BIdZEidh s

GUIDE  MOVING DIRECTION

-3

b — e g~ ]
.

I U I S

N\
SPRING  GUIDE FRICTIONAL MATERIAL

M5-5 (R, 1)-((1, 1)E—-FZFMATS
ERBPHEEEHRE ¥
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1
// \
J \
/ I
1,1)) MODE /
(;—52 4kHz) U{ (R.1) MODE
e f=42.9(KHz)

BM5-6 (R, 1)—((1, 1))E—FK
MEBEEDTOR B RS

K5-7 (R, 1)—((1, 1)E—FK%EFMET?S
EXRBPBUEEHE ¥
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(b)) Hkx—YOK#E

M56-50FE—%2AVWIHHEEAELE, EHFIEEI0(m), E&2(un)
DEBESIVAZHAV, BEZ2X5-3(a)pk>ikk24¥ L. 90° HMEOD
R232ADTRB ULE, A FEOBMBIIREREM2ZMOINY., EBHFBEK
ODEEEZHCAHDEHBLELCZDEHOEL LTS, 5 -8 EKELEE-
YORMEERLTVS, AHG6(W)THSE 0.5(kg)DK. BABE 7ux= 26
(%), WMEAMBET viaxS 55(cn/sec) DEEN BSOS E, HBRNHEIR. »
OHBETCHIOAEVWHEHEBHEE -y DEREIAAE ChH65O0E-FRE
HEBO/—KM¥RZVWOT, COE—Y2HHBELLHNAETIES. THB L
DEBHERLIXEZ2ET 2. B  BHEAITCISKLAEREIHAT 2 RER
HARRZERIEBRTIARDS WL,

2B, COMBEOL>CHA FOBBERTMET I2HER. EHFOMNEI X
STHEBHFEMDIENNRRZRZOT, BELUTIHBFAICI-THEIRRD
CLBEREATVWEN, COERTEAAS FOHROMIEDLI0(en)E O F 1K
BREREEHWTWS, 7  2ERTE-FITR. CORKEMOMEFTEN R
ThTW 3,

25
Aﬁol‘ £=43.3(KHz)
8 D
© 50 I 203
E A
e e
>40 156
= S
530 §
S 108
% 20 L
o b [ e iPy=6(W) {5
o o0 -
- ._.P]‘=4(W)
{ ] ] I | ]
o .1 .2 .3 .4 .5 .6 .1

MECHANICAL LOAD M (kg)

M5-8 (R, 1)—((1, 1))E—FKZFHETS
ERBPHYEERE—YORHRE
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5-3 FTHORED HUEDZ2MNAITIHABDEBERE %

5-3-:-1 K—pEWE—FWAEKDTF
CDIYATOERBFEODVWTRHELELBLVTIHELLREY., BB HZE

REHHAVWEEGEEH L ULTHOIHBHITIPOBVWIE LS, Thbb, FIROKM
EHLEAFHMBHEDH LT FEEREHFENAITSIDOTH 3.
COBMBTR. M5 -9 RTRTEIOLEHFREOEGR LB CREULATR®
WMHEBA2FER L. BHHLEROHEIBENEETLL D, Zo0LDER

- HEDOFHERE-FLEHEHOBBRRXRE-FO

Madb® (5-9(a)s®)

- HEHOEBRE-—FLEHEHOTFBRRE—- FO

HarasdbE (M5-9(b)&®)
NFE2ALNZ, COFTHEOHAEDER., EHFOPRBHMEE — K
BO/)—FERZ2DOT, EHFOXIRE2H2IBEACRIHERETH DS, M5 -
1W0icmE—FOXIBERAEH (KX4-1, 42688 ) P—BIBFTEERLT W B,
ERE. ERBESIVIOERED. EROLS>CESHF2EETIZIEZDEZD
COFRHWERZZDY, THIEPHERBHHROBRBBZIEETES, 2B, 2
BEHFHOBHEHOHZ2H>TWVWEOT, BHEDHEB. OXTEANVT
W3,

L, -MODE B,, -MODE L, -MODE B, -MODE
- L O o )\ e
> > K/\\j a 7(&1 ;\)’:}“

® S~ Z” ~ R
NELLIPTIC MOTION
L:0DD MODE L:EVEN MODE
B:EVEN MODE B:0DD MODE
(a) (b)

KS5-9 H-—BHE-FSENEDFLENOHYEL
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£ / 7
e
g P
o b= (fgs fm)/’
% >
¢ 7
& 4 e«
= yd SPYSITRY)
2 b e

LENGTH t  (cm)

M5-10 KiEHLEMEHORBRE

5:3-2 L:-B.E—FRAOHBBHEBEHRE -7

(a) BAEROERLED FOMAE '

22T, MEBH1X(L, E-F)eBHMIERH4X(Bs E— F)E—-FE&
ZE-FHEBEEDTZ2RAVIEEBHEE - S LLOWTHE~XD, WS -11K
ME—FKOEHE—KFZ2RLTW2H, AXK(D)DIIKEBE—-FD Lo THE
BEh2HMAEHO AL, BHEBHON - TOHNBRLL->-TRRZZ2DOTEE
HEBOHIMBELRERZRIIRLOI XM HETH S, M6 - 12ER
CAVWEEBHFZERLTVWS, REIBEHEHOANON -7 (KA, A’ R)
RBETTWB, ChEDETOEE—FKOEMIR. ZEHNOBAA (XHEHF
DEWTHEULS) OMIEE T 0.86, BHIEHTO0.66 EEICHD TS, 2h b
EERLT. REOMNEBL2EHFORBEBEFI L bHEALEN., E—F L L
TOBENKSDVDFRETH ke CHEIEHFORRTCIEHIEHO XM
RlemoEdIl. REOERRTOENORFIER IR EDLELEDh 2, N
S5 -13 LB E-—FZAWTCTE-—YOHERBEZRANZRLTWVWS, £
EOREPEFHBLECLARKKHAA FE2B-T, #EHERSZZLILR 3,
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I\‘)‘ , 8 )
— — I F———-ao — |
o 10.2| [
(a) 0.5 -LI '\ )
: ' PIEZO-CERAMICS :
1 / :
2.8 M= J—— _
0.17 0.83 2.8 3
IWANEAN A7 1T {%
T )\
A / A
By, ~MODE .
M5 —-12 Li—BsE— K
oo R BRI IRE) 7
(b)

®5-11 GEBH 1R BEHEDH4X
E— K EMNOHEMEE

L,-MODE  B,-MODE
‘ |

B~

—_—

DO ~— ELLIPTIC D
MOT ION

(a) (b)

CERAMICS

VIBRATOR MOVING DIRECTION

\ A

X /
\u/ \\Y\ ,7, N
{ 3 ]
\/
L-MODE :EXTENSION GUIDE L-MODE ;CONTRACTION
(c) (d)

BS—-13 K—HEHME— FEBAREHFEAWVS
ERBOEE-SYOWERE
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KRFILVELICEHE-FE, EHFRELCEEEFTOEEILERSZ O
T, BHFABCL>TEBFLEULULTIOEREBEESRBEIPRBIZELRT 5.
5 - MHEERBIODIEREGZFELAHEEOB: T—-—FOFBLOHEMEZ T
LTWd, CHEDZDE-FZUBEHNIEHMETS>ZDICE. 4 / 20=0.5~
0.6 AETCHERATHIENEE LWL, COLDIEBMME— I, BEELS IV
ADTHEREI>TERBFELULTIOBREMREBILELRLTZOT. EFAE - R X
STFH+LRTTIEDNRETH %, EAMS -~ BRMEREBZEE—FO
HERARBOELZRLTWS, Bit. BEHEHOHXERAEBROELI»HLER
REWCELULHEEBEZET 3,

ELEPTRODE
3 —
2 S
c "‘_ “
-
2107 —
= E (2= SO 1mm)
w B
2 5 - "8, MODE
j
S \> L IIODE
o - OHO——'O"’/
(&)
2 —
102 ! i ' [ 1 ' ] l ! l
0 2 .4 .6 .8 1.0

LENGTH RATIO 2. /2

BS5-14 BiE— FOBHEERKLLZ2B5BHOT L

v

—_

=)
)

w
-

RESONANCE FREQUENCY T (KHz)

L
(=]

-

] L 1 1 I i L L 1 I i1 J

0 .5 1.0
PRESSING FORCE Pe  (kaf)

KS5—-15 EEF~OMEI & DHERABBOLE
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(b)) E—Y0#ELEHE

MS5-16ILHRELEAE—YOHERTT. ABAXF—FEHFT. BOHA
K ULTR7ZPYVYFTEL, A7V Y/ FREoTMENDPEBTCEIHEL
BoTWd, CRREEODOHAFT, K—NVT v aDENMULIRLENESR
CBHTESZL - VOBRWERBZEALTWVWS, XPUVYJTEORDHIZRA UM
EROEBHFEAVIE, HA FOBE TR T IMELTRETHD '
MO -1TeEaHREZzR . BRSNS 200 (gf), BXHE 20.8 (%) OF
ErBohE, COE—YRABRLELI-THSILOTFIRERBERZT B LN
BokM, ChEIREDODEHEIPKL —8(a)D LI >LCHEEROBIZS S BHX
hize COBRTREREORBEAZ YV VY I 2BLOFS L. REOHEHK (AK)
CHRE (BH) CHEAFMIPERZZILNH S, Ch2HCLTEAK(b)I
RITEIIBERCREDODERZERTZ22LBEHTH - 72
HAKRBWRAF VYV VARTHIOTERBELFSDLDRETIN, REHKEE
BM., D2VREATSIFCEBHEHRA T 2L LD, ChEBHETEZZHO

B3,

MOVING DIRECTION
C

1 | |
.) & B :]‘IDT A - @ °
Tl &

A:VIBRATOR B:GUIDE C:RAIL
D:BALL BUSH  E:BEARING  F:SPRING

(a) (b)

B5—-16 Li—BsE— FHBEEBFEREWS
EMBHLEEERE—¥
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100 — ‘/”'—_f:
| |

N
B =
- \

& - N
< \ ”
=3 . 4 ~—
A ‘* -
> u >~
[&]
= | 5
3 50 — 10 S
o i Jo. -4 =
> / fo) ‘D\\ d

- ,‘ ——e-.P,=2.8 (W) A+

~0—0-"$.=980 (9grf) \}

B ‘]

—I——-I—,P1=3.2 (W)
- O~ -0 "p-1060(9rf) .
0 1 1 L ] I 1 H 1 ] I 0
0 100 200

MECHANICAL LOAD M (gr)

M5-17 Li—-BsE— FHEBEEHFEZRAVE
BERBHEBESHE-YOAHKHN

ROJECTION
% : % —
[ g / |
3
PIEZO-CERAMICS
(a) (b)

M5 —-18 Li—BsE— FEBREBHFOREDOER
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5$-3-3 L:—-Bs E-—FFAOCERBHEBRTHRE—%

(a) L:i—-BsE— FHEBEREDFELHREE—FYORE

D Li—Bs E—FFAOEE., EHFILHRIRENEEZETIA R EH-T
HEDEBBIRECTH k. COLILEERH HE/B3Y 4Tk, E— 5
BPBMBECRZCLDPWEOATENTCHAIRE. EMEORERZHIT S KET
—RERO LM EERBELEBIRGELES. LELEWHS KO &> 2
BRE, CORBEEZRODCEVEEIIRSZ, ChE2MRIZ-—FHELLT.
CTRO - Z2HHIZ2ERBHE -5 2R LE 12,
HEREIZODWTRL -B.E—-KFAOBEALL<ELTH S, M5 - 19,
S -—20BE—FRLEFERALAEHFERLTIVWSE, D— Y X EHIEH8 RE
—FOWBON—TEEEL, BBHZEHOBELTIWVWS, EFEES372 1
MS -WRERTEILEBRE-FOBHAGEEFRULUEZE LTV S, TA2bb,
HREBOELTI 7R (19.85x24.0vx0.5 an?) THE— K&, HEOLS 2
72 (9.9%%24.0°% 0.5 nn® % 44) CEBE— FEBRTLEH LTV B,
EEFE (79.7%% 24.0"%1.0° m0?) ORF YL AMTH B0 H-FERT Y

/ROTOR R}'OR
2
e AN ANVAN
VRV VAR

o

.086 Byg-MODE L -MODE 0.914
M5-19 THREDFORKED IRLBHMEHBRE-F

B-MODE DR, L-MODE OR. 8-MODE DR,
T (coswt) T(sinwt) T(COSwU
I ‘ BN N B
N A sl 240
i ORI

R

. CT. . N :’:
\PIEZO-CERAMICS X

' ®/ROTOR ROTOR"‘@ :-L 1.0
“—

lilul[ld;“““ CIXIIIITITITS L smzsan agsssmeal :::. 0.5

P————— 19 R

BM5—-20 L.—BsE— FHEBEEHF
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7 (E® 8on, @4 nm) 4@AZMEAL. M5 -210#8BOY R - FBEAR K
Dt ohTVnd, A7 -V EHTFOFRBEIEFOLID> YR — bR BEME
BEZh?, M5 -220RlMFLAEBBHEE-YODOERERLTWVW S, 2D
E-SRE-_—-NF-T2EBEEBELEHIFLEEGE, BHEE2HELE 13,

—A

_Iol =
FE-o
T L
il R
thind ) el
= fe] >
| I
B
1 -~ '
L | ] | ]/C
o~ T ="
LO) | HeMg -

A:SUPPORTING JIG  B:STATOR  C:ROTOR
D:SPRING  E:GUIDE BASE

9~-21 L.i-BsE— FHBYIEHF%
Hhw2ERBHEBEHRE—4

M5-22 Li—BeE— FHBREHF%
AWrrERBHYEBERE—¥
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(b)) REE—YOH#
HELEE-SYRE - FHFRA~NOEERHEIFTBE—F~OAHNLLZEKEFL.
ZOLM1: 1OBICE - #AHOFEMRALICR-Z. ChIEZE—-FHEL
D7 N VABRECBATHSHDLEEDA I, UTOERTHZORHKOD
TTHHEEZHEELEZ. M5 -23, M5 -2EE—FY~~DAFHFENTA—-F L L.
EThEhADEANTIEE. BOEEHEHELEBDOT. AHPi=4(W),
KA m=2560(gr) OKIZ 50(cm/sec) BEOHETENT T 5. TORHIE. BX
300(gf) BEBO DA DHES, M5 -25FAFKEHE2AELELD T, € —
FADHEFHEZ—EZLLTHELHAEFLE, AHFm =2380(gr) OKIZHEKXZ RN
4 (% )EETHoFke COE—FVREDE—FRLERHENLABLETT 3,
ChBRXFPYV VT 2FRIDIEDELE-FERTV Y, X7 YT EHAE
MOAV 7B ERFERELLFEAOSIN N, BUYREBEMERODD Y DHA K
DEALCEI->THIEEIBEE 20 A DN 3,

DEoRERZ ERATIX7Y VIOEBL O RETIVFEHETCRELD K
L. REBEMECOBRBEOR CREBEEHRE - YORAD—DE2BEH T IMAEL
LTEHTH 3,

70
9 m=-190(ar)~_g~ ¥
v 60F m=560(gr)
| =)
(8]
= 50k
> 2 \n-sdo(ar)
> 40F / o
2
S 301
W o/ ° v m
1ok ://// BASE GUIDE
a
0 A SR RN RN R B
o 1 2 3 4 5 6 1

INPUT POWER P, (W)

X5-23 Li—BsE— FRNAEBEBEE
E—YORHE (AH-EERE)
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(gf)

DRIVING FORCE F

400
m=940(gr)
m=560(gr) _——4"
O FORCE GUAGE
0" Fox
200 |- 0) ) e
GUIDE BASE
100 C}/,/13//’—{)“——‘—__C)————
/ m=190(gr)
0 | 1 | { ]
0 1 2 3 4 5

INPUT POWER P (W)

X5 —24 Li-BsE—- FRAERBHR

EFFICIENCY n
w
|
E]
LIL'
(0]
2
O
2

E-SORE (AN -BEHEH)

(%)
o
[
1
=
D
=

—0.—_m=190(gr)

\

0 | I l 1 l I
10 20 30 40 50 60 70

MECHANICAL LOAD M (gr)

MS5—-25 Li-BsE— FRIFESBHT
E—FORHE (AH-RERKE)
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5-4 ¥ §

TE-FHEBEEHTFZ2AVI2EEOESBH BT RE— Y ERE L,
BANCHBROBEFANKMCED L FUMANEHCL2ET - FHEBEHF %
HBuwi#gBicowtid~ri, COBROBHEREZHES>PICL. REBHFH T
— P RBULTCZOE-IHUTRERTLIOBEHNCLERANCLIELEEH
BROZLMEDP O S N E,

1), BRHEDVPEBRBEZLER SO 3,

). EHFORLEHNASA RKEMULNIRZ2FTOMBELERETDH 3.

LiedoT,. A4 FOEIBEOFILET— I IHBE T h 3,
3). WEH(0.Tkgf)THEBEH (265)P DHFFH (P1=6 ¥ O Brv=55cm/sec)
DREzZ2HET 3,

5 - 2THFHROM—BEHE—-FHEREHFARVWVABERE-—F oW
TRRTWVWE, RIEHIREBEHEHARE-FFHNHAOE—Y2HKEL. EH
FLLTORE (BRUEBEEELSIVIADEX) bLNEREBTME— KO H#
FERARBOELRLEMEMAEZER LE HEOHMBEEHEDNIZES A R V.
BERE-FLLTHBEIN, SHUEHFREROBUEZEP LTHLOH G
DE-IHPEHRTES, COBBRUBRATFTF—YOBRBEILEENS RIZEMT 2
EOR. ATV OBBHEBELAIDESTZORMELZ - RBIEEOLENH
50 CHNZBUDILEDOILBHHE—RAZ7Y V2N LTCROEIHELEE
L 7=

UDEZENT 3 &

(1) MEO(R,1)—-((1 ,1NNE—F2FAATI2HEBHNE — &1z, &
EHECEL. HENCLBELEBEMEEZET S,

(2) RE-BHE-FHEZEDTFEZAVIBRE2BEL. RIERHEBKES
Flk, BHFLAL KOBMEOLB BB T 2R 0D LIE. ~7 U
YIURHRHTAIMEDVEYDTHEI L ERID R, .

3,
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