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Miniature linear actuators are required for a variety of future devices ranging from mobile devices
to minimally invasive medicines. For example, the miniaturization of camera modules is required to
meet the rising demand for thinner and more compact structures in various fields, such as cellphones,
drones, and endoscopes. A camera module for smartphones must be designed to be thin because the
thickness of smartphones is strictly limited by their specifications. In these, miniature linear
actuators play an important role in controlling optical systems, such as zoom and autofocus features,
to allow camera modules to obtain clearer images. For thinner and smaller applications, a further
miniaturization of auto-focus mechanisms is expected. Therefore, miniature of linear actuators is a
permanent target for such applications, as existing linear actuators cannot satisfy the specifications
required for the miniature devices such as dimensions and thrusting force.

Piezoelectric ultrasonic motors have the potential to become the most appropriate linear motors for
miniature applications as they feature simple structure and high force density. In fact, several
miniature linear ultrasonic motors have been already implemented to cameras. Their theory of
operation depends mainly on the simultaneous excitation of two vibration modes and resonant impact
drive mechanisms. This drive mechanisms employs vibration modes that are dependent on the stator
length. Although these miniature linear ultrasonic motors provide a relatively high force density, the
requirement of a long stator adds to the complexity of further miniaturization.

Further miniaturization of linear ultrasonic motors has been studied using several principles in the
past, but still none has satisfied the requirement of many applications. This thesis introduces two
miniature linear ultrasonic motors. Several vibration modes have been implemented as the driving
principles of the prototypes. The result prototypes, to our knowledge, are the smallest and the thinner
linear motors ever made.

The first prototype is a micro linear ultrasonic motor with a cuboid stator. The stator comprises of a
metallic cuboid and piezoelectric elements bonded to its four sides. The size of the prototype stator
with piezoelectric elements measures 2.6 mm in height, 2.6 mm in width, and 2.2 mm in depth (length
in slider travel direction). There is a hole of 1.4 mm at the stator center, and the slider inserted into
the hole moves linearly. This hollow design is similar to the voice coil motor and is suited as linear
actuators for miniature auto-focus mechanisms. As the driving principle, it uses the simultaneous
excitation of two vibration modes generated by the cuboid stator. Experiments clarify the output
characteristics in response to the input voltages. By optimizing the preload between the stator and
slider experimentally, the motor thrust force has been improved to over 10 mN, which is a practical
force for moving small objects. In addition, a minute displacement of about 1 um can be obtained by
adjusting the input time of the applied voltage.

The second one is a miniature linear piezoelectric ultrasonic motor with a thin and hollow design. It
consists of a thin square stator with a hole and an elastic cylindrical slider with a slit. The miniature
stator has a height and width of 4.5 mm and a thickness of less than 1 mm with a center hole of 2.7




mm for inserting the slider. The slider is designed to have a slightly larger diameter than the diameter
of the stator hole, and the cylinder expands radially and contacts the inner surface of the rigid stator
representing a preload force. This design provides both a hollow structure for centering a lens and
an optimal preload for enhancing the motor thrust force. After optimizing the preload empirically,
the fundamental characteristics are evaluated experimentally. The output force is improved to
approximately 8 mN at a voltage 50 V,_,. A higher thrust force of 12.9 mN that leads to a quick
response, which is a requirement of autofocusing is obtained at a voltage amplitude of 100 V,_,. A
practical experiment to prove the feasibility of the prototype for auto-focus mechanisms has been
carried out. The experiment is conducted by fitting an actual lens to the prototype, then place the
lens at a distance of an image sensor. A feedback control system is then implemented to change the
distance between the sensor and the lens to get a clearer image. Furthermore, this motor is
miniaturized to a length of 1mm and a thickness of 0.3 mm, and its performances are evaluated.

The findings in this thesis demonstrate that the proposed motors provide size and performances that
cannot be achieved by conventional miniature linear motors.
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Fig. 1.1 Schematic of the current camera module.
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(a) (b)
Fig. 1.2 (a) Generation of the electromagnetic force in coil models. (b) The miniature voice
coil motor [30].
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(2) (b)

Fig. 1.3 (a) Generation of the electrostatic force between the two electrodes. (b) The miniature
linear electrostatic actuator [33].
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JEE7 7 F 2 —ROFEENIFEEHFERLORDEZ e TE 5. FEHAERNE, FE7
JF 2T —RAPERTZ2NBIUIEHNERL, TBRTFWOHN T EREZMA 3, F4E
TEO0TASERDE ST 5.

S =s"T+dE (1.3)

ZIZT, sPE—EOBEBRTFTTOaYyTIIA4 7 VA, dIFEBEBERERTHS. HHDOE—IEZ
7y 7 OFEA LTRISGNTED, B IJHOHEIZWEBNRTH S, ZOEEHERZR T —
N7V —=TdHH, BRIV A XDECICHEFRRLS —ETHE. FET7 7 F 22 —XDEEI°
ELTART =Y V73N, EFHRONEZFx P2 LTAT—V Y T7ENE. ZONBRITA X
WIEEENL E, B FxP e LTATr—Y v 7&N3. 2EL, TOEFMIINVLDHhD
EERERBZ 7 — ) ZHIZE(LX B 3. 72 21E, HIRERET/ NI - THEmL,
JEEE D EWE EHIRIESTIE < 2 D, BWIVEESE % 5. b5 1 o0 EOHIRIE, &
RORKEXTH5. HIMEELR—EDEFETH, EREEIZNENTR D ICOIEML TV E,
BRRENETE L e EEENIRDNTLES.

25X, MY ZTHEERE-XICOWTHENT . 70 RA5—L T, W oO»
D7 TV r—aiZEbE THA RS FEZ AW @8ERE— &0, MERDIEERY
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B1E

D7 IV r—a IMERASINTER 34, &G oAV LNTELEREGEIL, HEEK
Bt (IDM) & PRI 2 B MEERE) [35,36] 31T 5415, IDM & Fig. 1.4(a) 12333 X 51T,
FEE77Fa1—ReX74KX (BEER) THERINATWS. EE77Fa2—XIIANE
FEDT 2a—T74EZEZZZ8T, 7aXxVENIEE. ZOLE, 274 RITESHRWVIKE
(Stick) &, {E21REE (Slip) ZMDELTHENTS. ZOXT4v 7RV y T2iEDiRT L
T, —HAOHEXEAENRT 5. BEAFIEHMEED T 2a—T7 4 L2 ZEZX 22 THICT 52
EWTEL. IDMIE, BWNERDIEERZE2DICERTHD, STM GEER! b ¥+ LEEM
#) 2 AFM GEEN v — 7HEMER) , & 51 2ELEEM O EMERAMED D 27— 25 L
Hafia, ZOIDMOMEEZRBELTAIA X EZAL—AZEH»EL X5 L2dDE, X
D=L YRT NRIATRAA=X L (SIDM) eWMEh, HEHREFHOA — b 7 4+ — 5 A
WA SN A, 2002412, BEE1.2 mm, £ 8 mm @ SIDM & X4, #7100 mN, #H
FE15 mm/s ZREELTW2 [37). DX, NUITEHN2RIET 2 SIDM TH 25, JE
BEREFICQEDENY 7 VRPZT (FR VBN a VR DOEBIRIC X 2 IEHIREFEITH
272, MEEZRELSTI-DICERABELTEZMA 2 LB LI ERAT L2290, MENROE
Wo 8N D o 72, ZOREERIRT 2 7-012, HIRFEEECEEI T % SIDM MR X T
W3 [38]. ZDSIDM iE, EEZFIZQEDE W = FRPZT 2MEH SN TV 2 72D FEDS
NEL, FERREZA T XD DEOZ AL —FEZRL TV, BETE, ShraERVER
MEVE (U 72 SIDM 255% - BIF XN TWah, ZOMEEhESALEBERTF2HHAL -
DL IR 2 LR [39].

2 DODHEL LIRENE— FEMHASOE TEHEIT 2 451#E, V=7BEKRE— XTI
Hwosh b HETH 5. Fig, —ROMEE—F (L1E—F) 2 ROMFE—F (B2E—
) ofiAGEHLEE, LIB2E— R LTELHAoNTWS., ZOMEFEEE ICHE, iz
L2 —@scE N I TW5 [40,41]. Fig. 1.4(b) 2, LIB2 E— RO R T — X DIREZ R
T, 2ODREE— RAFKRCHEE NS &, MIRE— K IEFFE— FOMAEOEIX, 71
BATARIRET 2MEMEERN 2R T 2. HHIDOLIB2RX—2D VY =7 F— X% 1992 FITHE
AE XA [42], 2003 X 10 mm x 2.5 mm x 2 mm DOSED/PNRZ 7 — X BBEFE Sz [43).
ZDE—XIF 700 mN OHES ¥ 120 mm/s DFEEZRLTWS. LIB2E—F (XIEFAKD
E—F) o/MNIY) =ZFEERTE—XIX, TYXNVHIRXATIMFEHINTVWS, A X ITANIBHLZ
BAIOHIE, 2007 FEICH X T (E-510, F VUV RR) DA X—T+t - OIRE) 2 M3 2 g
BEMMLI=y b THB. 2016 E DL, KFEIXTEHDPA -7+ —D AKREE LTL >
2=y b REMRNCEBISE27-DICLIB2 E—&ZHA L= (57 USM, v/ o HAE
) . FMHEB VTS, LIB2E— FZHHLAEZ L OBERET— 40 HESIN TS, f
Z4E, 2mm x 2 mm x 9 mm OEFEROEBRTFEZHOL AT —XIX, 250 mN OH#HEFj & 35
mm/s DIEE T2 HHEDEMES ZFEE L T3 [4]. LIB2E— F2#HT 2RO D
D—DIZ5mm x 1.5 mm x 1.45 mm d DHBZEIF 5N 25203, BESLHES & v o T HREICE T
BEFMIIR STV [45]. FRROTETHEMEREZHFEH L WO mMED D 2D, ZOMHRE
LRHTH 2 [46]. ZDIFHLITH, LIB2E— FEFRIC, XFFE— FEIENFRE— FOiA
BbBICED, NIRRT -2 X EHREFEZEHIELD0HZ 0. HlZE, BEFE 1.5 mmnm,
FEX95mmDRT7 -2, HtE—Fe 4XMFE—FZMHEAL, 6 mN DJ1& 39 mm/s DH
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FH1EME

ExERLTWS [47].

SQUIGGLE motor &, R TIFFIZE W HEN 2R L 7/ MY =7 BEIRE—XTH 5 [48].
EXBFEIE R 7 — ZICHPIRBI R IEE L, v b QU CEMBEIICEET 5. fle LT, 1€
72 1.6 mm x 1.6 mm x 6 mm OBFHTIX, 196 mN & 5 mm/s Z4HEKT 5. ORI,
R [49] 2 HMUZETFH [S0] ICEZ ETOT7 TV —a VKK RS TWS. Fv b x
PERMHAT VI HER, BEEARAFCIEIERY =734 70E—% (EF3.6 mm,
R&3mm) KHEHAEATWS [51].

T MiniSwys & IR 2/NVEY) = 7BERE— XD, A= T7+2WXF7RED
INBIFNA ZERFIZY Y — RS NTz. TORT—XIE, BXBEOEWEERT—X22200
Y — A DRENZ NS 5. MEMS 7Bt X 2 M U 7= BAR 7RG 2 >+ 7 M E 2008 I
NCHRER SN [52], ZOBRKRICWEE N, REDMRE, X7— &@#4x#2mmm
mmx0.5 mm T, #2320 mN, #HED 70 mm/s TH Y [53], I X FEY 2 —ILDAFRZ i
7-LTW5.

ZoMoOWFE T, V=7 BER~A 7 e —XOBENLZFEEMEZIR, @Ity
3. TOHRTHRE\EW/NLY =7 lFRE—2D 12012, EROER 200 — L%
T2HOPETFOND H4]. AT —XDY A XE, FERFEZR 2325 mm x 1.8 mm x 1
mm THY, 212mm/s BLXL 44 mNZERTEZS. 22007 — MOIRENZERH L THNI%Z
AT 59 mm x 8 mm x 1 mm OFERT—XIE, 1.6 NOHS L 88 mm/s DHE = Ak
T3 b5, 2BHEED—XMNFE— FTHEISN 2V =7~ 4 7 BE—&IF, 1HELIF2
MHEREIZ X > CTEER E 7 ETHTEETE 5. ¥4 X1 2.0 mm x 2.0 mm x 5.0 mm T,
#£770.30 N B X HE 230 mm/s ZEKT 2 [56]. LA U —IFERANEF X H 28R
I (SAW) E—XZ, W7 7F 22 —X LTHELTED, 3mm x 12.5 mm x 0.5 mm D
27 =& 13 mN OHES & 0.3 m/s DHEEEERT B [57).

PZTs

Shder\ /
¢3)’ S _. o

4'5'

B <
é L
(@) (b)

Fig. 1.4 Principles for linear micromotors: (a) impact drive mechanism and (b) L1B2 mode.
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1.2.4 FOMONBRIYZFFIFa1aI—4

FEIRGLE S (Shape Memory Alloy) 727 F 2 T —XIIRAZMZ 2 L E L=k 57T
DIARICES 5 &3 2180 FEREEN) 2FIH L7 7 F 22 —XTH 5 [58-62]. FIKEL
BAEEORETIWEBICLH T 2720, N LT 2 Z & TEMEICH L TOBIENIKEL
2D, IEEMEDHE - THENNARE DM ET S, £, BENDIEFICKEL, ML E
BTHHZenEFoNS. 2D, HEEPFLAEREBE Ry b, NHEEERICES
T, BEVHRTHWSNZARENEDH 5. L L, BIfEFRENEEZLICHIE L - EHZERE
Dz, Eﬁﬁiﬁ?&?‘—ni—&tﬁk CHER L CEERBRIGERCEMEBEIE L V. £z, BIKGEEES
FBIEIRADMESCEE I EL720D L 7R (1FR) DRELRL7-DIEENEHICRS
Wo 72BN D 5.

BRET 7 F a2 —RI1X, EEERDITRILF— %%Wﬂﬁfxu’*?i71&ilﬁl$f:i$$m:xiﬁ*f5
WROMMTH 2. ZBRET 7 F 2T —XORHE LT. BEEs %2727, EEOREY
W, KRNI - BIEDSAIRET, BESAA AT OICHICE L TWa Z t#éﬁ%h
5. Fiz, w4 7 ofbicfPoiER e L ToORBEIRBIED LB D, IREEDODILWVEE L -8
EWBEZ 225, —ATHERE LT, EXRTF 22— DBRERED, VAV LRARYA 78
R UADBETEH LW, ERY 7 Fan—% (EBHET, BIRLEESS) Rz e,
PR REMET, MR~ A 7 e biCERETH 2R EDPET SIS [63-66].

(a) (b)
Fig. 1.5 (a)The miniature SMA actuator [59] and (b) the pneumatic actuator [66]. The scale
bar shown in (b) is 2 mm.
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1.3 NBUZF7F7IOFaIT—DLER

ZITE, 4270V =770 Faz—RDOEMENBLOHEN AT =2 D% 4 Xz
3 a., 72770, HAZENM (Rba—2) BWIZa VA7 —LVDFEET 7 F 2L — X ET
JF 2L —RIFIZZTIERNT 5. Fig 1.6(a)ld, ¥4 XeHTZ 7oy LD DTH 5.
HHERAHEN  REREPSHEELTVS. IFLAYDY =7BERE— XD, BT —
ZEDBEVHENEZRLTEYD, BRE—X XD bEBNLMRELRET L2 2R LTV,
X2, Fig. 1.6(b) IZH A XN DBEKRERT. 560K TYH, /NIY =7EFKE—X
DA RRKEZDLDDH Y, MOREFEHIIZNASDRT — L TOERENIFRFTH 3.

#e1D _LIR% Fig. 1.6(b) ICHRT/RT. EBEZEWZ 212, SIDM [37], HEDIREIT— KOl
AEbE [43], 200 — 2D [54] 2 Y, BREIFEHICEKRZR QY = 7BERE—Z DL
OPDTF—ZPR Ty hERTWE., 27— XOMITIREHZ 227V 2 —12 Xk > THNI
ZH13 5 SQUIGGLE motor i [48], 1D E—& & EARTHIEY 2 D OHES DK Z WD, 25
4 X OBEEE BN DEEL 2D o IO BEEKRE—X e AEFTH 5.

102 | o Electromagnetic 3 e Electromagnetic
o Piezoelectr o 10% 1 o piezoelectri
10t ezoelectric . O iezoelectric /
100 - a" 10% ? c
o
Z ° %ag Z 10t o ¢
— 10_1 o o
)5 o 8 0 [m}
E 10_2 ° o E 10 o
" 1073 o 107! ot e
o
10—* 1072
10-° 1073
1073 1072 107t 10° 10' 102 1072 1072 10t 10° 10! 102
Volume mm?3 Volume mm3
(a) (b)

Fig. 1.6 Comparison of the linear actuators: (a) the relationship between the size and the
mechanical power and (b) the relationship between the size and the thrust force.
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1.4 NI ZFFPOFaIT—2DRE

AIETE TICbRZ2 X 512, B Ry b7 AL Z/NHKICE> TN =7 7 7 F a2 —&
DHREPREE o TWb. FRCHX T TAL RACHVWONE ) =7 7 7 Fax—RIE, VA
A%/NEL TR TIERL, BVEEHEe RERHENPERINS. HRBFHIN TSR
A AL NE—& (BHRE—X) &, BEPEMERS X, VA4 XN E KRB IZONTHT
PRI T LT LES. £/, 8E7 7 F 22— X%, BETBEHIWNEL FEEMED /N
WD, B X T TN BN T RV, iy, BIREEEESIERET 2 REL, /D
AL S LT Tl H 523, BUC K > TE T 2 D0 EENMEVWE Wo DN D 5.

) =7 BERE— XTBEMAEL ) OB KEL, OB REWED, NMIZXT7TFN
AZADV =T 77 FaL—RIHRDBELTVWI EEZOHNS. LarL, FHRO/NMNMY =7 @BH
BE—XIZIEKREL ZODFELETHNS.

—OHIE. RT—EZDPRVDH L WIERPEMTH S THLH. ZHETIHREINTE
72V = 7 BEIRE — R IEREEHIC X o TR T — 2 2 ERESE (HhEoETTm) 1IcEL
TEIRENDD. FDD, ERICHEL ZNZEMU EOEXDRT —XBPREIR 5565
Db, £z, 200 —LDFNE [54] I FIEFITE VN ZRL TV A WAL, FARDEHET
B2, BRI HENDREY L. ZDd, /INUH AT TR ZHEHT 572012
X, YU INRIEIRPO/NE L THNWAT —RBREY 725,

“OHOHERE LTI =7 H A4 FRTHEHENE o 7B I X 2 KA O R H 2
Fohs, IEINTE/MI) = 7HERE—ZDIFEALE, EETFTHEIRAT—XDK
XXDARFEHEINATWS, =& 21E, LIB2 E— FOIRE) % BR8N B $ 2 85 e —
2%, FEACDLEERT —RAPERTRIA XEFFFT2 223 TERY. 2072, X574
R BN EN DN T2 ) =7 H A4 REWARE 2%, $-, BEKT— XN %A L
XHBDICHEEE R TEEEICBWTY, XReXRXT7 Y VT EHWELTERSR IR
AT =T TMEZDF 2 HEBHWLNLHENZ V. (T2 21 [43] % [54]) Th oDk
FHEERE— ORI DR Z. 2D, FBRCT7 ) r—rare LTHHT 3
i, oo EMmMINZ e, RN >TLE .

11
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FH1EME

1.5 HFEEAM

BT, A= 75 VRHRBED XS5 TNA ZADH A4 XDWNEL, FEBHTES
ZAR—ZDHRIDBBL L N T TV r— 3 a VIZBHREER/NYY) = 7 BE T — X DIEB LU
WMABFEEZITS. BHET 2V =7 BERT—XOEETHRIILLTO@EY TH 5.

(1) A=t 74 YDEIRBHAD R T TNAL RN ES 51, RT—XDEX (BR#E
FDEX) X5 mm L PICT 5.

(2) HEHFL Y AR /NG EEP TN TES X5, 10mNM EEHEE T 5.

(3) /MY =7 BERE—XOKRECZHi < 72, EMREEZID HTZDDY =T H A4 R
RS, AR SR 270D T EMIE W o 72BIMORMEZ v,

F-51%, X6/ ERREICT 2720, BRI 2LE Li0wdD e 35, HiJHE
DEED 2P D X S ICEERENIED S EFENEZ R 2 DTk, EFEEOETREERT %
~A 70 = 7BERE—ZOFEEZITS. ThooBEHRZEZEE L ET, /Ny =7
BHRE—XDOREEL XOMREFHMIC XD, KIEARDARX T TFNAL Z2DF =+ 7 4 — T KD
EIRREMEEH S 2ICT 2 2 e 2WRENE T 5. AT, —HEO) = 7@HlE—X
DEFEEITS.

—DOBHIEAT =X FRBRD ) =7 BERE—XTH 5. 20V =7HEFKET— XD
M LT, A7 —XPUHRIRTH 5720, D) =7HEFHRE—RLERNTRT—2DE
XREMEHTEZZ e pHIFETE 5. BHC—0 14 mm DK Z XD HER T — X D335
XNTED, BREFHEISHER - BRI ThbiiTWw3 [67). 72721, /INUICE T 2554TH
NTEST, MR HTEDHLLICRoTWRY. 22T, UTO LS AEBERD Y
=7 BEHE— X OWFFEEITV, ERHEAGEEEEREL 22T .

(1) BREREFEEZHOCTI AR =7 8EHEE— XD EITS. E—XOHNTNRKEL
5 X512, mERAT—RBIRERET 5.

(2) THEBEZMALAIAXZFHRL, A57A4A XDNEETNVIZEINTTEELRE
35,

(3) RTA X AT —REMAEOER) =7 BEKE—XOREIER 2TV, HOFHf
2175,

TOHBRAT—ZERD) 7 BERE—XTH L. EAERHEES IR WD, R
T—RIFATA R R TEZ LR LAIBETH L2 ZEAEE LWV, LarLl, —&IICR
TARXDPRKELZBIZON (RTA XDBENPKELKRDBIZON), RT—XHKREL T HLE
MWHH ZIUEVEADRE L5, L1L, AXTTNAL RZEWT &) IR G E R
T3, LYRREIREVWEIIDEE L WD, BRKRERZAT A XZ2EHH»T 2 L]
BEARBREI A FANCHENY = 7 BERE— DR ETH 5. 22T, HEFEHETH 2IREE— FD
HELZ{ToT, 2<HLVERDY) =7 BEFRE— 2 ZRELHAKE T 2. DITo X 5 1278
V=7 BERE—XOMEREEEZITY, EEAREEEZHL 2T 5.

12
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(1) B3 2H) = 7HBEFRET— X ONFHFHIARICHRESIN TV ARDDTHE. 22
T, I EEEESEEAHTHREEHEEES T S.

(2) ARERFEZHOTHA) = 7BEERE—X 0K Z21T5. BEFRELMAES 27-9,
HEHRERRAT— 223 ET 5.

(3) RF—R L FEMMERASZ S 4 XRladbih ) =7 BEHE— X OBRBERE
o, A OFmE>.

(4) ML EofiEtrsR B K CEBRERICESWTNYDER Y = 7&K E— X Zaxat, #fF
55,

(5) FIE L7 MIR T — 2 AVERS 2IRINCOWT, BRI - BRI TS 2.
(6) MNHDT MR E A - RIEL, WH Y =7 BERE — X DM ET>.

(7) /N8 =7 BERE— 2O ZHRT 2720, IXT7E—XZHAED
BT NAREERHL, A—PF 74 —HDRDTEVA ML= a v %75,

|

1.6 AHAROHAINE, FHNERE STHBHHIR

AFFEOMAIN L, IRETIEERE—XOREIHNTOEXITHS. 1.4 THBRE &
SN, PR/ =7 7 7 F a1 — RFZZ OERENFREIC X > THRENGRICH 2 FREDORE XD
WETHS. )V=THBERE-RIIBVWTHHEMKT, ZhETRESNLY = THEERE—
ZDIFEAEDDH DD LIB2 & MEN 2 HEIREIE— F L T IREIE— FZ2HAEDELD
D [68] %, SIDM O & 5 IHFEREN ZHIFH L CHEIXE 2 DT, AT —XORIVPUETDH
5. SEHRET /MY =7 BEERE— X INE T IIELRZRHE—FE2FHALTEBD,
WERDIRFE— P HE LT D IS BRREDOBRE WD 20T X 2. Table 1.1 IZAZE
TRET A2/ =7 lE KT -2 e RRWVDER) =7 BERE—X 2L b DER
. AT —ZDOREXZIWEFARDE—XZDOHFTH/NEL, FICRAT—2DES (Bf7) 3o
DEHEET2EM01~07THORESITHH, THEEMECU =74 FEMDHEE LR,
AWFL TR ST 2 ) = 7&K T — X OFHFE L BRI OWTE D2 2, VAFHEHY =7
AR E—ZIZOVWTIEUTO LI RDHDHREFLNS,

(1) RF—& %NS 2B O HES X0, AR k> THHOZ RS AT 3.

(2) AT A4 XOHHEER Z TIEICHNWS Z 2T, TEBEBISY =741 Pz ZD 7
Y = 7 REE T — X DB

F7-, ) 7 EERE—ZICOVWTEUTOZ e nEIFon 3,
(1) A7 —Z 3L THEBED)Z 45T = 2 5XE)FEE.

13
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(2) RF4 XOBWMEC L > TRAT—& « 54 X FERLGZ, BEOTEBERY
=T HA RHHE Y OB R BB LR WRSED ) = 7 BE IR E — 2 DR,

(3) #EY =7 EEFRE—Z2O/NL. FICKEFSH 1 mm DR 7 —XEINFTHFEI N
TELVET 77 F2aZ—ROPTHIRNI TRADRKRESITH 5.

X HITAMEDHEIRRICOVWTE X 5. BT, FRAxrRy b7 N4 X03F,
HbOEEEZZATEY, BAEWSHETHEHATE 2 X510 Ry b7 N4 /ML - BE
LN TVAHEHAITH 5. K, BWEEDERE LR 2 ERET N[ AT, BEDATHKL
MEOEHLBERTEXLLISICEDEEREEL T 2714 ROEIEEh TS, Eiffx
IHBINET 7 F 2T —RDBWHETH 50, NRFECHTFREMEHINS 784 &, AMED
WE e Wo 22RO AR—ZATHHAINDE DE W0, Jeifak (BEERE) o34 X13IEH
WNEW, ZD78, 77 F 2T —XPEHEIN L ZAR—FIEFICHIB XN TWD. KR
THRET AV TEBERE—RIZZIIWV 0T AL RIZISHTAZ LN TE 3.

Table 1.1

Comparison with the miniature linear ultrasonic motors.

Stator volume Force  Velocity Preload Linear
[mm3] [mN]  [mm/s] guide
SQUIGGLE 1.55X1.55%X6 196 5 O O
L1-B2 1.1 X1.6xX3.93 56 81.1 X X
Baltan motor 2.5 X2X3.25 12 100 X X
Proposed X7 €%
cuboid LUSM 26X2.6%X22 20 140 O O
Proposed 4 & X
thin LUSM 45%X45%X09 24 110 O O
Proposed 1 6%
micro LUSM 1.6X1.6%X03 7.6 89.9 O O

14
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B1E

1.7 FFEX DB

KX TIX, REL DY TEEHO/NIY) =7 BHFEET— X EWAHAET 5. —0HIEA
T =X FEIRD~ A 70 ) = 7 ERE— & & o IS e WERD) = 7
FHRE—RThH5. FBEEHRET—XIBHFEELASPICLEZETY I 2L —Y a Y ETV,
FRRIC A T — 2 e FR U CHREIER B X OMGE 21TV, FEHE(T 5.

F1E [Fi T, IRXT T, ZOFE S e BMiEEEZHS S Uz, 72, ANY
=777 F 2T — RZDRENLEEFI Y Z DRE 2N, HEEITo72. 2512, /MY =
77 FaT—ROBEREHLPICL. TS DORERE X, AUFFED BINE X A
M, EMNER, B LNIFBRICOVWTHEET Lt L 7.

HoE BERE—X0YM] Tk, BEKE—ZXEZHET 25 A THWLRZFMTEICOW
TRAZHVWCHAT 5. HEKT—XOFMEIKE LTI T, A7 —XDADF(E H1EiD
HEH L HE Vo BT — X OH OIS s, RE TR T — X DOFHMEE T
s 4= 28, TQE), MEXEMA & %REL 2oV, BERE—ZDOHI1D
FHMEEETH 5 [ PERME, DEEIGE ), [BERE - FEER M OV TEHHT 5.

FHIE (w4 7n) = 7BERT—XORE T, AT —XPUHREIRTHE~( 71
Vo7 BERE—XOBRBEEITS. 3, BEFEHEY 22 ZO0RET— FICOWTEHRAL,
T AR T 2 HECOVWTHLNICT 5. ERERERFEEZHVTAT— 2 %G L, &
SR - BRI 5. RRRIICIEA T —RICA S A XA L THEIXE, ~f7ny=
7SR — X O OFHM R 1T 5.

HA4® =478 ) =7BEKRE—2OMRER L) T, IhEWHNZ2EL7-DICHIE
THfELTe~A 70 ) =7 lERE— 2%, A7 —XOREE TN L LB D &G
2175, £, H&FILEAT—XZ2HEEL T, ENY - BEMANCTEM L, MATRER L s
5. 2517, LEDEDEHOWFTEBEOME 21TV, #Y)2PERZ ZWCHAEL, <A
) =7 BEERE—XOFHEEKRETT 5.

5 TEMNY) =7 BEERE—2 T, @) =785 Rt —XONEEELZIEEL, R
T— R DOXGTTIEEEREZEEH W CHAT 2. BREMAED /=8, AR D 27— %%
AEL, PS5, TER LB ERIMEICOWT, BB CIRARN T — X DIERE
Sl 5 Z ¥ THGEES 3.

Heom MY = 7@BEHE—&2o/MUL) TIE, BRESREZHWTHEAY = 75K
E— X/ F 2 RGHTOWTHET L, /MDD R 7 — & 2R E U CTRREISEER % 1T S -iff
T3, X512, MULL RN = 7SR E— ZDREBEO T VU r—2 a vk LTBHATEE
PREET 2720, IXATLE—XREHAEDLDEEA— 74— DA AT LBREL, £ -
MEEE1T .

HBTE 31 E—F& 15— FTHEI§T 2 =7 HEERE—XDOBK ) T, EEE
R GBlE—F) tEBEAITRDEE (15— F) OFEBRFEHVT, Y =7 BEH
T—ZXZEX 0.3 mm FTNUYLL, EARNRMERETHEZTS.

B/E S Tk, HW L LEIA T TN ZADT7 7 F 22 —X LTOMRE, Boh
T BB R LR UiGia 2 bR 5. £z, R TRE L FEN ORI EEZ BN 5.
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F£28 BERE—FOFIE

>=11

2.1 EC®IC

ARETIE, BHRLLY =7HEERE—XOMREZFHET 2 7=DICHW SN S HIEIDOWTH
S 3. BERE—ZOIMIEIKRELTITIT, XA59A4 X2 T AT — XBEEOFME 27—
REATAREHMABEDLOEBERE—ZOFEICTT 6D, AT —XOFHEIZIX, B
FilED & 27— X DIRENR 2 519 2 EXAVEHE &, EBRIC R 7 — X IZEEZ N L TIRE)
X, IRENEE D LU IIIREAREZHIE T 2 8WMEHENH 5. —FH, AT —RERTA4 X%
HHAGORBERE— XL, A7 XOFEL XUOHETZHIE L TRHES 5. KUOEE K
E—X T, BRCHERRDL EIFD 742520 X582 Y THIELEZD TR 3.
LU, SEED %S BERE—XIEFI/NETH 2720, ZUHDHEZHNS Z &N T
XKWV, ZIZT, A4 XROBEINE T HANTEHAZITS. BFKE—X0@ENE L, —&
N —TBNRTRSINS. £ZT, —RENRDETNLD, #SIZKD ZHFHEITOWTH
H 5.

2.2 AE—42 %Y

AEITIIHEE KT — & OE AR ECIRERIED © D X 51290, BT 200ET 5.
ERAS EEWAIRENC AT 2 2 ¥ CIRENS 2 &R T— X%, M i 2 v TS L B
DEADFVERBEINDG. ZZTEIHAWRIRBIHREZHHT 272012, NARAKX TV FR
H 5 LO R EMOIBEAN D FHEFUT OWTHT 2. 2 LT, EEIRE)Z 3R 358 I
DR, FHTHEIR « KIEIRFESUICOWTHAT 5.

2.2.1 NRIALEINZRDESHETILE LCRHFMEIE

BEIRE—XDIRENIZA T A R AT —XDERTIEH L, NATAX U ARROEHERR
KT LOCRBEAIREFR Y U TEMEBERF XN S, Fig. 2.1(a) TR T —XDREZRT AR~
ARUNRRERT. RATARXREMT 252 —mIWEHT 22, AT —RICEENEAARHD
LR DN EZIRDBOIRINT 5. ZOROEFHHERNL, BEE m, "NAERE L,
WERBE ¢, £ LT

d*z dx

m— = —k, o — cp—
dat?

— (2.1)
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LB,
—J7 T Fig. 21(b) \RT LOREIEOAERK, V7r 27XV R% L, #EARRT C, KIiE
#R:TBL

=——q— R— (2.2)

5. (21) e 22) T2 LFEILIETHEZ bbb, DFh, BEEmZV 77X
VAL, NAXERE, *EERBEOW /01, BEFRKc, PEIIRICESRZ 2220
T, EEFHAERXEERROMD HERICHFMENL ST 22 e TE 5. & ¢ 12OV TIE Fig.
2.1(b) LMD EMICIEOBERDBFIET 5 & ZIZ, MR TIXIEDOZENMN () BELATY
5HbDET 5.

EHRNRIRAR YRR THNF = Fycos(wt) ZMA 5 & Zix, BEXRRTIEANEEV =
Vo cos(wt) EXEEH 2 Z & T,

d*z dx

Mmooy = —kyx — Camgr + Fycos(wt) (2.3)
d*q 1 dq
-t s R 2.4
o oL Rdt + Vycos(wt) (2.4)

CREICEOWMA AR TREING. ThbBANNFeBEV 3EMLERTH . ik E
KOFEMBRICH 285 X — &% Table2-1 12F 2%, ZOEMBBRENHTZ T, &
HE— X DBRFHED 5 AT — RIE T 2 IRENDIRIE-LHE & W\ o 7= BRI 2 T35
5 ZEAJRETH 5.

(a)

L C R
—rn ]
&y

(b)

Fig. 2.1 (a) Mechanical model of the vibration motion and (b) the equivalent circuit.
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Table 2-1

Relationship between the mechanical and
the electrical parameters.

Mechanical Electrical
parameters parameters
m L

1
k, z
(o R
X q
% I
F V

2.2.2 LCR — C, %=

HERE—XH L IFEERTIE—MBRIVIC Fig. 2.21RF & 5% LOR BS[E & HE A=
Cy PUFEER S =B AHWSN S, BITETIE LCREA|EEDATH - 1=0, HEIRR
Cy DA S LT 3d. Z4UuE, LOREBEAIFEFRIIEHIREIZR L Tws 01Tk L, HEIE
B2 Oy XEBERTOMEFHNLZEL, oFh, BERETLEANBEOMEEZRL TVWELDTH 5.
LCREAF DA v ¥—R VA% 7, HIEIBEREC; DAV E—R VA% Z, 35,

1
1

Zy = _jw_Cd (2.6)

TRINE., ZOEBEEDAL Y E—X VR Z IO TRE 3.
1 1 . Zi+ 2,

Z 7 % 4 27
(2.7)12(25) & (2.6) ZAAL, BEHIT L
R I 2L R W22 1 1
. & _j“’<F§+ 0C, G~ Gy PCCL P00y .
¢+ — w?L)? — w?R? ¢+ Ca —w?L)? — Ww2R?
cc, cc,
kA, —F, MM
G L 2 R WP 11
f = tan { R (Cg toc, T 6T 6, T @, T BRccE (29)
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1
TH5. (2.8), (2.9) DEHITOWTOFEMIE R AITRS. HRABEBIZWL-—=00DL

wC
XTHDHLD,
[p— (2.10)
n_ZW\/LC '
1 1
Y5, %, KIEREBERIZWL - —— — =022 &ETHLDT,
wC de
1
fp =—F— (2.11)
, LCC,
N c+c,

ThHs.

Bl LT, RkDdEFUT R=1000 Q, L=0.55 H, C=0.05 pF, C,;=50 pF #XAL5HED
4 =R 2Rtk % Fig. 23128 7. Fig. 2.3(a) & D, 4 V=XV RFENA Y E—&K >
ADETFTAHIRRE A V=X ZOHENMT 2 KRR ZFOZ e bH 5. (2.10), (2.11)
& 0 HARFEN £, = 959740.4 Hz, RALRFEBENE f, = 9602202 Hz ¥ b, 75 72—
BHLTWRZehbhrsd. DL YE—X AR R2 2 & CHIRE R E X3
ZEMTES.

| L C R :A
Y Y Y\ __{:::F_F
. LI J
| | Cq 12, 0l
I I
I [ [
I |
()
AV
7

Fig. 2.2 The equivalent circuit of ultrasonic motor.
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o 6000
(]
2 4000 | ﬂ/\g
8 2000
=)
Pt O 1 1 1 1
900000 920000 940000 960000 980000 1000000
Frequency Hz
(a)
3 50
& 0
<
]
2 50
<=
Q-‘ _100 1 1 1 1
900000 920000 940000 960000 980000 1000000
Frequency Hz
(b)

Fig. 2.3 Frequency characteristics of (a) the impedance and (b) the phase.

2.3 BMBmEREQIE
EHHRINC & 5 FHRICE VT, IREMRIEE R 3 TR RIS LRI Q . (LT, QD)
B,

HZRTEBEZIAOLNEZ T AILX—

Q= T R S s T R (2.12)

LERIND [69,70].
ITxNF—ORFRRAZ KD 272012, HiR%E R TEBHENX (2.3) DM v = L 2T

BT 5L,
dv dx

mEU + k’xxE = —c,v* + Fyvcos(wt) (2.13)
Y3, ZIT,
(a1, dv
@ (5“ ) — @
(2.14)
d(1l, dx
@ (55” ) —a
DEERERAWT (2.13) 22 T5 L, =xA¥F—08FEA LT,
d (1 o 1 2
p <§mv + §k’x ) = —c,v” + Fyvcos(wt) (2.15)
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AEONG. HEHRLTOBLE, w=w=/ET,

v = %sin(u}ot — Q) (2.16)

B

EBUIB. L, 9= tanflA—l'C‘, Ay, B ZEEIRBOM 2(t) = A cos(wt) + By sin(wt)
1

DIRMEZ R TERTH 5. GEHllIENERB 220 IREZAMIZ A ZRHET STV 5,

Fy
r=—

— cos(wot — @) (2.17)

1 1
25, (217), (2.16) DfE% (2.15) ® §m02 + ékxz WRAT 3L,

1,1 1 (R 1 (R i
5 +§kx = gm —sin(wg — 0) +§m —sin(wg — 0)

Cx Cx

Fy 1o cos(2wot — 20) 1k’ ( Fy >2 1 — cos(2wyt + 260)
2

Cy 2 CaWo 2

. 2

1 (F\" 1 - cos(2wot — 20) Ll <F0>2 1 — cos(2wot + 26)
—=m
Cy 2 2

Cx

1 { RB\’
0
— 2.1

7D, ThDRCEAOGNDIZZANF—TH 5. HIRIKETIX (2.13) DEHIX 01K Z5DT,
cv = Fycos(wt) (2.19)

22D, ANEBERB c, DAZERE LTIZ20 %, HEm ONRER kO ERIIHR S
N5, ZoOMRNPS, S5 EEIZRAMET, (2.16) I2BWT ¢ = —%“C“B‘éé Zehbnb.

R U
PRI C—Om*o%ﬁ)%, (2.18) TROHLNLRICEZ SN TEM T AN F— Ug & — /A
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%T(:%)K@%éﬂéi%wﬁ—mmu%h%ﬂ

’U 1 (R’ L R\’
U T2\ cw

2
F,
Y U :Jf%“ﬁ=lf%{z%mw@—@}cﬁ (2.20)
F? Tl—mﬂ%w+2@ﬁ FT  7F?
\ _Z 0 2 — QCI = Dol
. 21 U,
EB%. REL, T=—Thz. Qffiid2r = LERINZ,S, (220) &
0 loss
2
1 (F,
| 22
= LM/ = 2T — )
Uloss 7TF02 Cy
WoCq

BRDHNSE. THUFHEBRE ¢, DY wom IR L THEWIEYE, REBICEZINS ZRLF—H
REAEEZICH L TREWV., 2FDEVQMEICRZ I E2ELTWE. 250K, %
TRAR VR EEMIURTH 2 LOR EHRETHIRETD 2729,

_ wol 92.22
Q=" (2.22)

i, QUEERDZZLNTES.

2.4 BIWWHESHREL

FEE7 7 Fax—% (BERE—X) OFHiifEERED —DICE M S REDH D, “k7 T
KL b, BIEWHESHREE, BEXNASIEW T 2L — A 285 THEEMN
T EERIEET,

IR oL —
- ANERT AL F —
LERSINDG. DFD, L EDOBERG ALK, HERBDEWR T —XIZ R E RRED
Bois. UL, 1 =X AHROHIR  KIROBFEDLHKD 2 Z e T S [71-73].

_ i1
k= 7 (2.24)

ZZT, f ¥ fo 3FENEFNEIRBEIRE  RIRERBTH 5.

k? (2.23)
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2.5 FEHFH

—fI, BERE—X I TEEE5ZX5ZTRER MY - #HNEHRET L. THEEIEX, R
T—RERTA XEDEMIIDZ & T, BEENEITHIBEERE—RICBVWTEHERERTDH
3. ZOHEHE TEE OMRIE, EAEINC L > TRBMEN L TR AL X088 57 —n
VEBETNMIE o THEEST 522 223 TE % [43,74-76). Fig. 24113 & 912, AT —X¢E
254 ROBREICTEN 25278, 254 XOHH FIZRD LS5 ERTEREINS.

F = iyN (2.25)

TIT, g BEEBBRETH L. #h FI3THEN AL TENY 25, FFHICRELZRTE
BRAT—XDIRENZD S DT 2720, 74 XOEFHZHIRL, #HIOETZI &
T ZDD, EEIIIERIC K > TTFREEHEDOBEGREZHRAN, BYLTERZHRANRS.

- Preload, N
Force, F

e ’ Slider
! Stator

Fig. 2.4 Preload mechanism for a linear ultrasonic motor.
2.6 BEILE

YAV AREBERE-—RDOV =T AT XOHXTEBHEXRIDKRDZ e TES. —i
N EER O BEIRE— X OBEIEIF—TBN R TRINS. T, E— XBEREIRFI N KAL)
DEENRNDTH 5. EBRZ, v—XEFED 0.7 mm OEEH< 1 7 0@ERE—-XTD
—RIENRTRINSD [43,77,78]. [FFRICESEIO/NYEY = 7 BEIKE— X OEIED — BN R
ELTRET 2. TN FZERL, HEmDRAT A XHEE v TED Lt Z0EF)
FERUE,

m% +cv=F (2.26)
B, ZIZT, cBBEREERT. £, (2.26) 0RXAENR Hl=0) EfE &,

m—v+cv:0

dt
ldv ¢
vdt m
/1@: -
v m

log |v| = Sy Co
m
v =Cre mt (2.27)
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v7%. T, Co, O REEERCTHS. TS, v=C)e 5 LB ¥,
d'U . dC(t) _cy & _cy
i T mC’(t)e (2.28)

7%, (2.28) % (2.27) ITRAL, C{) IZDOWTH#EL &,
do(t)e_w%t —cO(t)e m! + cCO(t)e m! = F

T
mdo(t)e_it =F
dt
ac(t) F .,
—_— _em
dt m
C(t) = | —em'dt
Fm -
Ct)=—"ent 1+ Gy
m cC
F .,
C(t) = —em' + Cy (2.29)

Y%, 22T, CoREEEHMTHE. (220) Fv=Ct)e = TKRAT S &,

F C C
v = (z@at + C’g)e_ﬁt

= % + Chem! (2.30)
ERB.t=0DE, v=0TH5kD,
O:E‘l—CQ
C
02:—5 (2.31)
C
b, KoT, V=THHERE-—XDRIA4 XDOHE v i,
v = 5(1 — e m?) (2.32)

C

5. (2.32) LERBEDEOLNIATA XOMBEINE L HHRT 2 2T, WEEKcBXY

HEHFRRkDENS.
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2.7 TEFH - BERBHE

E—XDHENOE D AT A4 XD XDE(IE, AT —XDIREFDOZB(L LD FHITBEZ BT
5. 22)WRTEIIHEN FIFTEN EBEFBELTVSED, PENEFEWHEZ X7 —
EAPAFTA RIZENEFOHNTEMLTWEINEWVWS 2 THSE. 2070, #HFIEX5
A RMABTENZFTHEL, AT —XPERTE2NZDDIDIRELLEET S, T —
ZPERT 2R, AT —ZDRFD L THEDT, X714 XDEEFZ T — X DIRHHR
BORZZNWCEoTTFHTES. (23) XD RITA XRICET HRFEORZ X1,

xr = / cos(wt — @) (2.33)

V(wg — w?)? + 4w
TH 5. ((2.33) DEHIITERB TRT.) Lzd - TREHRIE A, 1%

/
V(W — w?)? + 4¢2w?

TH5. R EO L &, ZEHARE AN [ 0% D SMHRIRC B 3 ANEEICHHIT 5.
Z D7D AIEEDE < 723 LIRBHRIEAAZ < 20, #h F b KE LR, —HTREHN—
ET, MR ER SRR R ER 5. ZRIRESRAICE 20, (W2 — )’ + 400
PIIMER 52 3 B, % D ERMAEE0E

w=/wi— 2¢? (2.35)

THb. £oT, BEBDPHEIRBED & X ZMUIRESRDKREXIARD, HEvBLIOHELF
HRELRA.

(2.34)

r =
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3.1 FLCHIC

INE L UCRRBIT AN N Y = 7 BEIRE— X 23T 21203, [ECRY 1357 25877

FERME LU s kv, ETREIOBEERE— X ORENFE 2 RIS 5 &, TiE
THAOIRE & (FEAm BREMETm e BELRFR) ORE ZRFHIIHEL TR T —4
WEITHE D L BEMEE 2 REX 2 2 TAT A XEWENT 2. iz, REWRY =7
AEINE—XTdH 2 LIB2 E—X TR, NETHAORE oLl E—F (Fig. 3.1(a)) & [T
A oiRE)) @ B2 €—F (Fig. 3.1(b)) ZiAELE S I LT, A7 —XIZKEHEH 24
L TR 74 XEfE X825 (Fig. 3.1(c)) . LIB2 E—XDRA 7 —XIZHWNEWD, Zh
¥ B2E—F (Fig. 3.1(b)) PERDIRENE— FTHD, HIEEOEINZVEHETER
WD TH2D. 2D, AT =L TH, THEAMIKERZMIEON2IREIT— R
PRIDEDND D .

ARETE, AT —ZPTERBRO/NY) =7 BERE— X 2RET 5. BEFEEr L,
VAR T =22 LD 2 ODIREIT— R ORI U CE TR 2RS¥ 2 FIEEEHWS. 2
DE—& T FHEAM BRENET A L EERTFTA) OIREN I ZXHHEE—F (Fig. 3.2(a))
PERALTWS. ZORIME— MEB2E— R T 2 (Fig. 3.2(b) , HOB»P L
2T —REEFETT B e AAEEL 2 5. OB, KERZAT—X [67] 12&->T
FEESNT VB, AT —=XZ20HI/MNULT 20, =22 0rIRE(LT 2072,
PRI T O TO RV, A THE L AT —&1E, & 2.6 mm, E2.6 mm, &
X22mm (A7 A4 XRETHADEX) THEH. AT —ZDOHFMNIIE 1.4 mm DRHBH Y, 7U
BAINIZZA T4 ZZERNCHEET 2. ZOFRERFHIRA Zaf LE—XIBTED, /h
BA— 7+ —HAEHED V) =77 7/ F 22 —R LTHLTWVA.
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!i!j h';
Lion Cam

R R
t g - P
(©)

Fig. 3.1 Driving principle of L1B2 linear ultrasonic motor. (a) L1 mode, (b) B2 mode, (c) and
elliptical motion.

(b)

Fig. 3.2 (a) Second extension mode of proposed motor and (b) B2 mode.
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3.2 IAFER) ZF7EFREE—XOI}ERE

Fig. 3.3(a) I AR =7 BEKRE— 2 OMEr 3. R T2BERET— 21T
W HAREBBOE D ICEEBR T ONLRT—& e, HlENICHAIWI-HOETH 2 Y
ST ATAXTHBEEINTVSE. A7 XEAREOS ¥ 7 P THD, ZOERIRT—ED
HE/NZELD DTNV, A4 X5EPTI2E, FERTFICRREEEZHML TR T —
R ERE X B, NOWEIHE TR BE XY 5. ETHRIEZAEEOIRE T — FEHAaS DY
52 THERT 5. —DHIEFig 3.4(a) ITRT AT — X DEREMHA I K E {IRENS 2 E—
KT, ZOHIEFig. 340) R T XIICRAT —XROMHEAR AW HHET 2 E— R THS. K
A Tl Fig. 3.4(a) (R TIRENIE— N2 —XfHHEE — F Fig. 3.4(b) (IR TIRENIE— F2 X
T — R ERT . @, —XHEMHET— F o ZREET— FI3ER 2 BHEREE RO,
LL, AT —XOWIREFF T2 2T, —K, ZXMHfEE— FIXFACEEREEICT 2 Z
EBTES. ZHZED, —RBXUCZREHEE— FORIREIRFIREL 72 5.

—RXB L O EFEE— RERET 2728, ZODOXREED Fig. 3.3(b) ITRT IR
F—RXDEBHZFICHMENS. 22T, R7T—ZOERNCHIINT 2 KiREBE%R E,, £
WHIIMS 2 XMEEY B, £ 55, XMETEE,, B3,

Ea = AE SiIl(Qﬂ'fEt) (31)
Eb = AE SiIl(Qﬂ'fEt + (b) (32)
ThHb. ZIZT, Ag, fel3EHMT 2 RXMELEDOETIREL X SEFEETHY, 013 E,, ED
NMAHZETHZ. Zor &, BEEK fpld—RB X O X{#fEE— FOEERIE L [F CETDH
5. —XMHEE—FZET 5 2RXFRICMNEEZORIRELE (0=0) 2525%. ZOF, £

BRTOMMGDFERIHHEZ DR T, ZOBEE—XiffEe— FEilExE 5. —7, =X
e — FZE T 25813 B, & E,BICHENE (p=m) 252 %. ZOK, EERTFIEH
] (B, EIINES) & A7 (B, FIANER) PR EIHMET 5. Z OIRENE R 7 — X I ZR#HEE —

R 2t s 5.

AT A XREERET 51203, B, & B,EC1/4E8 (o =7/2) ONiEEES5 X%, Z4UuT &k
D, AT —XIZIEFig. 35D K512, EHIENMOIREIVFEET 5. ZOK, XT7—XDHE
HO—K (GLOoR) WKHEHT 2, MAEHZHNTWAE Z e3br b, Z OFEMEE)HE
BENLTRIARIMLDE LT, A4 XIEHIEEZ T 2. X574 XOMTHMIIEE
DNAHZ ¢ Z /2 6-1/212F 52T, UDBIEZeNTES.
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PZT
7 / AN

E, —.\l
Ep éR\"\»\

—>

Linear
slider

A
-

GND —e >

W\ .
Metallic
cube

(@)

(b)

Fig. 3.3 (a) Schematic of the cuboid linear ultrasonic motor and (b) voltages applied to the

stator.

?‘\

() (b)

Fig. 3.4 (a) The first extension mode and (b) the second extension mode.

Perspective view

Stator o -
y
PR
Side view
Stator
@
t=0 t=m/2 t=m t =3m/2
(1) (i) (iit) (iv)

Fig. 3.5 The travelling wave of the cuboid linear ultrasonic motor.

29



B3 B ALY =7 EERE— XD

3.3 MAKE) Z7HBBERE—XDOKTCHE
3.3.1 —RXBLVRMEHEE— FOEBIRENE

SNAEEY) =7 BERE—XORFTHRIEERZ &IX, —RXB XU XHHEE— FOME
BIREBDFEICICR S KD, AT —ZONERRDZ 2 TH5L. ZDDITIEKEEIRD)
E— FOBEBIREFEDP R T —XIRE ED X S BERTH 2 0FARZLENDH L. $2RT SR
FT—RFIMT S %5 A CRBEMAIRTH 225, IRET2ENCIERRBIRTH 2. 22 TF
3 Fig. 3.6 R EE I RWE I LIELS W, BX (@l51M) 23 L O HEESEO SR € —
F OBEHIREIEICOWTEZ 3.

—XHfiEE— F (Fig. 3.7(a)) &, WEHHATICKESIREIT2E—FTHS. TDD,
Fig. 3.7 (/R THH/T ANCHHE S 2MHOMHREI Y L TEX 2 Z 23T & 5. Wi H HOBEOHHR
B O HIREIEL fr1 1

1 |E

fm:§z — (3.3)

ThHb. CZITLEAT—RORX, EXYY 7% p3EEERT. (3.3) X b —R{#HET—
F@Eﬁ%%ﬁﬁnm,mé(%)Wk%Mﬁ<EéL@&Kmﬁ?5:tﬁb#
RIZZRPfEE—F (Fig. 3.8(a)) (FERENHAFAICEERT (RT7—XIZHB L\TE&@%&#
O N TOWRWED) DR L IEN R BEICHAE T 2REE— N TH S79, Fig. 3.8(b) IZn
T X R FEROMFIREN L THEZ 5. FIROMIFIREIOE G IRENE fro 1X

T D
=
ThHb. ZZTHRBEMNEILUEZDDERETHS. £, DL ED DIFFHROBNTHIET
»Hh,

fr2 = (3.4)

EL3

el (3.5)
TH3. vIFRT7Y VHERT. v ZHABEYZDOERp TRT L
v =pL (3.6)
Ths20, (3.5) & (3.6) % (3.4) ITKRAT B L,
[ b (3.7)

2W2 N\ 3(1 —v?)p

7%, (3.7) KD X7 A4 XRDZXHHEE — R OEEIRENEL fro IR T —XDEX L EEW D
BETH2Zebdsd. B33)BIXUL BN VAT —XOEX LIENT 2, —X{HHHE
E— FOREEIREE fr 3D L, ZXMHHEE— N OEIEIREEL fr (3BT 2 2 DD 2
DD, AT—ROEX L EZ5Z e CEBRIKE —HZE3Z t#f%ét%ﬁf
x5.
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(b)

Fig. 3.8 The second extension mode of (a) the cuboid model and (b) the plate model.
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3.3.2 FEM@ERZRAWXT—XDEKET

(3.3) & (3.7) W AT —XERPEERFBUCE D X 5> REEREZ 200 THITES LS
2otz L L, EEORTF—RIIFDEHNTWED, EFBEFLE A THEYRY, 3
B35 EC3EMREIRTHS. X512, (3.3), BNE—RLELIRTOETLTH S
72, EROR T — ZOBEEIRIEZRD 2 2213 TERV. 2 THREREZHWEE—
ZOVEEMT (WU, FEM fi#tr) Z#H$%. FEM @i, 27— XOEEIRERE RET— K
FHOPICT B TE, A7 —XBIRT L O—R - ZKf#fEE— R OBEEIRIEE AN S
CEYMTED., I T, —R- _XEfEET— FOBEEIREEDFE U/ 5 X 51 FEM fi#k %
HWTRT—RBIRDERET 21T 5.

AT —=ROBFHITEHOEE, & (&), KEZEZSZLTIT5. EBZTOET L
BEX03mm, E1.6 mm, EX20mm T, —E&T 5. SEIMOMEERIZY F# (v
Y Z7# 1110 GPa, #1878 x 103 kg/m?, K7V vt :0.341) THYH, FERERFEIF RV
oo vigsh (LUF, PZT) (Y273 180 GPa, % : 7.8 x 10° kg/m3, K7V vlt:
0.292) TH 3.

Fig. 3.9(a) KHHTICHWZ R T =X ET V2T, BRHIEIRE & E232.0 mm THEROD
BEEX14mm THE. A7 —XOEI LIEFEKe L TEZ6N, ZOEEZEZX5 22T, @
ARG —HEE5. Z0LE, R7—-XOBErEE, JNEREE—ETH5S. Fig. 3.90D) I
AT —=RDES LB LT TO—RK - ZXMHEE— FOEFIREEUZ RS, —XHEE—
RIZRAT—ZDEX LBKREL k51200, EEREEWINSLS RS, 72, ZRMHEE—
RIZAT—ZDEX LPKREL 221200, BEEREEBIIKRELS 2%, 243 (3.3), 3.7) 2
LTREXNBBEOTHS. AT —ZDEXLA22mm DL X, —X - “XifEe— FOFEFEF
REBUIRICMEE 722 Z e b 5.

XRIZFig. 3.10(a) IWRT XWX RAT—XDOEE, JEx—EICL, & (&) WrEZX1
BrER5. ARERETHL IR 57— - ZXHHEE— FOREHBEIREEZ Fig. 3.10(b)
RS, IR (&X) WIS 2120 —RB X O REFHE— FBBALLTWE Z b
5. ZXRMHEE— FOEEREEE (3.7) 256b0 2 L5 KKE (FX) MENT 51conT
BHOL TV, —F, —XMHfEE— FORBGEIREENL (3.3) 2256 TlE, 18 (&GX) WAEEN
TELHT, FERIBEELLLAEVWESICAZS. LrL, EBEW EMT 22212k D
27— X OEBASHNT 5. —BENCEARIE 0o = /5 (51 SRER, m BB T
XNB7=0, WHHEINT2Z L THEENHEML, —XEHEET— FOBEEIREE w, DEIHAD
LizeEZIHN5.

w12, Fig. 3.11(a) IR T X 2127R d 2B X ¥ 158 0K ERIREEC: 2L T 5. Fig.
3.11(b) X ZF DFERE/RT. FURMEIMNT 2 Z & TR « ZXfHE — F O BB IREENIHAD
LTWAZebhd., i, SURMENT 2L 27— XOEENRD L, HIRFFICHE
IANXF—PREDT2-DTH3. £/, KBEJOKREXWZEDLS S, —X - ZXHfEE—F
DEEREIBOEZIZE ARV Ebh b, ZHIEA T — X OMEDOIRDE A IR
HELRWEDTHL. Tz, FKEBAPHEINT 21200 T—R « ZXfE€— R OEHIREIEK
WP T 2DIE, AT —ZDEENMBDT2-DTH 3.
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550

L 1st ext. mode

——
-
-~

2nd ext. mode

1.9 20 2.1 22 23 24 25
L mm

(b)

Fig. 3.9 (a) The stator model. (b) The natural frequency of the first and second extension

modes with respect to the length L.
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Fig. 3.10 (a) The stator model. (b) The natural frequency of the first and second extension

modes with respect to the width W.
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Fig. 3.11 (a) The stator model. (b) The natural frequency of the first and second extension

modes with respect to the hole diameter d.
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3.3.3 HIELIERXRT—4

Fig. 312 WZMEL 72 AR = 7 B R E— X DR T —XERT. EERFEEDRT—
ZDORKEXNIFEHE 2.6 mm, E2.6 mm, EX22mmTH3. EEHOKE XIEX 2.0 mm,
18 2.0 mm, £X22mm T, FIRIZIFERE L4 mm OEBERDHNTWS., 27— XAl
i, EX03mm, E1.6 mm, £ 2.0mmDEEFEZHRT (C-213, Fuji Ceramics Co.) 23EHE
INp. EFERTFFESIAMEITMSNTED, BEELX 2 o0EML, EMENZIE 12D
BRI H 5. AT —XOIMURHEIIEEEH 8 oOEMLH D, EBEHLIEZFY Re LTE
SINSE@ET 5. RRIEIVENT Y A4 YIET, @Y FIATIMLLTWA., MFHRE
B EERFIETIROZRF EEFZMHEHL, 150 EIZIRD BRI T 30 M LESE
L7-. FEMfEHTHER L RS 2728, Fig. 3.13 1R T XD CEBEHDEX L 2.0 mm, 2.4
mm DAT—XHIEHL /-,

Unit : mm /

Fig. 3.12 The stator of cuboid linear ultrasonic motor.

Fig. 3.13 The phosphor bronze cuboid as the stator’s component.
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3.4 A>E—H#>XAE

AMELERAT — 2 OEBERBBEZHALNICTE-012, AT—ZDAf v —& 2 2RiE%R
FARD. 2L, 4 =X D 513 ¥ OIRENT — FHAEBICHE LT % 213
ThHb. 2T, A VE—XRVATFIAFOERTEEEZ T, FEDRET— F &2
L, = RBLXOZXHHEE— FOEAIREEBZFANRS. Fig. 3.14124 Y E—K VR T7F 74
# (IM3570, Hioki E.E. Corp., Nagoya, Japan) & EBZETOHEGHEETRT. TORTIE
HGHIOFEEZRTOEME PZT1, Efl%E PZT2 £ $ 5.

—RHHEE — R 23 512 Fig. 3.14() WO X5 R A EZ VWS, A Y E—X Y
A7 FIAFPSEEDEME NS L PZT1 & PZT2 DFEIRFICHFET 2. ZDFER, —X{HHE
E— RZHE T 2. —XMHiEET— FORIREFEHRTITERIZ i, BRA VY E—X2 20D
EZRD T 2. ZREHET— FEIE S 2121E Fig. 3.14(b) RS & 5 REgERE1T 5. BED
Fiinxi s & PZTI DMHE L7z 21E PZT2 3G L, PZT1 23WHE L7z & &% PZT2 BMHE
T5. ZOXKIITPLTL & PZT2 KREITHFREL, ZDFEE, ZXMfEE— FZhies 5. =
RIFFEE— N OIHIRE R TIX, BEROMEIEIML, 1 Y E—X T XADEIEDTS. 2D X
I WEHIRERBOMEEA VB — R AR DIEL R 2 BREERANS Z 2T, FFET S Z L
MWTE5D.

Fig. 3.15 IZEHI L 72 & R 7 — X O & E A HREIE & FEM T ORSRZ LR L7 d D2 RT.
ETNDRN T, AT —RDEZ LHPEL B 2I1IZO0T, —XHHEE— F OHIRE FEIZ
WAL, ZXMEHEE— FOHEIRE RTINS 5. Z Ot RIE FEM @ ofiR e LK< —
HLTWVW2S., A7 —ZDOEXLA22mm D E &, —OOHIREFENIN 530 kHz T8 T 3
e R L .

AT —RZDEXLH22mmICBNT, £ VB —& 2 EIC X s R % Fig. 3.16,
Fig. 3.17, Fig. 3.18 1R, FEMMIERIDELNLMRTH Y, RFRIF (2.8), (29) &
KDFHEETH S, LOR — Cy HMEIFED T X — RIZ—RMHEE— FA, L =0.185 H,
C =492pF, R=1050 Q, C; =0.545nF THH, ZXHfEE— F2 L =0.95H, C = 0.0956
pF, R=10000 Q, C;=0.112nF T®» 3. Fig. 3.1613A v ¥ —X > 2D EHEEFEEE L
TWa. 4 YE—X Y RF—RE L RFHEE— FIZE CHIRE BB THEIMEL 2o 7D
5, RIRAEHTA DX ZADEL 223 2 Bbh . Fig. 3.17 \ZNHO R E
ERLTWS., (HIE—RE X O XREHET — R HICHE CHEIREREHL T, MRS &<
B ehbrd. 2, HIRFERTA VX ADEXPRO/NESL 222D TH
%. Fig. 3.16, Fig. 3.1T 5 R T —RIIMNIEIRERD B Z e BHEKE. HBICEDES
Nl =K R Z(f) e o(f) &b, BRI(f)IF

. Vcos (6(f))
Z(f)ZW

IORDBZZEIHKS. 22T, VIS YE—X VAT FIAF X DEIMEN 2 EEIRET
V=1V, ,T»H3. Fig. 3.18(a), (b) ZItik3 % ¥ Fig. 3.18(a) D—XHHHE— FHIZ I
NTWBZehbhrd. ZHEI_KEHHE— FBEADD 5 EROBNFIREITH 57280, —X
fEE— PR LUTREI LIS WD TH 5.

(3.8)
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(a) (b)
Fig. 3.14 A voltage application to piezoelectric elements for impedance analysis: (a) the first
extension mode and (b) the second extension mode.

580

® First ext. mode (actual) ~ — - First ext. mode (est.)

560 | x Second ext. mode (actual) — Second ext. mode (est.)

Frequency kHz

1.9 2.0 2.1 2.2 23 24 2.5
Length of L mm

Fig. 3.15 Relationship between the natural frequencies and the stator length L.

1,000
% — Experiment
2 800 r -- Calculated
S
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o
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a 4,000
© — Experiment
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8 3,000 |
% o
= 2,500 | A
2,000 1 1 1 1
500 510 520 530 540 550
Frequency kHz
(b)

Fig. 3.16 Frequency characteristics of the impedance of the stator: (a) the first extension mode
and (b) the second extension mode. The dash line is the calculate value from (2.8).
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1,000
% — Experiment
2 800 r -- Calculated
<
B 600 E
o
E 400
200 1 1 1 1
500 510 520 530 540 550
Frequency kHz
(a)
o 4,000 .
© — Experiment
é 3,500 r -- Calculated
S 3,000
g ==
— 2,500 | A
2,000 L L L L
500 510 520 530 540 550
Frequency kHz
(b)

Fig. 3.17 Frequency characteristics of the phase of the stator: (a) the first extension mode and
(b) the second extension mode. The dash line shows the calculate value from (2.9).
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Fig. 3.18 Frequency characteristics of the current of the stator: (a) the first extension mode

and (b) the second extension mode. The dash line shows the calculate value from (2.8), (2.9),
and (3.8).
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3.5 IEFAIE
3.5.1 XAT—RIERBOAESE

SAHICIIAT — X DEIRET— PR S 2 -0 OBEHEFEFEBEZH I L. 2 2 TIEE
BRUCHRENMRIEZHIE LT, A7 — X ZEMINCEEMis 2. LarL, 4 Y E—X 2 @G
TIRERICEDIRFIT— F2FE L TW A 2IEFATH 2. 22T, B CHLMICLE
ERBEOZRELEE AT —XIZHNIL, Fig. 3.4 1R LEFEEREE— ROEBIZH#E LT
W37, L—%—Fv7FI7—i (NLV-2500, Polytec Japan) %W T2 7 —XDOH#REN% 51l
L, FHRZ X HEEAITT 5.

HIE X Fig. 3.19(a) W23 & 5 W5 M OIRBIRIE & 225 M OIREIRIE 21T - 7=, 7 m
DIRFRIE O EFEHNR OB L —F R BT 2 Z e THET 2 Z e KRS, L, H
BTN DIRFARIEIZ R T — X DR X XIDIEFIT/IVUTH 2720, HIEL—HF—Fv F5—3t0
Kk AT —RNEICHRY T2 Z 2 3R#HECTH 2. 2 ZTFig 3.19(b) RT3, /Mo
R8T EfTo 72, L—F—Fv 77 —itD L —F =327 — X AFICHEE X472
INRURSEEC K D 45 ERFT S, X7 —2X NS 5. 5HILE Fig. 3.19(c) 127~
I X 5 IZEREI TS 0.2 mm IR TITV, BRORIREO K2 X255 3.

i > 4

Radial Laser spot
Vibration
—— . — —.—.—.0-
0 0204 - 2022[mm]

\é/ Laser 2l

/7
e A —
vibration From LDV Mirror

(a) (b) (©

Fig. 3.19 (a) Definition of the vibration direction. (b) Experimental setup for measuring a

vibration amplitude by laser Doppler vibrometer.

3.5.2 TEEKEDEAE

IREMRIEDOFHARE R % Fig. 3.20 12RT. 277 7 3 SO &, Mo IRiEE &R L
TWa. Fig. 3.20() lF—XHHFEE— R 2 L72FRFD R 7 — X OIREMRIETH 5. FEAM
DIRMEF AT — ZDOHFRAETREL LD, BRIRFIRIEIZAN 74 nm TH 5. £/, #y7MED
RERIEDO R X X132 32.6 nm TH o7/, —7, Fig. 3.20(b) \FZRHHEE — N2l L 72F o
2T — RZDIFHARIETH 5. FEAHDIRIEIEZZA T — X OWHTREL 2D, RARIRIEZ
#1100 nm TH 5. HAFOIRERIEOKRZ XI55 nm TH o7z, ERTHELNLRAT—X
DIREN L FRBNFICH 2 RET— FEET 2 L FCEMATHD, 27— RIZERHT— F2
i X Twd Z & 2 EBRIICHERR L 2. Fig. 3.20(b) IR T ZXHfEE— FicBWT, L—
P— Py 77 —IRETAITIER 7 — R IZHE U TARBARIED ARIE L TW5 78, Fig. 321D &5
R AT — X DMHAFERFICKE S (LT 2IREE— FTH20[REMED H 5. L L, Fig 3.21
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RS IREE— NOREEIREEE FEM T TN & 25, f642.7kHz THHBHS I
KIEFEE— FOBEEREENEZL 5. £7-, Fig. 3.21 DIREIE— FEFHES 2 729121 Fig.
3.14 T/RS PZT1 & PZT2 OHEASFENATTRIFIUIRE &7 0 =28, Fig. 3.20(b) 1 X {HHHE
E—RTHDHEWVRD.
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Fig. 3.20 The vibration amplitudes occurred at the inner surface of the stator hole. (a) When
the voltage excites the first extension mode (Fig. 3.4(a)) and (b) when the voltage excites the
second extension mode (Fig. 3.4(b)).
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4 ‘ > ‘

Fig. 3.21 The vibration modes that exist at 642.7 kHz.
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3.6 IIIAFR) =7EEKE—XOFFMmELR

A CIHEM LTI = 7 BERE— X oW EREL, IET5. $3, EHER
BUcOLCHIIL, BT, TIERE, BEM, FMREHHCOVTERS. $7, 85
NS RIGEB RS LOR SR &% £ 5 IRBHRIE L LBk - B3t 5.

3.6.1 EERIRIE

BB E— X DEEEREIT - - EBERREY Fig. 3.221R7. 77 7¥arydoprl—
2 (WW5064, Tabor) THAEI® L OORIMEL % B IIEIES (HSA4052, =X T 7@K~
0y 7)) ZHWTHIEL R T —XDEBRTICHINT 2. AT —XOETIREREXE 2720
WIEANZINTOWARMELE E, & B, ONMHD /2 Bz 20BN D 5. ZD7=ESIEIER
1 & EIIHEIERR 2 ICEZ N2 NIEKIK & KoL E AT T 5.
RICHBERE—ROFHIEGEZTRT. A7A4XOEMILV—FEAET (ZX2-LD50, 4 41
V) WEHHEESNE., RT74 XOME IR OREM M I DRkd o b, L—FEED
RS EZ 1 ms TH B, EFHLEZRATAXEZRAT YL ADOHE S ¥ 7 b CTHEAZ 1.394 mm,
EX50mm, EX305gTHb. A7 —KE A7 4 XENEIH 6 pm DIFEEAH 5. 24
AT —=RERTA XEOREIINETEL L ERPIRELRD, TE=—ZDWEL L5720
ThHbd. ATAXDBERIEIRDINETE2HDZEATVS.

Input

A4

Function Generator

PC

A4 A\ 4
| Amplifierl || Amplifier2 |
Dlsplacement E, E,
signal

Laser sensor

Fig. 3.22 Experimental setup for evaluating the motor characteristics.

3.6.2 BERE

SR T EERE-ZDRAT v TIWEZRHE L. Fig. 3.23 Y =7 S
BE—XDOEBRERZRT. EHREIFERE, SRE232) KDRDERXITA4A XOEETH 5.
SEIDOEEBRTIXEES0 V,_,, B 522 kHz ORXMEBEEZHML TV, E7V GEEHE
) KE, RTAXDEX05g b IHEFRMc=0.138 Ns/m 25X T35, 274 XDOHEIX
15 ms TEFIRFED 56 mm /s ITELTWE. A7 XOEEENEED HRDIHES F X
RKR7.75 mN THo 7.
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HENEBICZELZRICEEDIZSOEDNEBRINGD, THRERT—RERXTA4XZDFE
@& EB X UBEINEL TWE0TH 5. T VHER) =7 #BEE— 2 OINEMED
BENETOIREEXI D L, ML SWCHEDOBNRKEL 22720 TH 5.

80
£ 60
=
2 40 r
3} — Experiment
§ 20 [/ - - Model
0 1 1 1 1
0.000 0.010 0.020 0.030 0.040 0.050
Time s
Fig. 3.23 Transient response of the cuboid linear ultrasonic motor.

3.6.3 FEHE

THIEEERE—ZDOE N 2N X 2 7-DITRERETIR AT XA —RD—DTH 3. (2.25)
TRT LI, TEPLBZICONTHEHFRE—XDHENIM LT 20, FPEIEGITESE
AT —XDIREZ DD DT 27205 4 XpEh 7wl kd. 22T, fEL 3G HE
)= 7HEBERE—ROHNIBFEILE>TED LSBT 200 %N, RbHEIPEL &
% Bl 75 EE & B 7z

Fig. 3.24 ICEBEBOMELZ RT. A7 XEFAT—XIHAINS. By RRT7 +—2R
77— (ZP-2N, Tmada Co., Japan) IZEfE i, RI7A X A7 KB TEEZG X 5. THE
DEE 7 A —R T —=PREE L AT =Y 2803 2 Tlifiiich s, 2%h, X7 —-I2R
74 ZENGEDFIEE VT EEE X, BRI IUITIEDEIX NSRS, oy R 254
R DD E R RS T /2012, ZOD/NIXRT Y V73 Fig. 3.24 DILKKD X S5ICA
4 XOWHANCEE X 5.

ZOEBTII—EDOKIRERE (BF 100 V,_,, FEEE522 kHz) 252, THROEZER
52 TE—RDHEN FEOBIREFHE L 72, Fig. 3.25 & FE% 10~110 mN £ TZ&{L X
B 20TEREZTRT. PEPIAO NI TOE 21X, X714 X X7 —XB oM
8B (2.25) TRT XD, THENEMT 2100 THE F M3 5. &AHES
I FEM 40 mN ORHICE SR, ZOROHENZ1T.0mNTH 5. L L, FHEH 40 mN Zil#
25 EICB e AT —ZDOIRFIZ DS DBMFH XN B2, HEAPMET L TWE 110 mN
WCHRDBERATARIEELRL KRB,

'Maﬂuge « 3 e ‘\ ¢
5 i Cne® e . ¥ Stator
—— S | i) ’
e Bearings { ~ 1
T~ 5= v P s \ \
= st N Ei D> Wt

K '\ x O
, -
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Fig. 3.24 Experimental setup for the preload characteristics.
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Fig. 3.25 Preload characteristics of the motor output.

3.6.4 TEIREFY S L O BRKEEFY

ANBECE>TE—XDHEINRED LSBT 205 T 5 Z 2 I3 E—X2HIHT 3
IZATCHETHS. £ CANBEOBERIES X CEEKEELEE, R4 XFEB LT
HNDBED LSBT 200HNE. ZOFEBTE—EDOTEIO N 25X, 77 712iF
HEBIUHIOY—270fE%2 70y b L. Fig 3.26 ICEBRGEREZ/RT. Fig 3.26(a) ICE
FEZ—E (100 V,_,) 1ZL, EEEEzZS8t 20EEBREZ RS, AR 522 kHz
D ZHE, NI DITHRKME 2D, JEEEDY 522 kHz & D M L IEHAd 5512
ONT, HE - HNXMET T 2. 522 kHz TIE AT A4 XOHME 110 mm/s, #7116 mN TH -
7o, BE—XROME L HESNE 522 kHz ZHIIINFRTH 5. E—XOHABZD XS IZELT
5DIE, ZAUTHEBRE—XOENCR 7 —XROHEIREMHEHL TWE 729, (233) TRT LD
WHARERETH 5 522 kHz CHROLDIBREDIRKELS R0 TH L. 7B, AT —XOFKGHE
T3 530 kHz C RO HIREIRED —H L TW=DICH L, &b EWEHERHEN X 522 kHz
THELNZ. UL, RIAXPRT—RIHAINS ZickY, HIRBEFRBEOZE(LL /272
HTH5. Fig. 3.26(b) 1 3EAKEE—E (522 kHz) 2L, BEEZELX B RFOME - #EH
OFEZRT. 274 X340 V,_, UL SEE 800, IRFHBICHENL T\ 5. FIIIEED
150V, , D& &, 274 XOREIFK 150 mm/s, HEINIHI20 mN TH 5. ZHUud (2.33) T
AT &I, BBEERRDIICONTEBRTFORMOIKE S RO FEMEISNKEL RE0T
H5.
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Fig. 3.26 (a) Frequency characteristics and (b) amplitude characteristics of the motor output.
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3.7 F®

ARETIIN AR =7 BE T — &2 2B FEE  3REHAEZFHA L, RIEL R
) =7 BEHE— X DOMWREEFREIEERIC X > TEHME L /2. IR T2 VAR = 7 ST —
2%, AR E IRENS 2 — T — F e TEAMNICKE IR 2 KHfEE— K
YW R THEOIRIE— F2HOE R I TRAT—RICHETIRERE XY, R4 K
PEHEIT 5. IS DIRFTE— FOMEASHLEE, KOV = 7HBEFRE—XHKLT, 2
T—RZDY A RN 0K T2 e TES. 7, RMELEZBEEFRE— X34
VXU AR R AR TERWICEM ST 2 2 & CTRIEHE— FOBEEIREREZHS 2T L,
IREIE — R 2 EBTHE U THEMAICEEMS 2 2 & CTIREIE— FZHHL I L 7.

AELBER 20N, FEBORXITA4 XOFHEEZHFNL Z e TiMfiLz. X794 KX
DIBPEILENL, 0.015 s TEFBHEIGEL, BVINEMEZRLE. TESEZHAN S EBRTIE,
40 mN TRADEE N 2B LN, RRIC, T—X2HH$T 2 ECEEE 223 ANEE
EE—ZHNOREFZRZHNL. E— 2 HNEFEREZL S 7 & JI3HRE R TH 2R
Keib, ANBEREICH L CIEEEGRTH o=, ZOMEAIZART—XDOIREN L %R LT
BY, AT —XDIRFBPREL B2 FLEBFRE—ZOE NS KREL 2B,
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HIE T AR = 7 BERE— 2 OFEMEEZ TV, ZOERREOEZITo72. L
ML, TOrXIZHWLNZRT—ZBRIEFREL I N b D TR, REFFEOMREI D HE
LLTRENZEZETH 5.

SR 7 BERE—ZORGNCBIT 523 5 —OD0EELREF, RT KV =T R
A XD ULMNITINEE5EZ 2 TEMETH 5. EEIRE 2 FHEYL T2 8FHE— X TR,
FTIEBEBORENC L > T, "IN EEDLZZENTES. 3.6.3 THO-HEEZ, TE
LN OREREERICHE TCE 2 X512, REUGERGEIEhTwWa. 2079, NMIBEHERE—
RDORKESIZEROIIC, WUIRTEEGIONIEEERETTILEND 5.

AETIE, VAR =7 BBERE—XDAT—ZDREH e, IR L 2 & Bl iz T
FEZEZ5ZEWTEDLV =T RATA XD EITD. AT =KX, BRI DOFEERIN L
FIETZTIORELRENLELND XD WKHKETT 2. A5 K2, AVy bEAR
7-HBHIRZIREL, MRONMEERZEZZ I TTEDREIZHFHETEZ X515, Zh
LEDRAT—REATAREHWTIAERA) = 7@8FRe— X 2R EL, @BELE, MERD
FEE L OREANLREEEDIMEZI TV, HXTETa— AT 7 F a2z —&2 L TOEHAEE
HEHET 5.
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4.2 RAT—2DIRENIETIL

AR T AR Y = 7 BE IR T — X OREARNREGET & ROV TR, BEL 37
FHREY) = 7 &R — RIS N 2R U 72203, AT —RDIRMPIEEZ 52
TEIOEWHENZHRET AN D 2. 22T, T—20H#H%E LT 2701 AT7—&ZDE
gL, AR =7 BERE— X DOMERER A L X8 2 TEICOVWTHET 3.

E—XOHN F X, AT —XDIREHDSHEET 2 Z e HKS. BEKRE—XDNZHE
T 20DV ONDETFIAPREREINTWEY, SE, ETKREES 27— X RE EOFEM
HEEH S EEN FICESEZ ST, Fig 41) IORT XD, ZONTOEENX, Nre &
Y R—DIKER G e BER D R RO ERE L TET MEINS. ZOT AT LTE, K7D
HEZ m,, KEBIUREREREEZN N, BLU e, KEBIUCEEIQREE ZH
Fk, BXUOE, TRT. LU, FBWEATA X AT —XEOHEMS ERT 2 BB D
. AT —=RMWRAT A RIHEMT 5, KEHFHOIRIES X CEE 5 A OIRIED T /5 255843
5. ZORT—RERTAXDEMIZ, BELHEI ZANF DRI ART I ENTES.
ZOWRINE N/ AL F =1, FOINIE—XHINIE S, 7RO IXEEEL ¥ OEMAYIE
Kehhsn, ZhookFE, BEREGRRzZNEN, d, T2 ZOETVIEEZRERTHLH
AN LTE v, & up D50 %, HHEAM 2, y & DERI,

mi + (¢ + dyp)& + kv = cptin + kyup, (4.1)
mij + (¢, + dy)y + kyy = cytiy + kyu,

7%, T ZTCHKFITEORNE wy, KFITE OIRIE w, 1

up, = Apcos(wt) (4.3)
u, = Aysin(wt)

ZIT, Ay BIUA RIE, fpl3REEBETH . X7 — 20 BHEIZ4 KT oM, H
BRFIIRT A RITHEML, R57A4A XK THELRZEST 2. ZORKEMESNVZREMTH S
23, —HREVISEATREERE— X TI1E D <HAES 2. EHIRBIGETS 2 &, HHEMDIKF
FiAB K CEETAOEMZIRD X 51272 5.

x = w’ ((izw 2k —i)_ = cos(w,t — ) (4.5)

A/ (cyw ) +k
y = oler T ) cos(wrt - 5) (4.6)
Cifw—qé%:\é%f%b E—ZXOBEEREHTHZ. ZOEFTALEE—XDHT

f%éﬁﬁ%Lﬁ%ﬁﬁiéwh&jO
(45) BLE(4.6) ZHVT, V=7HBEFRE-—FZOHENZHATS. 3, X714 XOHE
VIZDOWVWTEZD., AT —RERAT7A XTI R EDIEENZNE T I, X744 XDHE

45



04 B TR =7 EERE - X OMEEEA b

FE v 3AEMEEIOKEARORETHHHIND.
v = j:max (47)
b, TIZT, dpme &, RENCEELT A5) Z—MHo T2tk THONS.

) Ap/(Cowy)? + k2
maxr — - 4.
¥ (o - d.) (48)

FRRTE, AT —RERTA ZDORNITIE TR FIC K2R DH D, ZDEKE f105 £ T2,

Apy/ (cowy)? + k2
(co +dy)

U = Wioss (49)

A,
iz, N EZEAEROREENR T TERS. N FIEIAT X X574 XEOEI1%2 N
35,

F =uN (4.10)

LLTRINS., 22T, pl3BEBRETH 2. BRrRA7A4 XBOHEMST N ZRAEIZE
EAFDORENRA L 725 Fig. 4.2(a) D& FBELN 5. ZOROEMN N 2BEHREd, %
Huwa e,

N = dyjmaz (4.11)
TREIND. e FEEHAD (4.6) ITRTENM y EWAT 52 TRDOLNS.

Apy/(cyw)? + k2)
ymam =
(cy +dy)

(4.12)

INH &Y, #FI

A/ (eyw)? + k2)
(cy +dy)

TERINS. (4.13) X W EMEFHOIRIHRIBORER T A, ZHMSE 2 22T, #H FlIX
%<t52%ﬂéﬂé

FHRE—RDOHNF, HE v % ET 2720120327 — ZDIRFFEE DOKEHS B X OEE
D% %ﬁ%<?mu;mbz#b#5 RRELNAREY) = 7lEERE—XIEAT—X DM
L FFEAROREEEDAEEMIEZ ZBH LW, 207k, X7 — X 2KROIRH#H
EREMT 5 X512, AT —XBREFRETTI2LELD 5.

F = yd, (4.13)
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I

Slider
Slider

\ — / / |
'\\/\,\( \\\ /
\_ N /

x=_xmax y=0 x=0 y=ymax
¥=—Fmgxy V=10 ¥=0 V = Ymax
(a) (b)

(b)

Fig. 4.1 Mechanical model of the elliptical motion.

Slider

X =Xmax ¥=0

x=0 Y = —Vmax
¥ =%max ¥y=0
()

Fig. 4.2 Force transfer mechanism of the point contact model.

47



B4 B LT = 7 EE T — X OEREA L

4.3 EEFhZRAVICRT—25G

JEEMRTE VTR T — ZBIROEET 21T S. Fig. 4.3() WRT LI, AT —XDEFH
HEEIE, MECFECESSI CMEE2mm &35, SINELES Z 8IEAJERE D, /&l
BB ONET—ZDODHNFIETF T 2. X7 —XDBEITL L RDOER X, KFITTEETES
NRIRXR=RTHE. A7 —ROMHICIZFAKRDEBRFEHRBET 5. 2OV A XX, EX0.3
mm, 1.6 mm, BfT2mm T, X7 —XDOFHEICEBERLS —ELT5. EERFEELT
NEX IV TE 38, B RAICONTEBRETFORENPET T3 -0F—ZDH N
PETT 5. BUTL 25UFd 2 kD 272012, EEMRIT (FEMTET, Murata Software Co.,
Ltd., Kanagawa , Japan) ZHW5. 7 10EBEEIEY Y FH (Y 73%F 110 GPa. %
FE18.78 x 10% kg/m3, K7V v L :0.341) , EERFOMENCIX, PZT D N— F# (C-213)
ROV EZ AT 5. GElARYHEEISRD 23R) =703, BRALFORVWEE
REHe55.

BIEENZ AR T 5121, —XEfEE— F & ZXHEE— FORBERBED —H L TW3 Z
ERIRBELEAETH B, 332 THRREZLSI1C, ZhbDE— FOREGERKIIR T — & DBEST
LBIRZEE () WIKRES 225, Fig. 3.11ICRT IS5 RBT LBLIOES () WH
—EDE =X, FIERADPZENL THEERIBOMEIE B IIRED MR IR S Z e 3bh o
TW3, ZoZekh, LEWE—TelL, AT —XORIFEEIEHL 25 K512, KRikd
DIEZHEINIGENE I N 2 bh 5.

E—XOUHEDIBIEL 237 X—RX L LT, AT —XMPRHFHE—FERELTCVWL L X
WAL A BIEE W 5. BERE— X o)z R 3 EEREEClE, EBIRFFICBW TR T —4
DIRBHE ¥ BRI EMERICDH 2. Lizdo T, BRO¥E0 6 E—2H o2 T
THIEMNTES., ZIT, Fig. 4.3(a) ITRT LI, AT —FDIUEIDHEZEEL, HiR
FRCIRNL 2 BRI ED X DAL T 20 DOWT, EEMCTHEEIT- 2. Fig 4.3(d) &,
ANBBE—ET (A =10V, ) B2, 7R d e RIS 2 BIROMBZRTH 5. &
JBEDKEX1F, B MEAEIC2mm 2R3 XITERLTWDE I ens, REEdD LRI
1.8 mm & L7z, MTHERICE 2, SRIBAPKEL 221200, BRI EISTRNLS Z 2D
5. ERHEEZ, AT —XORENPREZLKR2I1200, AT — X DRI T 2729
TdhHb.

15
< — st ext. mode
g10 — — 2nd ext. mode
kS
£
5 5
@)
0 -
0.6 1.0 1.4 1.8
d mm
(b)

Fig. 4.3 (a) FEM model of the stator. (d) The current to the hole diameter d.
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4.4 XT—R2OHECFM

AT EEMRHTTIX, TR dIZREWVWHED, KBRS L WOIRERNRIND, Z
DI ZERRAES 527290, A7 —XRDOREZITS. Fig. 4413, JRORR 2 AFEDO R T —
RCHbH. AT—ROEFREHEIIV VEHTHY, RIFdORXTIEFZNEN, d =06, 1.0,
14, 1.7mm TH23. EERTOET VLRI, EBEOES L@ 2.0 mm, AT 2.2
mm C, A4 MOEEREFIEAESIN TV S.

Fig. 4.4 The prototype stators. From left, the hole diameters are 0.6, 1.0, 1.4, and 1.7 mm.

4.4.1 BRBIFEM

AT =RDA V=RV AERAEL, AT —XOBESFRHEERHL 2T 5. AEBROHIE
FiiEE, 34FULTHD. £z, AT —XPRAE—- F2FHELTVD L XN 2B
X, 38)»HEtHEEINS. Fig 4.51F, IRENITE— FZHAEL TV D & X ITRN2Eifi &, X
T—ROREFEAZTLIRLEDDTHS. ZOLZDANEEF A =10V, , TETH
5. JEBEN» O FTHINIZE DI, AT — RN 2 BIRMAEIZSEDPKE R 2 IEEHEMT
% FEEAERE, WMAOEEET TOFHBEEL FROMEEIE LN TV S, @ & EROFRE,
PEAESCINTRERE OEBRNZERIHEHEEZEZHNS.

iz, QB BXEMAESFRE L OLIREITS. Fig. 4.61%, SFIREET— Fo Q fHz BXHE
WSS EE, RT—RORFdT2Z7ay hLEDDTHS. QEB X UESHEMES
Rk IZENER, (222) BXTU(2.23) KDKD L. Fig. 4.6(a) ITAT—ZDREIZTEDQ
xRS, FNEAINELR2IZY, SV 7722 (BEED) PHMT 279, Qfil
EIMLTWE, d=1.0mm THRADMEL RS, LirL, THIKRENNSTEZLEETO
AT GREERT) HEINS 2729, QEEEDT 5. —77, WMERE LI Fig. 4.6(b) IIRT
2. FIRADPREL L BI1To0, EXEWEEEHRE L IHEMNT 5. 2, TUEdDPKRE
{75200, FliF v & ONKHD) DBEINT 2720TH 5.

4.4.2 HERAYEEM

3.5 LAERIC, AT —XOHRIFOIREMRIEZFHIL, HHMAVICEHMES 5. REIRIEDHIE
FiEE 3.5.1 OFEBRLE U HIETH 5. Fig. 3.5 3 RIE Ag =10 V,_, OREBEEZHEHIML 72
o, EIEZE DR T —XOHIRFREOIRFEEZRL TV, Fig. 4.7(a) FHE77 A OIRE)
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HEEZRL TV, BIAAICKE RENS 2 —XHHEE — M ZXHHEE— N X D IRENEE X
REWV., £/, REIVHEMT 21CONTHEBEIZHEMT 2. Fig. 4.7(b) 1FFET7 A OHRENE
JEERRLTWS., FEAMNCKE IREIT 2 ZXHMHE— FOIZ S B —REHHE— F XD iR
B EIERE L, SR REVIZEIREFEEIIEMST 5. DEXD, 27— XORENIIEE
PRELBRBIFERELIRY, XORERE-ZHIDELNL ZEDDD 5.

15
< O lstext. mode (actual) — Ist ext. mode (est.)
€ 10 F A 2nd ext. mode (actual) — — 2nd ext. mode (est.)
0% ——— T
0.6 0.8 1.0 1.2 1.4 1.6 1.8

1,000 10
800 L —-6— Ist ext. mode g || Ist ext. mode
—— 2nd ext. mode —— 2nd ext. mode
g 600 X 6
S
400 =4
200 2
0 1 1 1 1 1 O
06 08 10 12 14 16 138 0.6 0.8 1.0 1.2 1.4 1.6 1.8
d mm d mm
(a) (b)
Fig. 4.6 (a) The Quality factor @, and (b) the coupling coefficient k.
w 0.3 w 1.0
~ Ist ext. >
T mode 08 | 2nd ext.
Eﬂ- 02 | E‘“ : mode
= z 06 | s
.g 3
T 01 Arzrlllfdzm' E 0.4 T X rl;(t) ggt.
.E _____,,4"’/ -_% 02 r
< 0.0 = 1 1 1 1 [a7 OO & 1
06 08 1.0 12 14 16 18 2.0 06 08 1.0 12 14 1.6 1.8 2.0
d mm d mm
(a) (b)

Fig. 4.7 The vibration velocity of the stators with different hole diameters: (a) the axial direction
and (b) the radial direction.
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4.5 VDVZTF7RAZAADHK:ET

E—XDWENEED LI, RITA X RT—XEOTELBYIREICT 20ENDH L. —
R 72 T IEMSREICIE, NAPRURBREEFHLTAT—RERXT74 XOEMNZHM L TT
FExE5ZTWBEERHVSATWS, L, ZOFEEEIRAECORRE <A
Vo 7BEEE—RCES RV, £ 2T, Fig. 48(a) DX 5722V v MITAHE X L -ER
MEiz 274 ZWHAL, PEEZRITTE2X91CT5. A9 XDERIIZRAT—XDIREE
HHIMICKEL, RIARETHEAT DI EEHENNNEEZTEMRET 5. A9 X%
AT —RIHHAR, MATOEANZRDERL ETTOBIRICES 5 &5 21ETChE2HET 5.
CDETCHNBRATA X R T —XEDFEL 5.

FTHEDOREXIE, RTAXDODMBEIRBEIURAT —RDSREIVFHETEI N TE 3.
274 ZDEIRIE, Fig. 4.8(b) DX 51T, FFEr, &S Laiter, WELT, HlOKRS 11T
FoTHEZBNS. Fig. 4.8(c) 1k, AT —FDIUCATA X &AL LBROIBIRERT. HEE
1 DRAFTA XX, ROFFErICETHEMEINDE. 2O E, RTAXEREAr(=r,—1r) 72
FIEL, AT74 X AT —X e OFMENCIE, FEPIRETS.

THE P ZRD 2121, Fig. 49 IR T RAIA RIRFEEINLG_FHOL AL F—2E X
% [79]. —DHIX Fig. 4.9(a) IZRT AT A4 XDEREFFNEME L7 & ZIWEL 2803 4
IANF—ThHb. THEPIEEAMMIMZ SN, ZAT7A4 REEDAr 2PN hot T
5. ZOW, PIEP AT A XIELZFHEVTAIILF— U, ODBFRRIEULTO X 51215
Hb.

1
Ur = EPZleiderAr (414)

ZZT, Lgiger 3R T A XORMERIHYE T 5. ZAUXEEA RO L > TEHEI LT
INVF—TDHYH, PEPIF(414) DRETERHTSHS. FEPIZ, HIFE—XVMILo
THELB VT ATINT— U ZIRVTRICKRDZZ B TE S,

“OHWE Fig. 49b) WRITHITE—RX Y MZXoTHELIVTAIRINF— U TH .
Fig. 4.8(c) DR, BAMDP SRR FAXTHE. AF7A4AXBRT—=ZDITHAZH
THITEFT % &, MO TENEEIRIGS, EEICEEMSIPETC s kb, 2oL
T, BAWZEHEFR LRV DL T2 [80]. L THOMIZ, RS EMEDZ I TVRL
HATKR ds 23 5. KR SHEHEy TOERE Ads 8 LTRT &, UFAel,

o Ads
- ds

Y%, T E— XV MCEXBZOTAIRNLT—Ugld, HAMBOEREBV ICX3ETICL-
T, UToXks ko s.

(4.15)

1, 1 :
UB = §E€ dV = EElleider 9 dy (416)
v
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ITC, EBY Y IRTHD. RITAXDIMEr EAT—RDRONEry ZIRET D L, O
?&azu%y®%%uuT®;ok&ﬁ$mkﬁ6mé.

Ar
(4.17) % (4.16) WITRATZZ2IC& D, BIFE—X Y MC KBV FTATIAF— U RSN
%. (4.16) THROLNZVTATILX—Up X, (4.14) OO TAZINF—U, FELWVE
ARTIENTE, 414) D FEPERDZZLDTE 2.

m » Preload %
Stator

Slider

ds

Original

%
/
%
%
%
/
L
/
/

Inserted

©

Fig. 4.8 (a) Preload mechanism for the cuboid linear ultrasonic motor. (b) The design di-
mensions of a hollow cylindrical slider. (¢) Geometric relationship between the slider and the
stator. When a slider with a slightly larger diameter than the stator hole diameter is inserted
to the stator hole, the slider shrunk to the stator hole generates preload in radial direction.

\ P N ) 7P
OERONE> 22
t
(a)

(b)

Fig. 4.9 (a) Strain energies by a shrinkage in the radial direction. (b) Strain energies by
bending deformation.
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4.6 IHER) - 7BEREE—XDOFHA

SEAWADY) = 7 E T — X OMRER ERTEMET 4. Fig. 41012, FHlEBICHW S R
T—RERTARERT. AT —RITZ, FifictRD KERIREEEIF LN/ IEd =17
mmDHDEHNSE., X744 XE, AV Y FDA->EAMGET, ZONEEX, RXL=10
mm, WEL=015mm, AV » M&0.5 mm (F.0MFE ¥ 73.18), MEZFEE (Y7
E =196 GPa) TH53. A7 XDIMREIRT —ZDIFEID DB DOITNITRKREL LD XS
EEILTWVW3., RT—RIZATA BEFAT 2 BT KD TELRET 0, ZOFHED
RIEEIXSERINCTHRNZDERH L. 22T, THOKEIEZEZ 605 X511, BREDE
EPRBIRTARZEET 5. AT —RD7URE, BEIIFERZ1.680 mm TH 5740, H
£ 1.680~1.700 mm DHFFICHBNWT, 4FED A I A4 X2HEF L. AT —XDIRBEE—ET
BB, AT7A4AXDEEPIKEVIFETEIIREL LS.

E—XANDANBEEE, 3.6.1 LFEIUEREEZFHLTRAT7T—XICHMT 5. X754 XD
EMEEHORIEICX, BEEH X (VW-9000, KEYENCE) ZH\W3%. E#EH X 7132
FSARDENE R T F T, BoNLEMOREERE, BEMOD T2 Ik TEE
CHIEEDG 2. T—XRAET2HNE, BoHEEED I (2.32) LhRD 3.

Fig. 4.10 Stator and slider for the cuboid linear ultrasonic motor.

4.6.1 FHEFE - BERE

THEOKREZZLE—XHENOBREERTHL 2T 2. TEPIE, (4.14) & (4.16) 225
FtExNS. FlZIE, BEFEL1700 mmDATA ZBERAT—RDOIIHEATSE, Ug =0.37ml]
DOFTAIFNLF—PEFEIN, P =069 N/mm? DFERFEET 2. WHLI-4EED R
FZARZHL, ZNENEHA OGS E—ZBNRETEZHNOUEEIT- 7. TR, A
TIEREIE R fr = 480 kHz, BERIE Ap =100 V,_, E L T—ETH 5. Fig. 4111ZF
FEL#ENOBGRE RS, FHEWVNIVRIE, AT —Z0nBRA 74 EANTRICHPEETE RN
728, #HHEV. FEEZ EJTVE, 021 N/mm? (¢ = 1.686 mm) DY &, E—XHfESZ
BARDOR15mN &2 5. ZORDR T 4 XHEDBEINE % Fig. 412117, A7 4 XHE)
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EZIHRD T HM 15 ms TEFHEE L 2D, ZORFOHMEIZHN 70 mm/s TH 5. Fig. 4.12 D
ML, (2.32) KDKRDERATAXORETH 2. FEEREE (2.32) KD RDLMEICERED AL
5. ZiUuE, FRHLZEXIFAXRDOANYVREICEDRT =R AT 4 ZOEMIKEL —E TR
WD TH5. AEZER S, HNIRLTHED L, &ERIZ0.42 N/mm? (¢ = 1.692
mm) CTRT A REEPRL7%5. ZIFTEOHEIMCE->T, R74 XHBRAT—XDIRE %
WL, BT 272D CRERIRIEENFONRLRLTDTH 5.

20

Force mN
— —
S D

T T

O 1 1 1 ©
0.000 0.100 0.200 0.300 0.400 0.500

Preload N/mm?

1.681 1.683 1.686 1.688 1.692
Slider diameter mm

Fig. 4.11 Relationship between the preload and the motor’s thrust force. The preload is
changed by the diameter of several sliders.

100
2 50 | X0 ORI
% 6 BT =4
)
5 40 G //)5( x  Experiment
§ 20 | 45" — - Model
/,
X
0 ¥ 1 1 1
0.000 0.010 0.020 0.030 0.040

Time s

Fig. 4.12 Transient response of the cuboid linear ultrasonic motor.

4.6.2 TBEYHYE - BREUSY - HERE

HIH OS2 S, ANEEORIEE AR EZER L &, CO XS THIPZET 220
ZHEBELTBL ZLERETHD. 22T, ANBREORIE Ap & BB fr e ZLZ ¥, 7
FARA) =7 BERE—RDOEE NN D XS5BT 200FET 5. Fig. 4.13(a) i3,
RIE—E (Ap =100 V,_,) T, FBEE fp % 470 kHz 55 488 kHz ¥ TEZ - HEORE L
WHThHs. fr=480 kHz D, HEH L HEIIRALRD, ZOROHEINIH 15 mN, #HE
1389 81.0 mm/s TH 5.
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Fig. 4.13(b) &, FEE%E—E (fr =480 kHz) 2L, IRIE Ap % 180 V,_, £ T LT~
BOREEHNTHE. RFAXF A =20V, , UL S8 ZMED, HE & HEIIIRE I
AL THEMNT 5. RIEPREK (A =180 V,_,) Or =, 40 mN OHES #7125 mm/s
DEENB/BOLNTVS. ITHHDOBERE—XDOHNFEZ, X T7—Z0REIzRT (2.33),
(4.9) BEY (4.13) THHAT 2 2 e TE 5. BEBEZZEIE 2K, (2.33) DOEHIRT
(W — W) +4ACW RN 725 & ZITIREIDER O RE L R B0, AT — X ORIRBE IS
WTH5 480 kHz TEEB I OHENZRKL %%, —HT, BEERELXE25513(2.33) D
L, (49 BIPUAB) DA, BLUA, 2ELSELILRAIBTHLID, XT74K
DHE B X OHINIEEIRIBICN U THREZINICZELT 5.

RRIZ, E—XONRETHET 2. ZOEBRTIIANEED B fr = 480 kHz, RIE
Ap =21V, Z2—EIZL, EEOHMKHEZEEEL TR 74 XOm/PNEMNZHFHNL. DL
EDRTA ZDENE L —FENET (ZS-HLDS5, OMRON) THIFEST 3. X7 4 XiFHZET
DB, AT A4 XDIHERIIERERZED 1TV, Fig. 4.14 1 3B EDHIFEZ 1 ms
WEREL, 1sHRTEEEZEATZRORA T4 XOEMNERT. ZORD 1 X7 v TOFEH
BiEE 1.111 pm, AREERZEX 0.158 pm, HAFEZ130.342 yum TH 5.

160 20 160 80
Velocity
Z 15 Z 60
g =
S % = %
ez g 2 40 8
Q = Q =
2 s 2 g
> 5 > 20
0 e EEE—— 0
0 100 200
Frequency kHz Amplitude Vp—p
(@) (b)

Fig. 4.13 (a) Frequency characteristics and (b) amplitude characteristics of the motor output.

—_
(e)

Displacement um
S N B~ N

0 1 2 3 4 5 6 7 8
Time s

Fig. 4.14 Time history response of the slider motion when a 1 ms input voltage is given.
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4.7 F&o

AEFFETIE, VHBE) =7 EERE—RDRAT— R L R 74 XDORFFIER BN & EBT
BSOS L7, AT — &%, HRIRFFICHN 2 ERBEICEEH L, X7 —XRDIREBPKEL LB X
TR ERRGT LMERITo /2. BEL 2R T — XD BRNB X OHHINCEHE L, 7UEK
EWECIRENIARELS D, BVHAIBELNS Z e PHERIN, AT74 X%, AV vy bA
h OERMFEZRHAT 5222 T, /MNMITHYRDS, BUIRTFEEZEIAOND L5k 7.
CORED D 5> —ODRREX, HEFERERTZ 22 THD, FZEHI/MIDL v XDREL
7eh, ERZELLDTEIEDARETD 5.

BRI, BIELAERT =R AT A4 XEMAEOET, EBDOE—XDMREDFHEIZ 1T 7.
FTHERETIE, A74AXDEEEEL, HOPRKE 7R3 FEEEZERIVICHEL . 5H
ER L BB RE— 2T, PH021 N/mm? (¢ = 1.686 mm) THRAHE 72D, X741
RXDOINEREZ DI CTHEZHSITX2 e 2R L. E—XDMEEL LTI, EEIRIE
Ap =100 V,_, IZBWVTH 15 mN, Ag =180 V,_, IZBWTH 40 mN DN HE LTV S.
X5, BEANBEZZZ 2282 T, 1 pm ODREEDER L. 2o D00 EEE
X, IXTEY 2—DL ¥ XNiiE % EEH O EHICHIET 2 01+ algetE 2R L 7=,
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ErE HRY-—T7HERE—XDORRE

5.1 IXLC®IC

FEBEEREE—XE, IXTLYADF -+ 74— ABIVPX— LA D= X LDHRRER
JEEEENCHEIR T 7 F 2T —RTHLH. —KINC, GHE - BREOBEERIRE T 57201
X, RERLIVA ARV UIRMEHINS. KO H X7 TEL Y XDOMNBZHAET 5
72912, EER 60mm OHERI KX RBEIRY ¥V ROBERE— &MAFEHINS. LY R
ZOV Y IHBERE—-XOPRICHEIN, T—X20EET 5 Z & CERFEIT 2 [81].
BELe/NULEZEBR L2 X 7L XOERENZIE, Ly XHIEICHRE S N2 EREY 12 mm
D/NBEERE—ZBEAINA TV S [82]. ZhoDBEHFRE—XIF, VY I7HRORT—XE
0 — X TR XN, MEHFFNETRZAER L CHEGEFH 2D H L TW5., LY XDMER
FEIT 272012, EEE@%EE%%K;ofﬁﬁﬁﬁmxﬁéﬂéﬁ,EE%%M%W%%
DR EER L, B ) £ XBRET 2 0o HERD

2010 FRIZED S, RERIBA R T X — ﬁ@ﬁXyV/xLLm2&4f@U:7 ER=R/
E—ZPRASINTED 83, BHAT vy Y7 E—XTHFESE 258 L B L T 4~5 15
HNEECENEST 5. V7 BERE—XEMEHTIHAE, BEXI=b2"v 7Ty
TaAaDBWEAL I N RIATERERTXZ22THS. LrL, ZALDHEERE—XDE
FFEEICHOS N TV AIREIE— FTIX, A7 —XBIRIEL Y X 2T 2 & 5 P 2EfisE
TBHZEREELL, V=7 FELNEE . —F, PEE0) =7 BFRE—X D
WL OPREINTWEY, ETHRIDRT —ROE S IIHLEE W [39,48,84].

SEF TR L AHEDN) = 7 BE KT — 2/ NCHh OB A b Ey. LaL,
oY= 7EERE—21%, BEFEETHEHL WS 200RIE— FOBEERIEKEZEL <
TRAREND B0, AT — RGIRIZIHFERIGENVEIRICT 3 0E R H 5. OFH L v XFEH
RKELRBIZON, AT —RDBEAEMEPTRLENDHY, Av— b7 52D XS5 HRERDH X
T TNA ZNHES TR WAREN DD 5. 2T, EHIROIBEIT— MIERL, X794 XEPKE
K THARAT—ARDEAZNEL LEWER) =7 BN T —XZ2ET 5. BEFERBICHEHL
TIREIE— R, R0 ) =7 @8EFE— 2 THVWLR TV AIREIE— F X D {ERDIRE)E—
RTHYH, AT —RDEAZMA S Z N TE 3. #AY) =7 @E T — X THW 2 ERE)HRH
F, TRNETIKHEINTOWARWRETH 2720, HEBHWAKERY A XDE—X %2 EBIEE
LT, MEEE & OMERERHf 21T 5.

KRETHNT 2V =7 BERE— X IEREFE M 5 kHz TH D, BEREBRTIERW.
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TR SMOEBRFrREICH D BEOEFEOERF ROEETER N TVS. EEHR
TIRESHENCHBEINTED, MIDEMTH 2. B, SEMICEEINRTS I
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1P N OHERE) £ — F%Wi?%t@k,ﬂg5M)k??i5k,4o@%&ﬁﬁaﬁ%
WHIMEN %, BHOD 4 DDOBBMICHNESN B EZ £, BXUYE, 35, —7, HHICH
MENh2BEEE,, E;235. ZHHIFRDELICRINS.
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Front side Back side

Metallic plate

@ ®)

Fig. 5.1 (a) Schematic of the hollow linear piezoelectric motor and (b) voltages applied to the

stator.

Q | n

(@) (b)
Fig. 5.2 Vibration modes to generate a linear motion. (a) Bending mode and (b) longitudinal
mode.

Perspective view
Stator

Side view
Stator
| A
y
\ \/ \/ \/
el
t=0 t=m/2 t=m t=3mn/2
(@) (i) (iii) (iv)

Fig. 5.3 Elliptical motion of the hollow stator, which is combination of the bending mode (i)
and (iii), and the longitudinal mode (ii) and (iv).
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5.3 et EE
5.3.1 HBiRkEHET— K OEBIREE

B =7 HEERE—XORIT TROEERI &IF, MOBEKE—& & FRICHITIRE)
E— FB LUHHREEE— FORBFIREBDFE CICKR2 X512, AT —XDOiEZRD L 2T
H5. ZDLOITEBEGIREE— FOBEAIRIAN R T —XBRE LD XS5 LEKRTDH 2
DPIANZREDNH S, 2 TET, Fig. 5.4(a) IORT X BEBEILEE I ROES LIES W
‘& (H77m) 23T O HEEOSIREE — FOEGIREIEICOVWTEZ 5.

HEPIRENE — RIXEROEIFIREI E L THE R 5 Z 3 TE 5. EAROBNITHRE) O [E A HREEL
fold, 332 THAHL7ZKL 51T (3.7) TRENAS. (3.7) Z5RD Fig. 5.4(a) IHIET 2 L 51
HEHT L,

ml E
2W2\ 3(1 —v?)p

fo= (5.5)
%%, (55) £ RF A4 XD _KHEE— FOEAIRE f, 3R T —KXDEZ T Lig W OB
BThrZehbnrd

WeREE— F (Fig. 5.4(b) &, yH#AMICKEIRHIT 2E— FTH S5, Fig 5.4(c)
WORT y Bl NS HE S AR OMEREI . LTH X 5. Wil H HOMHRE o BAIREIE 1 1%

1 |E
ﬁzﬁi — (5.6)
ThHd. ZZTWERT—20EE (I8, EEYY 7R, pl3BEE2RT. (56) Xh—X
H5EE — FOEBEREEL £, 1, BEATICHEFRRSEE (IE) W OAKEST 22205005
(55) BEU (5.6) KD AT —ZDEX THHHEMT 5 &, HIFIREIE— FOREHIREE f, 138

mu, “FiROMEREI DB AR fi 1FZL LR ehibh 2

t t
e L
Hx ) ~ " y
SN, 93 “?3 ! ;

| ! t

(a) (b) (c)

Fig. 5.4 (a) The plate model. The first extension mode of (b) the plate model and (c) the rod
model.
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5.3.2 FEM Z{ERLE—HILEER

BIRET — FOBERIENT (5.5) BEK(5.6) XD FHT 2 Z e AlREL ko7 Lo L,
EROR T —XIFEEETH Y, EFBERTFIEEIN TV L0, [EilERELZRDZZ LI
WEETH 5. 22T, AREHRZE (FEM) 2 HW=E— FIRITICE D 27— X DIREIT— F L [
BIREFEHS 22T 5. BEREEIIA 7T — X OTTRIHKITES %729, EEMFHT (FEMTET)
FRHWTEIREE— FOBBRIEZHAEL, —20REE— FOEHIREEH,F CMEL 725
XWX AT —ZDOETEEFMT 5. Fig. 5.5(a) IKRITHROR T —XETFTNLERT. BEH
mnld, ASTE G0 mm, WNE42 mm OFZERSGETDHS. AT —XEX (X714 XEETTH
DRE) TREREL, EXTDHOEE, 1B, BIONEEEEES RV, MR
XY UEW (Y23 110 GPa, %E 18.78 x 10° kg/m?, K7V VI :10.341) TH 5. £E
£, EX05mm, IH8mm, EX 18 mm THH, MEFHEZNN— M DOEEME (¥
2% 1 80 GPa, % 18.78 x 10° kg/m?3, K7V > H=0.292, #MHYHEHRE=2500) DR
TH5. ET/MHHIFRELTIC, BHIREIE LTENEST 5. Fig. 5.5(b) &, EXT %36
mm 25 4.4 mm KL E B 20, MR OHHREIE— FORIGIREIE f, X f; DZEH)
ZRLTWS. HFIREIE — FOEEIREEL £, 1ZEXPE T LM 5. —F, HREE—
R OEEREEK f IESOZLICEFRRL —ETH 2. EXT240mmDE X, ZODE—
R O EEIREENIA 5.16 kHz T— L 7-.

RIZ Fig. 5.6(a) ITRT LI AT—XDEZ % 4 mm, WER 42 mm & —EIIZL,
EWow ZEZTGEZE Z 5. ARERETHS DR o 72 il R CHHREIE— F OEHIR
B f, RO f; % Fig. 5.6(b) IR, HITIREIT— FOREEREE £, 1%, (5.5) Ebbrsk
IWATIE W, DREL R D 1DIET T 2. —7, HHEEIE— FOBEEIREE f 39-1E
Wout DR EL L 2I120NT, HATHE W, ETHEDENREL RS, 2, BIORI M
{7252 AT, (5.6) DW DEI/NEL L2 EHTH 5. LidioT, IEW,,
DI 2120o0C, HNFIREIE— N OREEREE £, IJMET L, HHREE— F OREEIREE
iS5,

Fig. 5.7(a) 3R T —XDEX, ITER—EICL, WEW,, 2ZEZALEEEZ R LTV,
AIREZRETH S 221272 o T2 il K CHERENE — F OEIEIRENIEL f, X f; & Fig. 5.7(b) IZ7R
T W, IS 21200 T, HIFIREIE— FOEFREEK £, JIFrACE LRV, —
77, MERENE — N DEIHIRENE fi 3INTTE W, 2L & RIS, SR W &
WNPE W, DEDKREL RBICOMETT 5. ZhsoMAX (5.5), (5.6) & —T 5.

RRIZFig. 5.8(a) IWRT XS WRKAT—XDEE, HHE, WTEZ—EIL, HIKY R%
BRI %E2 5. BRERETHSL PR - 2T R OCHIRE £ — FOBEBEIREE f, &
O f; % Fig. 5.8(b) \&/RT. MHHD REZDHEIMNT 21200T, HITIREIE— FOEEIREIE f,
EHTLIHEML, HHREIE— FOEAREE f 1XZe A B LRV, U, RT7—4
DADEBIMHRE T — FOBEIEIRENEL f, X A CEELZVOI L, HFREE—
FOREBIREEL f, SAOEEDKRT L L HITHMNT 572D TH 5.
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f»: Bending mode

-_—

f1: Longitudinal
mode

40 42 44
T'mm

(b)
Fig. 5.5 FEM modal analysis of the stator. (a) Dimensions of hollow rectangular metal stator in the

FEM model. (b) Natural frequency of bending and longitudinal modes with respect to the thickness
T.

62 64 66
Wour mm

(b)
Fig. 5.6 (a) The stator model. (b) The natural frequency of the bending and longitudinal modes
with respect to the outer width Wo,;.

(b)

Fig. 5.7 (a) The stator model. (b) The natural frequency of the bending and longitudinal modes
with respect to the inner width W;,.

e — —

Fig. 5.8 (a) The stator model. (b) The natural frequency of the bending and longitudinal modes
with respect to the rounded edge R.
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5.3.3 XT—2DFRE

HIEI DTSR E b L ICA T — X DRIERITo /2. Fig. 5912, EFRRIEL =SB L
SHDODEEZRTEHITAAT—RERT. AT —ROEBEHME, #HifiosrIaL—a vk
BEDHLICELZATE60 mm, ASTE42 mm, EX 4mm, REED 6 mm OV > Fill
DRTH 5. A7 —XDETHICIX, RIA4XZEMRERNSE 2 72DIZHEE 0.5 mm OFZ
FTW3. BOERIIEGEIRIHREZ(LIEI0, ZILENDOTILTHI-0EMRTIh
TE%., FERFOREXESmm x 18 mm, EX20.5 mm T, it SKOEERTFIREES
FICHEEINTWS. EEZRTFIIHN 2500 DEW Q HEHFD N — F# (C-213) THhH, i
HIENFAMDER, SEMPEMTHS. EBEEBRTFEI T RF IEEFTHEEL TV,

Unit :;: mm

Fig. 5.9 Prototype stator for the hollow linear piezoelectric motor.

5.3.4 AE—4>XER

RELIERAT—ZOHIREFARNZ2DI1C, A V=X ZADOREEREZRET 2. g
REIE — F e HHEEIT— FORIRABEEIIA V¥ — K VAT F 74 FANOERHEEEZ S
ZEYTRAITES. Fig. 51014 Y =X A7 F 749 (IM3570) & 27— X DK ITIE
ZRT. BFIREIE— R R T 258, Fig. 5.10(a) \ORT & S ICANEERE R 7 — X
MCHERE L, 79 Y FRRAT—XBTHICER T 5. ANEBESEIME NS, #imd kR L,
DS 5. HITIREE — FOEAIREE CRE kBRIt &, fife LTED
24 =R RIWAT B, —F, WHEEIE— FEEIE ST 2121&, Fig. 5.10(b) IIRT &S
2, ATEERE L TOEERFICHERL, 77 Y NREEADEERFICHET 5. ANE
FEAHMEN S &, A7 =D ETOMDIRRL, EADOETHAIGHIS 2. Zo#hiIRLIC
X DERPEML, HIREIE— FOBBERIBTOA Y E—X T ZADBWDT 2. #-T, =D
DE— FOEARIEIIA v — X ROEFZBHT 2 221XV HlETZ 3.

Fig. 511 ICMER T —&X DA Y ¥ — X > 2D A2 RY. PRI E— F (Fig.
5.11(a)) EHHREIE— F (Fig. 5.11(b)) OHEIRFAPERI 224 5.24 kHz & 5.25 kHz TH -
7=. FEM @t & 2B o B o R R A 0B, BUWE L IS EB T 282 1I0ERK T 3.
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Fig. 5.10 Voltage application (wire connection) to the piezoelectric elements for impedance

Front side Back side
Vin |

(b)

analysis. (a) Bending mode and (b) longitudinal mode.

Fig. 5.11 Frequency characteristics of the stator’s impedance. (a) Voltage excites the bending
mode (associated to Fig. 5.10(a)), and (b) voltage excites the longitudinal mode (associated

to Fig. 5.10(b)).
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5.4 8 Z7BERE—XOFMmERER
5.4.1 HEREE

Fig. 51212, EHY) =7 #EKE— X OMREZFHT T 2 /-0 O EBREBOBIEX 2 ~d. BX
FCHELRRREEIZ 7 773 ard 232 L—XTERL, EHEERTHEEIAT, X
T—XROEBRFICHMENS. HINMEBEOHRIE, BHEE, MHEE7 77 aryyotrl—
X THETZ L. RA7A KDL, L—HP—ZN7it (ZX2-LD50) I ko THIE SR, H#EE,
AT A ZOUHENCED (31 72 7 4 — 25— (ZP-20N, Imada Co.) Z W THIET 5.

AT —RZDAT A4 RBDFFEE, Fig. 513 1TRT A4 ZEEEHANTER S, A94 KX
B ETO20DEBTHERENTED, 220034 ANIBRT 4 XEICHBEINS. Nt
XDORTARXPHHAZIND L, NAFRAITAXZNLTRT—XO LM EIICTEY 5 A
5. A7 REME - @S 42 mm, EX 10 mm DR T L AEOEEERNT, ERIZHN64¢T
H5. THERIE, FROIE (Bxh) 2ZZ2 252 T¥d 5.

Input > Function Generator
PC 7
F | Amplifier2 || Amplifier] |
Displacement EwEoEq | | Ep
signal Stator |
Laser
displacement
sensor

Fig. 5.12 Experimental setup for evaluating the motor characteristics. The laser displacement
sensor measures the slider’s movement.

Metallic
/ parts

!1\ \qj el
F\\/
S}gln

Slider

Preload %56

o i
l

Fig. 5.13 Preload mechanism of hollow linear piezoelectric motor. The preload force is given
by restoring the spring’s force.

65



55 E ENY = 7HEERE— X DR

5.4.2 FEHE - BERE

Fig. 5.14 I FIEZ(LROHEN OZ(L B RT. THERIE, A7 4 XD 2 IHEL 72N+ DIE
TTHOEETH 2. ZOFERTIE, —EBHE (fe=528kHzBXUL A =50V, ,) ZE—X
WEIIMLTW5., #EFERL ML, FED0.717 N D L =128 0.505 N O KHES
PELN. 0.TITNZBZ 3L, THEIEWE R T —XOIREZIGEIL T 2 =D 2585 4
WD L, BRINIC0.825 N TR I A4 XIIEREN L7 12 5.

Y = 7B R E -2 OMERETHIEL, BREEHEES 5. Fig 5.15 ICH#I R
KeolFEEMN0.717T N DD R T 4 XOEEINEERT. ZOEEINEIE KBS
BE—XRELFEIU—XENRTDH S, BEIIH 40 ms TEFIRTEISE L, THIRTED LT 1
K30 mm/s TH 5. ZONREREIIEI VR TEREE L 2 OHROBE K E— XITHA
THERAGEW [85]. ZOREKE LT, RI7A4AXDEEN 64 g & HERNEWZ BT 5N 5.
ATARETILIZTLARF R YD I BBNMEZFERAT 2 Z 21K - T, W5 B D K
ZRLT LI TES. Fig 5.15(b) & ¢ DA 7 /2 026 —7/2 1T L LTz & Z D5 TA]
ANOHEEERLTEY, EFHEEINMERE LD L, /A XBELNS. ZhEAT—X
BLLIERATAXDERIZE o THE U ZMTRREIC X o THARENEDL 2720 TH 5. (K
HANZIEE — 2ET A IR S R CHEII 2 BAEX R E e TE S.)

0.6
Z 04
Q
2
S 02
0 1 1 1 O
0.65 0.70 0.75 0.80 0.85
Preload N
Fig. 5.14 Relationship between output force and applied preload.
g 40
g 30 i S,
2 20 -|h_-ﬂ"*|-
S 10 b
> 0 1 1 1 1 1 1 1 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Time s
2 40
Sso
2 20
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Time s
(b)

Fig. 5.15 Transient response of the thin linear piezoelectric motor when the preload value is
0.717 N. (a) Forward direction and (b) reverse direction.
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5.4.3 TBERHE - BREASHE - 2E6E

E—KXHIBANEEIN L TED LSBT 202 ET 5 Z X, E— XN Z2HIH
THLOICHEL RS, 22T, HMEEDERE fr EIRIH Ap 22 (L€ T, #HNY =7
BEKE—XOHN C EELFHNS. REBRTE, #HIPERERETE(0.717TN) 25,
HheHREOY—-7H2 7771 7my L.

Fig. 5.16(a) ICEERE—E (A = 50 V,_,) RORBEEBREE2 RS, #HOHEZL D
125.28 kHz T, #70.505 N O AN £ #9277 mm/s DRKEE RS2, —77, BEE—E
(fg = 5.28 kHz) 12 BV 2 IRMERFEE Fig. 5.16(b) IR T, 274 X% 20 V,_, AL SEREIL
Hb, HEH L HEIIIRIEICHLAE LTINS 2. IRIEX K (A =70V, ,) Or %, $0.577
N OH#ES & #9 39.3 mm/s DL 5 7.

IHNF =R, bbb e ERAN O ZHEE T 5. #HEH-HERMEIWETH
5ERET 2L, WML NIRRKEE L RAHNIOBEO 4701 e LTHES NS, BEXRA
TEEIE, R, MHE»SHEETE, Ap =70V, , TH 8.9 % DERAMENE SN, B
E-REHRT 2 2B ONRIIRND, BERE—XOMEL LT —BINRETDH 5.

XRIZ, R4 XRDRREZHET 5. ZOFEETIE, ANEEDHEKE frp =5.28 kHz, ik
& Ap =50 V,_, T—iEr L, EEOHMRHZEEL TR I A XORNEN 2R 5. Fig.
5.17 (X EEDENER % 2 ms IZ8E L, 500 ms R TEIEE S5 XKD R 7 4 ZDEM &R
3. —BFEOFEENIA 23 pm T, WRAKFRAIEIN 2 pm TH o7z, DAEEIEINELE X7 v 7
ANDORENIC I DS E S LD TE 5.

40 1.0 50 2.0
" Velocity
3\5' 30 . . 1 0.8 é 40 F 4{//4. 115
i Veloc1ty\// \+\* Force {06 % £ 30 L ;'-/// %
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Fig. 5.16 Frequency characteristics and (b) amplitude characteristics of the motor output.
300 3
E .*
= 250 _—
I Lt
g 200 23um "
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A 50 o’
0 Ko
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Fig. 5.17 Time history response of the slider motion when 2 ms input voltage is given by

intervals of 48 ms.
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55 XL

AETIE, FILOBEFEEZ2 HWER Y = 7HBERE— X 28R L, ZOHEAREELSE
BROICE-AI U 7=, BRENEIEICIE, FERIR TS % Z L BRJRERIREIE— FICEH L,
FHEDIRENCHITIREIE— F %2, TEAFAORINCHIRIIT— FEZHRALL. 206 DIRE)
E—FEHHT AT, RIAZXDEZIIDE VAT —XOHFDVAETHS. RT—X
¥, FEM N1 & o THIREIE— FOEBEIREIEDFE CEICR 5 X5 IR EERET L, & 1F
LIzAT—RDA ¥ =R 2R ER/ET 5 22T, ZODIRET— FOFEFFIEI A EET
D EHRL .

WA = 7 BERE—XOH L, EBEORXIAXOEEXRAET AL TIMELE. %
3, HH e FIEEOMBREFAN, #HNPRAE R 28R TEREYEBRINKRD -, RERT
FxE5EZ2ZTHINIOSNMEERD, AXSDL Y X2y bZEINTOICTH7RH#ES
TH2 I ehERsN. £k, FUFLTHRFELLZE—XIZ, #1300 V,_, OEIINEETEHRE)
THMROBERE— R KT 2 & HRNEWEBIETHREI T2 2 e T 5.
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6.1 IXIL®IC

AR CaiH L 72788 ) = 7Bt — X OFREICE S WT, /NUICE S 2 5B 21T
5. WA 7 HEEFRE—XRDRHMO—21F, AT — &N ¥ LS TR T %2 %5
LAV THD. R CAfEL2EAY) = 7EERT— X3, &% (IB) 60 mm, EX4
mm CH o720, ZOH A ZHRTI07D 1IBEDY 4 XFTIEERTFOeBIHDFRHI
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IR =7 BB E— R EET LI A TRELRFELRDIDN, RT—REATARXED
MICHERN 1252 2 TIESEOBRETH 2. ZOFTIEHEBORNE, T—2HhEED 27
DICHETH L. KEOBERET—XTIE, ZFHERGH e RICEEEO RO ER X508 (H
ZX [86]), T DEMEEITE—XDREIZDRDSD. AT —RDHZEERETTIE, MY
72 TR EYRTEDOREDLERINS.

ARETK, Y =_7BFRE—2%Z2/NMNMULL, LEDEDTHVWIZATAXTE—XD
2 TS, P2 T—R1E, BEEIRPENI45mm, EXNR1ImmdDH, A7 XEFHAT
72 DHFLNRDB2.7Tmm THD. AT7A4 XL, PHEEEL LTHIMEET 2 X512V v M
I N -EAMEER W, ZOFEFELE, FABETHHALLZY = 7BEKRE— X L[H
BROFETH 2D, AT —RERT A XOEMIREN R 5 12 DF I TEETVERE L,
THEEZHMNT 5.
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6.2 /NBIXF—H2DEKET LM
6.2.1 FEM f#tiz AW -XT—X D&t

5.3 THiNZ K51, B = 7EEF KT — X I TIREE— F 2 fHREHIE— F OFEEIR
FBDEICMEICT 20BN D 5. UREHS, 2T —XO/PNULIZE-> TR T — X DEB IR
KBNS 3720, FEM @i E W TNIZ T — 20K EHIREIEERAZE L /2. Fig. 6.1(a)
WIS WS 27— Z DR STEEZ RS, AT —XDOLEHDOEI/MOT OE S LIEX 4.5
mm T, AIXFEE L mm OMHED 21ToTWB AT —XDOHFIIZIEERAY 2.8 mm, il 2.7
mm O EHILBIWT WA, @EHORME L CEMICIT AR SKHOEBRR B S TED,
EX2mm, H08mm, X 03mmThd. AT —XDEX (X7 4 XDHETHMDEX)
3T e LR, SiREE— FORAIREO RS L LLDICEEHINS.

RO OV T, BEIEY Y H# (Y2 731110 GPa, %K :8.78 x 10% kg/m3,
R7Y U 10341) , EERTFIEPZT O N—F# (Y7 80 GPa, & : 7.8 x 10°
kg/m?, K7 UL 10292, FEEYSERE : 2500) RIS 5. BT VICHIEROZEE LT
Wi, REIE— FIZHBEIRE U TEEST 5.

Fig. 6.1(b) &, EX T % 0.1 mm 25 0.5 mm ICZ{L X¥ /=& EDOHITE L CHEE— FoldE
AIREEL f, Z R LTS, HITIREE— FORGIREEFIIIES THREZ LR BIFERE Y
s 2. —7, HHREIE— FIFEZOZEMICHBRRAIFEAY —ETH L. ZOERHE—F
DFEEIRBIEDOZEIZ, FIEO RO Y) = 7 HEKRE—X L F CEHTHE. AT —XD
X TH%70.33 mm D %, #7199 kHz TODIRHIE— FOEGIREIED —F L 7.
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\//
—~
~

/:'/ -
| 7 Longitudinal
|~ mode

0.10 0.20 0.30 0.40 0.50
T mm

(b)

Fig. 6.1 FEM modal analysis of the stator: (a) dimensions of the hollow rectangular metal

stator in the FEM model; (b) natural frequencies of the bending and longitudinal modes with
respect to the thickness, T'.
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6.2.2 HIELI=XAT—%4

6.2.1 O FEM fNTRER %2 & L ICBRIEL 72X 7 — & % Fig. 6.21I3. ®BEEHD K= X1\
CEENAS mm, EXH03 mmTH5. SEIOHIIIIEHEOEEILLD D, Kilns
2.84 mm, %G 2.67 mm TH2. FEMEFTNLERUTIED SKOEEZET (C-213) 21
REEERZHOTEBERICESE L C0E. EBERTOPMGMNIEX T, IEMEIZIMINC
HYH, BEMENIS T Y N2E@ET2EEENICHELTWAS.

Fig. 6.2 Prototype stator of the miniature thin linear ultrasonic motor.

6.2.3 A>E—4>XAE

HEPIRENE— R L HHREIE— FORBIFIREE RS -0, 1 V¥ —& 2 2O E%
A VE—=RXVRT7FF7A4H (IM3570) #FHWTHIET 5. Fig. 6314 Y =X AT7F 74
P 27— RO FIEERT. HITRET— FEHES 27201, ANRERENHEREL,
75 v PR EANCHER T 5. —F, BHEBIE— FEIE ST 212, ANEEEH (B,) 1
BiL, 77> Fiiz&ET (GND) 1ZH#Hid 5. Fig. 6.4(a) BX K (b) 1&, FHEE fz % 90
kHz 2> 5 110 kHz £ TEL X B RfD A Y B — XV 2B L ONHOZE(LZ RS, #HIFIREIE —
F (Fig. 6.4(a)) L HHREIE— F (Fig. 6.4(b)) DIAIREIEIIZ 241 98.2 kHz & 98.4 kHz &
FEACHUTHY, [FREIIRETH S 2R TV A,

Front side E, Back side E,

GND £, E, GND
Fig. 6.3 A voltage application (wire connection) to the piezoelectric elements for impedance
analysis.
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35 -50
% — Impedance 3
o 30 F p {1 -60 &
2 — - Phase 3
S 25 F 170 o
Q N 3
=1 =
£ 20 t \ 1 -80 =
7’ \
15 bm————— S—————— - 90
90 95 100 105 110
Frequency kHz
(a)
20 -70
G ®
~ 19 L — Impedance 2}
8 T -75 80
S 18 — - Phase 3
el -80 [0}
o 17 7]
aQ, o]
£ 16 85 &
15 E===== === o= -90
90 95 100 105 110
Frequency kHz
(b)

Fig. 6.4 Frequency characteristics of the stator’s impedance: (a) bending mode and (b) longi-
tudinal mode.

6.2.4 IEREFBIE

4 Y ¥—& ¥ 2D BEBE I E D W THNTIREIE — F EHHREI T — N OEGIREI %
Nz, KICAT—RIEREE— FZ2ilE L, EBROR T — & OIRENEE O FEEEER Mtz L —
Y= Ry 77 —REEIEHVTHENRS. Fig. 6.5 27 — X OIRENHEE OHIE 7517 & JI5E T 7
ZRS. ZEl, RT— X OFRENTT I OIREHE L LT M oRE) 2 HIE S 5. BRENETm o
PREHE L, Fig. 6.5(a) ITRT X512, HIFIREIE— F2HEL, RT7—ZX ROy JIZL—
=% MY LUTHES 2. —77, PEAHOIRIELIZ, Fig. 6.5(b) ITRT & 51T, HEIRE
E—FZET 5. 2O, Fig. 6.5(c) 1IR3 &1, MIDIF—TL—F—% R
T, PREAMOIREHEELREST 5. FRET— O T 2 HIINEEDHEE, 6.2.3DA
=R RNE L R CHERTETD 5.

Fig. 6.6(a) B X (b) 1&, JEME fz 2790 kHz 205 110 kHz £ TE{L 3 2358 OIREHEE D
ZbZRd. HFIREE— F (Fig. 6.6(a)) & MHIREIE— F (Fig. 6.6(b)) & Z4Z4198.0 kHz
¥ 984 kHz Tl RY 72D, (2.33) TRIND X S5 ICHIRFAFEBMETRARE 25, £/, BT
IRENE — N OREEEDHHREIE— FOIRBEEL X D B 105 EREWV. ZhiE, XRT7—4
W S N EER T OMELHITIREIE — FZHELPTWHETH 212075 EZ605.
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Stator

(a) (b)

Fig. 6.5 Experimental setup for measuring vibration.

Velocity mmy,_p/s

90 92 94 96 98 100 102 104 106 108 110
Frequency kHz

(a)

50

Velocity mmp,_p/s

9 92 94 96 98 100 102 104 106 108 110
Frequency kHz

(b)
Fig. 6.6 Frequency characteristics of the vibration velocity (a) axial vibration (b) radial vibra-

tion.
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6.3 UZT7XSAHDEES

AREITTIINEOHER ) = 7 BERE— XD TERENE (X734 X) IZOWTHHATS. 74
IR ZRG 72012, LEDIEDEHOTTEESG R 5. A7 A4 XORGEIXE 4 7 CitiH
L7ZATGARERUTHEN, AT —RERAT74 XEOBMIRRENR R 5. 207D, #ii-
WRATARDEREETNMEL, FPERERDOLNDE LTS, 274 XiEFig. 6.7(a) I
RT XAV v FEET 2HEAMGET, MBIRT—XDOROERID DOITLITKE.
AT AR AT —RIHTEATBIZE, A7A4 XD ETICHNEMZATEETELEK, AT —&IC
FBAT 3. MxohlhdPBREIND e, RT74 XDETLHDBAT—2DIRO LB XTI
EMEL, AT —RATAXLDBOFEN & LTHL. R7—&20DRIE, hH L Ok
ZWET 272012, ROKPETEPEESTELID DD ITPICKREL BTV,

FHERIE, RITAXOTEBIVRT—XORELIORDLZ P TE S, Fig. 6.7(b) 1T
AT —=RDRIWHHAFEDA T A XETNETRT. A7 4 XDFE Ryiger 13, AT — XD
AE Rygror T CHEMING. Z54 ZDFASINL L, Iz T4 KX, Fig. 6.7(b)
DHEINTRT L1, ROLHMBIOTHOMCTEN 2HET L. AT9AXPHET LT
JENIE, R4 RICEHEINLZVOTAIANT—DOLMEET SN TESE. 74 XDE
X, Fig. 6.7(c) i3 &5, WEH EXLOMMOREHBRLTEZONS. AEI
DECBIZFRHLRDE—XV M MIZ, XKRTRINS.

o
IA

)
)

6.1 DOTREFHTIE, AT RXRICEIAOLNDIVTAIINLF—URIRAD LIRS,

T M2
- siLraer .2
U [VQQE] ter 80 (6.2)

0
<40

5 wiA

(6.1)

M =0 ( <
M = _NRslide'rCOSQ (% <

T, ERY YR TEMEH _-RE—X Y FTR7Y Uty Z2FoTRD LS 1RINS.

h*L
AFGARXDOT AL, HAT 4V T—/7OEH [80] &b, FEN LDOBFRERDZ Z
TX 3.

oU_ [ M oM
8]\/ <2 BT ON
2NR3,, /7r 9nc
= —suder cos“6006
EI /2
TNR3

slider
= —-———— 6 -4
Foli (6.4)

5y Rslider 59
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ZIT, U0FAIIE, RTAZDEHDOFELERT —ZRDFEDETDH 5.

5y = Rslide'r - Rstator (65)
(6.5) % (6.4) WCfCAT 2 &,
TNR3,.
Rslide'r — Rstator = %
Rsi er_RSaor ET
N:( lid - tator) .

slider

iz, PENZRDRLZENTE S,

Fig. 6.7(c) ITnT O T AR THEEOMFREZY I 21— a Y THLMIZL, (6.6) & HER
1195, T2 —a»TlE, Fig 6.7(c) BT 3D ETAZEHL, FEM % Hu 7= #H#T
WEoTFENLUTAHRS, ODBEFREHL,ICT S, Fig 6812, tHEEE I 2L —T =
VORREHB LD ERT. O E, EFTADETEIIFL =10 mm, h = 0.15 mm,
Raiger = 1.3 mm TH 3. FHHEMHEL I 2L —YayDEE, 0TFAR, VNI VHEIRIZE
EAEIRND, DT ARG, DRELRDIICONTADRKELI RS, 24U, (6.6) 3FEH (F
[£) &72bADRICT v 7 DIERIBE DO ZICOABATE 272D THD, 0FTAEIK
ENWE D7y ZDIERINK D/ 5 720THL. LrL, SEHOFEHFHHEZEZEZ S &
THEORIZ (6.6) THITH2eEALNS.
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Preload
@ Force @
Slider
Force Stator Preload

Fig. 6.7 Preload mechanism for the proposed motor. (a) The slider, a hollow cylinder with a
slit, is inserted to the thin square stator. (b) The slider has a larger diameter than the stator
hole, and it contacts top and bottom faces after insertion. (c¢) The parameters for the design

of the hollow cylindrical slider.

Preload N

Fig.

1.5
Simulated
1.0 | _+
— Calculated
05 F — a
00 1 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0

Deformation §,, pm

6.8 Comparing the calculated values and the simulations.
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6.4 /NBILZER) Z7BERE—2 O
6.4.1 FHELIERAT—RERZAH

Fig. 6.9 WCEMELALARAT R ERATA X ERT. AT —RIF622 THHALZZHDEFRL D
DTH3. AFAXRFEX02mm, EX10mm DAY v MILTEHEL-FEHOERMET,
HE13928mg TH5. AV v FDIEIFHN 0.5 mm T, FOAE21.3° ITHLETS. 294K
BAXTFZEY 2a— L THHATICREETELD, T—XOWREHMEZ T5-DICZ0EXEL

TW3. A7 XDEREFRAT—ZROEELIDDOTNPIIKREL, AT —REXF7 4 XD
THEERESE S, BUIRTEEEZMRET 272012, BREOR 36274&%V<0#W£
2. RIARBRT—RIZHALT, Fig. 6.91RT L2 IIRBKEE SIS,

Unit: mm

Fig. 6.9 (a) Prototype stator of the miniature thin linear ultrasonic motor and (b) the motor
attached to a jig for experiments.

6.4.2 HREREE

ARIETIE, E—XOFMZFMT 2 7D DOEBREBEIZOWTHAT 5. Fig. 6.10 [Z/NE#E
A =7 BEERE— X OFHiiEBRIREOMEX 2R, AWHEEREZZ20F vy 1L 2dbD7 7
Yrvardzrl—% (WF 1974) ZHWT, B LUOREBEORREBEEZERL, BN
HiEeR (HSA 4052) 12X o> THEIEX N, BREE, = Apsin(2nfpt) BX I E,. = Ag cos(27 fxt)
DEM IS, BIEESRE AT —XOMICEHBINLZERS (b U R) 1%, BEE, 2K
X BT, BEE, = —Apsin(2nfpt) ZAERT 5. BEEOIRIE, JABEEE XSVHEER, 77
Vrvarvdzal—XBIXUOENEESICEDIETX .

AT A ZDEEZNIRAT A ZDOIGIZY—H—%, 640 x 480 HIZEDEHRMHEE, 1000 fps (VW-
9000) DEREAAFIZL>Tr I v F U T2 THETS. A7 4 XDEEB K OINHE
i, BB 7 by 27 EAWTEREIX ZI2E D BoNz~v— I —08 & BT 2
Xk, BUNORMET —XELET 280 TES. ZhODTFT—XEWMTTHZ 21
FoTHE L IEEFEINS. #HNIE NN E EXDHEEE D 212, (2.32) RS
5ZrTRDOND.
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High-speed Function Generator
camera l l
AR Amplifier] || Amplifier2
|
: Eq GND
|
i Trans.| S
rans.
! (I
' -
Marker |
o Eq Ey E,

Miniature Thin Linear
Ultrasonic Motor

Slider Stator

Fig. 6.10 Experimental setup for evaluating the motor characteristics.

6.4.3 FERH - BRENE

274 XRDEREEZATCEERZE Y, HADPBRRKE L2 TEREEZFANS. RERT
1%, 2.670 mm 25 2.680 mm OHPAT 4D R 7 4 XEEE LTz, AT —RDIROFERIE
2670 mm THEDT, ATARFEPRELRBIFERERTENIEOLNS. TEMIX(6.4) X
DZAFTARBFEOENMPLBEHTES., X574 XDENRFRXA—=KIZL=96mm, h=0.15mm,
BXUOFE=125GPaTHh5. HlZE, RKREZE2.680 mm DRAT A XERXT—RIHHEAT S
¥, N=1002NODOTFTENPFET 3.

Fig. 6.11 ICFE (Ro4 ZDER) BB LEGEOHN R OHEE DR 2 /RS, ZDHE
Bcid, —EDBRE (fp=995kHz BEXU Ag =50V, ,) 2 E—XIZHMENE. Hoh
NI TERE & DITHWML, W N =0.604 N (R4 XEE2.676 mm) THRALZ3.
HEIZRI LT, 58.1 mm/s DRREEDTEDD - & HEWFHIE SN, THEIEINT 512
ONTHEIIFDT 5. 2L, TEIEMNT 20N TRAT —XOIREZIHIL, REHEE
PRRT 27D THS. ZOE—LHN1e THELOBEKRE, toBEERE—ZOTERMEICE
WTHEHEIITWS [87] [79)].

AT A4 XOBIEICE 27 L, BIRVEEIZ MB35, Fig 6.12(a) IZRETHE N = 0.604 N
TPERMEOFERE M UCANEE (fp =995 kHz BXU A =50V, ,) ZHIMLZEHED
274 XEEDBEICEZRT. AT A ZGHEIFK 2 ms TERIRBIEL, FEE IREH
FEIEA 45 mm/s TH 3. ZOHVIBEE, R 74 XEBRIH L THE LN mOHET OREHT
H5. Fig. 6.12 DEMI (2.32) KO ELN2BERRTH 5. Fig. 6.12 T, HiEm LHR
TIRONTERATAXOHE v Z2d LI, WEAEE c=0.179 Ns/m &#ih F =81 mN %252
TWa., EFHETOTHIR /A X (RE) BALNED, ZIUFEEATORINCE 5D D
T®H%. Fig. 6.12(b) &, ANBEZ E, = Apcos(2nfpt) 26 E, = —Apcos(2n f5t) ITE{L X
VL EOREBEEERLTWS., /A4 XOKEXX, EAA (Fig 6.12(a) Xhdb3THh
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WWRkEL Kok, ZHERT—ZDONTICE>THELART—&RE 2T 4 XE]OEfIREEIZ &
25D TH5. FREME, =—XEIBFHHANCEBRLLFCEHZRAETE 20, G n
tRIZBIF 20T 0 REEBENFDO IS AR P &R T

@ 70 , 10
g 60 | \\Veloclty Force 8 %
= 50 = 1 6 5
5 40 1 4 %5’
< 30 12 =
> 20 | | 1 1 0

0.0 0.2 0.4 0.6 0.8 1.0

Preload N
2.671 2.674  2.676 2.679

Slider diameter mm
Fig. 6.11 Behavior of the velocity and the force when the preload varies. The preload is
changed by using several sliders with different diameters.

\

E 0T 650 00000q.
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2z 40 _fS——— OO0 00600 ——Q-Q-O-O'Oﬂﬁaggo—o—o
S 2 |
> 0 (J L 1 1 1
0.000 0.010 0.020 0.030
Time s
(b)

Fig. 6.12 Transient response of the miniature thin linear ultrasonic motor: (a) forward direction
and (b) reverse direction.
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6.4.4 BEHRMN - BREESE

FIMEEC o TE—X PN ED XS RENMT 2D, AEBRTIE, ANEEDHE
B fp EIRIE Ap 22 LS B THEN S E 2N T=. Fig. 6.13(a) ICEERIED—E (Ap = 50
Vp_p) DFE OHES) N G D RIRBUR 2 7R3, &R 99 kHz THESIX 99.5 kHz THRA L
720, ZOREOHEINIK 8.3 mN, HEEIIH 50 mm/s TH o7z, mAE R REEELHEND
B D B 253, ZAUIHTA & B ROIREI DR A & 72 2 BB EZYR D 5 2 & DR
HTHreEZONS. (49 BLK (4.13) TRT L DI1Z, X7 A4 XOHE I, HIZ
PEAFORENEET 5. 624 TRLIZE I, IREEEIRAL & 2 DIFH FOIRE)
(HTIRENIE— F) 2998.0 kHz, FEFHOIRE HHREIE— F) 29984 kHz THo7. &
BHIZ, BT A ORAIREEE L ETMORAIREEE LD H 105U ERZ V. Zhs of
R, HELHENDPRKE 25 ERBUCENE U7z, Fig. 6.13(b) I —E I (f5=99.5 kHz)
BT AIREREEZTRT. X974 X320V, , xBASIRIETE X150 5. #))  #HEITIRIE
WX U THRIERICHEIN L, IRIESRKA (Ap =100 V,_,) D& &, #12.9 mN OH#EJ] &4 92.8
mm/s DRENE LN, 2L, RT—ZDOIRIPEEIRIELIE LB ICONTRELKRD
72DTH 5.

E—&KED S 5 — 0D EELFHEEFIC, ANWBERZ AT — e HHEHZ 2L ¥ —0
teTH BB ToNS. H-HEMBEORETH 2 IRET 5 &, HMIVEIIE, &K
N EHEEOED 457D 1ITHET 2. E—XICHIMX N2 BRAINZ 100 V,_, TN
W30 mW THD, ZOROMEIIN1.0%THS. ZOBRMBEOHHL LTEALNLD
i, AT —ROMWIBEBIUORT R 274 XRMICBI 2HEMBEZ S5, OFD,
AT = ZDIFE BN DICRA T A X eEMT 2HBEIOT P TH DR EZONS.

60 Veloo - 12 100 < 25
| Velocity orce :
@ 50 X\\)&/ 10 S é 80 | VGIOCIt};// 1 20
*
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Fig. 6.13 (a) Frequency characteristics and (b) amplitude characteristics of the motor output.
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6.5 A—FT7A—HIAEEADIGH

ZOHEITE, /MU L ERD) = 7 BEIRE— XD, A — b 73— b AEEANISHRETH
BRERET 27201, A X—I 2 VY DENIKE L2 L v XBHOMERIEHZITS. AR ThHh
X, MIE—ZDORKREXWZEDE/PMIDA XA IR L VA EHHAT 20 EE
LW, SENGAFHERZZRB L THROA A= o H e Ly X% MHAT 3. ERICHEHLT
A — 1+ 7 4 — B ABEE O % Fig. 6.14(a) IR T, Fig. 6.14(a) DEHID 2 DDERAIZ,
LYABEARXA—S Y THD. LYARE, 2=y FHIA~SEHOL Y XEH L, BHE
DEHBHEDHIRTEI 2 — LR UEETH L. 4 A= U PIE 640 x 480 HZRDRGE
T, 7L—2L— b E30fps TH 3. 274 XiE, Fig. 6.14(b) ITRT XD, LV IXHOY)
AR T oS, A RA—JkrH e 2TF—RIFEFEEN, 274 XICHD T o7
LY RSB EINEETH 5.

Image

Lens sensor
Stator  Slider Lens Image sensor
- ’\.
{D ;:
Lk Slider ~ Stator

(a) (b)

Fig. 6.14 (a) Components for the camera module; (b) the camera module assembly for demonstration.
6.5.1 EZa7VIT—RKNYIIRATL

Fig. 6,15 1A= 7 4 —HZAHD 7 4 — Fw ZHlIRZRT. A7 —&1%, AiHDER
THEHLEBRREICRDMTIONTVS., IRENETH2ES 50 mm OROEBENE, HXF7E
P a—H5 100 mm DVEICEDP, 4 XA—IFvrFiFL v X2l L TR 2R L CHilE
PC T XN 3.

ERMETERILT 272012, ZXWAHEET (7 77> 7 VHEEF) KHILK 71Ty X
LZEHWD [88). ¥£7F, BONLERI %2, 3x3 I—FV K, DBEAAAZEIDEBL,
FEE V2T DEANZAT D L 5ITKD 5.

V2 = I(m,n) - K, (6.7)

ZZT, mEnFENZFNEBRI DB EI B2 LVENTELEZHDT, K 3XD XS
Rt b,

[0 =10
0 -1 0
R, HE o OMELTOREHWTEHET 3.
m n Y
E:Z:wﬂlj - V71 (6.9)
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ZZT, VI3,
_ 1 X
VI =—>" "|I(m,n)] (6.10)
J

TH5. (6.9 TRITH o2&, BAONLEBIIBI 2K OBREDOHEEL LTHEHT % Z
ENTES. DD, FERBIFRTI TV EHEIEDE o DHEHIF/NE L, BRGS0 T
mWMHEE 725, Fig. 6150 Lo 70—F v — MZBWT, 2 BTED T 02 L D/PHS VIR
D, EMEHORIEIMIET 2. 2 VEHNO PR EAT L, FES X7 23T T 5. &K
R, EREFEZ m = 360, n =360 DHEHFZIEEL CatBEzE#LT 5.

Laplacian 72

Image /
| Camera | | Controller lDuty—ratio)

\/ Motor drive system
Dutyrato | ————————————|
— —> Function generator |
|
— ! v ! |
L— ! ‘ Amplifierl ‘ ‘ Amplifier2 ‘ |
Control PC | !

Observation object
(Dog figurine)

Fig. 6.15 Experimental setup for the feedback control in the miniature camera module.
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6.5.2 BERE—XDHIHE

L AN ER T A ZDOMERDIIZELBIFIE (p FlED) ZHn5. (2.26) DHEE vid, ZfL
rCEERILIILNTEL. SHIETH A DEM e THAILTET S eRET S, &
frldo? TEEX#ZZZEDTES. LidioT, EFHERNIROLSCEZXEINS.

mo? + co? = F (6.11)
) FHBEBEDIE 03 L DZEICHBIT 258, HAlay br—F3RD K5I a5,
F =ky(o5 — 0?) (6.12)

ZZT, kAFEBIZ A v TH B, (6.12) % (6.11) ITKRKAT D2, ZXKENRE LT, o2 D%
e RITHEITEXNIELNS.

mo? 4 co? + kyo? = ko3 (6.13)

ZZT, kyo2iX, BEDOENMEHNOMETEIEX ¥ 2{EFMEIETH 5.

274K (LYX) OMEEGIET 2121%, (6.12) DN EEET 20> bo— I B8R ET
H5. SENIEEREEDA Y /A 72D R 28— MEHIEZ R 3 % [89]. Fig. 6.16
WA= MEOAERRAFEERT. Fig. 6.16(a) ISRT &I, 777> arydzrlb—&Ki
EEERREEEREXE S, —F, a¥ br—FEFig. 6.16(b) ITRT LI, Ta—7T 4
D, 2% D VIR Try AT Ol CTHIEES 24K S 5. 20527773
VYA —RIGEET S, HHUEER, Fig 6.16(c) IR £ 512, TOES LHIEES
DETHBEN—ZAMEIZR D, X5, EEFA—Z MEGEEHEESCES N, HIFxh
5. N—=Z MEDPRAT—RICHMEE 2, BEKE—XOHNET 2 —7 1 LG U TE(L
T3, LEdoT, FIHALE LTHEESD T a—F 4 ey a2 ik, #HhzH
WTHZEeNTES, A4 7ICH I BEIC L 23— MElENE, BEOEHIZRLR S
D3, BRLE— XETHHAINZ OLELEF (PWM) Al Tnw 3.

EANANNANNANANNNAANN
o VVVVVVVVVVVVVVY

(@

TIN Duty ratio: D = TIN/T
! \

(b)

“ 0 AAA DAAA WA
R VAR IR VAVATA VATATA

(c)

Fig. 6.16 Schematic of burst wave control. (a) Original wave from the power supply, (b) control

signal, and (c) a burst wave as applied voltage.
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6.5.3 EERER

Fig. 6.17(a) {27781 02 DIFZIEE, (b) TR T A4 XA Z T, o2 BFTEDME (02 =80) &
WD IZoNT, HHIRHIaY ba—FZESWTRDT 3. 2 BBNDHICET 2L, R
SARXROBEIELET S, BBRERIE, F—F 74 —HZD02s UNICKRT T B I Z2RL
72, BIEMEICGEL 2K, o2 DF—N—2 a2 — bPHEEREI DD, U, RT A4 XHEIH
TEIAAXA=IJE DT L —AL—b (30 fps) DEVW=DHTH 5. Fig. 6.17(a) D_EFIZX, /I
BARFED 2a— Mo TELNZI X THEHIGEZRT. LY ADEEHDTH S, 028
THEOY Y b BH->TWDB ZeRbhb. ZOM, Fig 6.17(b) ITRTXIICRTA XDHE
B EEpRIBXN s, FTEOENRANINZ E, E—XIFEBICRA T4 XE2BExE, i
UOEIEL, HGLES 257 A0 6DRDEEEFED.
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Fig. 6.17 Time-history response of (a) the variance o2, and (b) the displacement of the slider
with the lens group.
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6.6 FLOH

ARETE, B = 7BERE—22/NULL, ZOEARMEREHEIL /2. X7 —%1%, FEM
FRNTIZ X o TR T — X DK & BIRENE — FOEEIREIOBEFBRZHFAN, iR rEIcKxx
45x45x09mmDRAT—REAEL. BMELIRT—RIFA VXA 2HET S Z
CCEERIEEZFAEL, YH550IREE— FHIZIFCERIREEK TH S Z bR L. £
oy AT —=2OREZ L —F— Ry 77 —IREGFEHTHIE L& 25, A ROIREHFZ
DIREENE D 10T EREVW 2R L. U, HTIREE— FORIREIE—F XD 3
FHE SN TWEDIKEZ A2 EZ6NE. X4 XDKRHTIE, AV y MITE2HL 7-HEA
MBIz L, BIEELR L THEYIRTPEZERTES L5z PEEERT A X E2MIN
DRFEHR AT Z LT, MEJIFEINIKRDZ Z e T 5.

E—RDOHINTOVWTIE, FBIATA RDEZ 2 NA A=A X T THET 5 Z & TR
ffiL7z. RI74 XOEEICFIRERTERE (R74 XONME) ##IRT L2 T, HIVH
TEHHERIGET 2 20 TE, EHICHVICEZR L. #7113, EE Ag =50 V,_, FI
JFRACHY 8 mN, A =100 V,_, FIIRETIZ 129 mN TH H, 27 —& & [FFES 4 XOBNE
e EPTIE TR TH S.

X, MNIHXFT TN ZLHAEDET, A=+ 74+ —HADTEV AL —Ya %
fToZk., T—RBILYAXOMNEEZEFEL, LYY MAFE2TA2 I 2R LE. 20
FRED, /MU LA = 7 E R T — XIEIFEBRICH X T T4 OHARRETH % & v
Z5.
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BTE 31E—KRE15E—RKTEFTS
SR ZT7EERE—XDORHE

71 EL®IC

H1BETHRNRE LS, EHES, Fo—, NEERY, BARDTHOIRAFEY 2 —
ADBHEZDEECEDLET, kh#EL XY ar 7 M RBEALZL LTV, Bz, NHE
FED/NEILZLTHIC D, I5IEHT (=¥ al—&) BREDXFXFREREH BN
END LI Ro7 [2-4]. ZNHONMHEOERIBEZ 10 mmBEDSDRKEIVD, b
LK OB F R BEIRICHREZ L, S OIWIHEMZITS 22 TE 2 EHES mm UTONHEELD
U, BELITRLAMEDAEDBOT N TEL. ZOXIRARETANA 22 EHT
5720121F, VY ARHMTFRENES DT AN =T 7 7 F a2 — PR ETHS. L
L, WHREENERD ZAR—ZANIEFEIZROENTWE D, BHEDOYA /) =777 F a1 —X&
Fiffi % ARSI 32 Z 2 13#E LW,

ZFIT, BHE, BOETHALLEN Y =7 BFHE—R2HINYLL, BNY =7
AERE— XK TS A7 —XE L O/NMITT 272012, RETIIEEME (31—
R) CEBEATNDIR (15— F) O2BHEOEBMEREZHEHL CZo0REI€— K%
S %, ZORXRT—ZOHRFNTED, FEMMRICE > THE N2 EERZTFOAZMHT
BIFEIDHRAT—ROEEE/NELTEI e TE2. FBEZETE2MALMELERT—
2D A4 %, EmE 1.6 mm, MH1.6 mm, BEITX03mm (R74 XOBREHFAOEX) TH
%, AT —ZDOHNZ 0.6 mm DIRDD D, FUHA SN R T 4 RITENNEEE 7 U CEMR
WEIES 5. BRI —XHEEE, HFES ¥ 7 b &2 T A4 XAV TEAN 2RO M
BIT o748, A7 A4 XEERAMBICEE L THHGS 5. HRAMGDOR 7 4 Xk, LR
BHEIETRAT—REATARMBICTEE5Z5 20 TES. ZOFERT—XEFTEHFR
ZHWT, V=744 FRFTEEELZLE LEWEBENMIO) =7 BElE—X2EHT 5.
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7.2 BFFEESLUPRT—2OFE b

7.2.1 RAT—RDIEIE L ERENRIE

<A 7v) = 7EERE-XOREFEEEZFHAT L. Fig. 7.1, vA4 70V =7 BEK
E—XOPIERZRLTVWE. AT —RFIE—DORAFOEBE CTHEE SN, 4 ODEEZETD
EAEINTWS. ETOPZTIZ15E— FCTHEIL, BEZEMNT % & Fig. 7.2(a) ITRF &5
WRATRDIREZ# S 2. —F, LAOEBERTII31IE— FTHREIL, EEZAEMNT 5
¥ Fig. 7.20) 1IR3 L O WHHREIZIE S 5. S, R7—2I127 5 ¥ MRz PR L TG %
fRb T 272012, PG M% Fig. 7.1(b) ITRT EXHICER L. A9A4A XZHENT 5729
WX, 5 E, FeEEFEMKC, HIFIRET— N EHHREIE — FO 2 DDIREIE— F 2[RI
s %, BRENET AN IREN§ 2 iTIREIE — F (Fig. 7.3(a)) ZBid 21213, Fig. 7.1(b)
WRT KD E, = Apsin2rfpt) BEXUE, = —Apsin(2n fgt) DRMELEE R T —XD LT
DEBFBRTFICHIT 2. 22T, Ap & fp GHINEEORE L FIEETH Y, fp $HEHFIRE)
E— B XUHHREIE— FOEAEBEBRICHES 2. ETOEBERFIEX 15— N THREIL,
[EA D IREIDIE X 5. S AE E T TR\ X ISR o TWA D, EBETRFEUA
FCHREN L, HEFE— F2ihEe 3 2. —77, FEGINRE T 26HREIE— F (Fig. 7.3(b))
Zhht 3 5121%, Fig. 7.1(b) IZRT X I1Z, Ey = Agcos(2rfpt) BX U B} = —Ag cos(2r fpt)
DRXMELEE R T =X DOELDERBFICHMNT 5. ZOEEFE 31— FTHREIL, {
E e iz DR UCTHHRBIE— F2ili s .

A7 A4 RZ BN T 72012, 42D MEE (B, E,, Ey, E;) DPEBEZRICHINEH
5. INHOEEZFERICHIIS 5 &, HFIREIE— N e HHREIE— F2ERHCHE SN, Fig.
7.3(c) ITRT XD WK R T =X ONFEEICHEFEEIZFEEL, X7 —XDOIZHAEINY =7
RATARZENT. RI7A4A XOBETMANE, E, = Agcos(2nfrt) BXUW E] = —Ag cos(2n frt)
% By =—Agpcos2nfpt) BEU E, = Apcos(2rfpt) YD EZ 5 Z L TEBETZ 5.

Poling direction: ==>

(Expansion mode) E,

() (b)

Fig. 7.1 (a) Structure of micro linear ultrasonic motor and (b) voltages applied to micro linear
ultrasonic motor.
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=
- ~— =
== ~ >
o) C SR 4 |l < M
(@) (b)

o X
2
“
t= t=m/2 t=m
@ (ii) (iii)
(©)

Fig. 7.3 Vibration modes to generate a linear motion. (a) Bending mode, (b) longitudinal
mode and (c) elliptical motion.

7.2.2 FEM@ErZRWIEXT—2DEET

EEIRBIBUE R 7T — R DOSTRIIRTFE S 5728, EEHENT (FEMTET) 1T & o TXEZ iR
THI LD, 200FE— FRIE T 2 EARIBEZRD 5. Fig. 7.4(a) &, EHTHD X
T—RXETNEZRLTWS, FEEB7IE, A5753 1.0 mm THINZIE R 0.7 mm, &Ko
0.6 mm OHAMIROEFENREELTWS., A7 —ZDEX (R4 XOBEHTRIOEX) T
WBEBE LTRIN, YIal—yaryTEETS. 4DDFEFERTETME, MHEIOSED
0.8 mm x 0.3 mm, EX250.3 mm DEHAETH 3. MEREIEER TFrORNMETH 5. (v
¥ 7’3 180 GPa, % 7.8 x 10° kg/m?, K7 Y YL :0.292, HMIISERE : 25000 €7
JZHERDFRE I N TWARW=D, E— FZEHBR#E L THEST 3.

Fig. 7.4(b) 1%, JEX T % 0.25 mm %°5 0.35 mm (CZH L2854, iFREE— F LR
B — FOEEIRIE f, RED XS CEET 202 R L TWaA. HIFIREIT— F OEGIRE)
B, EXTHRELZZ2EHMT 2. —F, HHREIT— RNX, EXTHRELZZ2DT
PIZHEINS 2. JBX T 2% 0.29 mm OIFE, 2O00F— FORBEERIBIE—HL TW3.
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650
600 Bending mode
550 | -7
//
500 ¢ - Longitudinal
450 B~ mode
400 Lo v L
0.25 0.30 0.35
T mm
(b)

Fig. 7.4 FEM modal analysis of the stator. (a) Dimensions of hollow rectangular metal stator
in the FEM model. (b) Natural frequency of bending and longitudinal modes with respect to
the thickness T'.

7.2.3 XTF—RDRAE

FEM NG RICHE DWW TCHRIEL /2 A7 — & % Fig. 75103 5. MLENEZAT—XDE
BERDERRDY A 1%, BEEEA1.0mm T, EX20.29 mm TH 5. HENROEHZ0.732
mm, FHEE 0.627 mm OBABIRTH 5. 4 HOEERF (C-213, Fuji Ceramics Co.) 1,
BEMHEIRFOEEAICL - TEBAMEEINTVWS. AT —XDEIIT42mg TH 5.
TR, MRB XU AN, FEM @RI TH 2. 2o OEREE, Rl gk
EHWEZ 2L, 1RO I TERTzZenTE5. HlZIE, BV EFHD
W HEID HEh, EERERFIPEREE T RNCEHINE Tt A THEIXA >V I~
PUERFHLTUIBINS.

Fig. 7.5 Prototype stator of micro linear ultrasonic motor.
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724 A>E—HA2RBE

AELEZRT —XDOERERE DT 27012, £ Y E—X 2 RADOFFEBFEENES 5. S
RENE— FEHEST 258, A VE—X VR T7F 74 E2RT—XDET (B, BXUE)
WL, MUHREITE— FEEET 28581, AT —XDEAR (B, BXUE) 4 YE—&Y
A7 F 74P EERT S, Fig. 7.6(a) BLOK (b) 1, FEE fz 55400 kHz 2> 5 600 kHz £ T
Bl &, MELIEAT—ZDA Y E—X VAL MHBED LS WXENT 2% RLT
W5, IFRENIE—F (Fig. 7.6(a))) #HtREIE—F (Fig. 7.6(b)) DOEEREEE, £h
Z41465.2 kHz & 460.7 kHz TH 5. Ziuk, HIFREIE—F (Fig. 7.1(a)) CHHRET— K
(Fig. 7.1(b)) 2MEIENM UEEIREIECHN S Z e 2R L TW5. FEM fi#hT & SZER D [E 6 #RH)
BoENE, MLEHEALTICE>TELZDDTH 5.

Table 7.11%, f., f., Q, BEXF Lk OHEMREZ E D7D TH 5. BHIFIRENIHEE— F
D HEVERBEIET 2. BAREITHOIT0ICEL 2525, Bons WERBIEHN 415
Plkwicis., Uz, 15 EEBNREIEENREID DEVDHTH 3.

o 50 -70
o~ — Impedance| | _75 §
§ 40F — - Phase %D
% 30 | \ 1%
= I 85 &
é —— — — /.—l \J\ _____________ [a )

20 ! : : -90

400 450 500 550 600
Frequency kHz
(a)
o 100 -70 o
]
f, 9 F — Impedance| { -75 &
c% 80 r — — Phase 4 —80"%
= wn
o 70 r /\ {1 -85 &
= P N _ __ = _ =
£ 60 E= . . L 90 ~
400 450 500 550 600
Frequency kHz
(b)

Fig. 7.6 Frequency characteristics of the stator’s impedance. (a) Voltage excites the bending
mode and (b) the longitudinal mode.

Table 7.1
Experimental characteristics when the stator generate bending and
longitudinal modes.

fr kHz fo kHz k % Q
Bending mode 464.0 467.5 12.2 206.8
Longitudinal mode 460.7 465.2 13.8 55.8

90



BTE3IET—FE 15— FTHET 2N =7 HERET— XD

7.2.5 IRENRITE

RIZ, AT —ZXDEHIE X CEEA M ORIHE 2 HE T 5. REEEE, L—F—Fv
77 —4REFET (NLV2500-5) 12X > THIES 5. B moiREZHE S 2546, Fig 7.7(a) i
RT &I, RIMEEZEMLUCHITE—RZHET 5. L—HF—%2 27 —XDHICHRST L,
HAMOIREIEELHEST 5. —7, FRAAOIREZHIE ST 2581k, Fig. 7.7(b) IO~ T
EOWRMELEZHML THHRENIE— FEIEET 5. L—V—%2 27— EEICIRET L, FRE
HEOIRFFEEZHE T 2. BT, 77 27yaryyzxlb—4% (WF1974) &
TEes (BA4825) 12Xk »THMT 3.

Fig. 7.8 1%, HWEIRIE Ap = 100 V, &L, A fr % 400 kHz 2> & 500 kHz £T
Z L7z EOIRIEE DFBEEICE 2R L TW5, M B X OERG B O & AKRE)HE
X, 4 Y=Y RHETHS IR - -HIRERE & IZIEF U 464kHz THR SN2, F7z,
A4 =R RBTORER D S FRIEIN S X512, 85 EORAIRIEE IR MO RAIR
FEE LD DEL RoTWVAS,

1Laser

¥
1y

Vin

GND

(b)

Fig. 7.7 Experimental setups for the vibration velocity measurements. (a) Bending mode and

(b) longitudinal mode.

» 03

®

o N

g 02

2

E 0.1

) D

> 0.0 1 1 1

400 420 440 460 480 500

Frequency kHz
(a)

« 03

T

[=9

g 0.2

2

5 0.1

2

= 0.0 ' b

400 420 440 460 480 500

Frequency kHz
(b)

Fig. 7.8 The vibration velocity frequency response of (a) bending mode and (b) longitudinal

mode.
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7.3 E—AX D
7.3.1 E—ZDERENSE L RERIRIE

Fig. 7.9(a) %, BIR L -BEKET— X ZWEIT 2 7201 H X 2 EBRERIEOMIKRX %2R
LTW3. 20D REKRRMETLE, 777 aryy=xl—& (WF1974) 2L TE
XA, TR (BA4825) XXk - THHIET 5. WIESNLBEEI NI R ENLT, #
NMHOETEEERT 2. 722 23, EEBEORMELE, D7 Y RACAEINEE, ErHA
DIFEK E, & E (= —E,) B hans. Lizh-T, 420X MEE (B, B, By, E}) 73,
ZFNENRT—XOEBERTFICHME N 5. HINEEOHRE, R, BXEMEEZE, 77
YT arvd b —RBHLIIHESREFEHL TIETE 5.

WAPEIRFE D & EHIRBEAD X 7 4 X DE &L, 640 x 480 pixels D MRS D EHHE & X
Z (VW-9000) Z{#H LT 1000 fps Tz 3 5. @E 2 IEEIX, 206 D7 — X ZRHETH
NTEIEWREoTEREAET S, #iIE, (232) 2 IEAEE X574 XOHED) HHEET 5.

‘ Function generator ‘

| |

‘Ampliﬁerl | |Ampliﬁer2 ‘

Trans.
Eal g g E,
Stator [] GND
L— |
& ‘ Ep Trans.
Ea’| E,
I‘g g GND
L— |

Fig. 7.9 Experimental setup for the applying voltages.

7.3.2 FEHFMH - EERS

FTEEE—ZXOHS L OBREERINICHS 2212F 5. Fig. 7101, TEEE2EET 57
HDOERBEREZRLTWS., Fig. 710 DEANIRT X512, A7 —XKREICHWD T 5h
TW3., A7 —RFREOHFRTay R v Iu— I Lo TEESINTWS., avy&7 7
n—7%, BEERHMT 272003272 LTHHEREST 5. X7 —XD7UCIE, EEZ0.610
mm, &40 mm, EXHN MY mgDAT YL RABEMOMGES ¥ 7 " BRI A4 X LTHAIR
5. AT —REATARXRDOBIENIT mm DF vy T0RH 5. ZHUE, Fyy THWNXTES
CEENEINL, T—XOBEONKRTT27-0THS. FTHEIE, A7 XD TICEHE XN
BRIk o TEREN S, ZRDTFFig. 7.10 DERNIRT X511, NMIR7 Y 72N L
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|

TATA RINBADIEBENREXZZTVBMNBRDRAT I %8I Ik, FEEEZHET
2. O%D, MBERORAT—INRAT AL RITGEILIZONT, EYEVWFENEHT 3. &
TN, BROER,HHETES.

Fig. 7.11 1%, #HE FEOBGRERLTWS. ZOEERTIE, BB 480 kHz, EBEEIRIE
100 V,_p, ORIREEE R T — XML TW2. FEFERT5HEERETNS 7 71037
Ex vy FLTED, T7—N—ERAEERMEZRL TS, #HNITEL & HITH
ML, 5ef TRI22 mN OBRAENDESNS. 5ef ZHZ 2 LHENPWADT 5, ZHUET
FEDEL 725 & A7 — X OIRERIES G X h, IRENEEIMET 3 27-0TH 5 [79,85,87).
Fig. 7123, NP BRRE B0l THEZ L gt GARFKDR T 4 XOBEINEZ R LT\, i#
BINE IR SAIE, (2.32) »oifE LR THS. 22T, ATA4AXDEEM = 94
mg & IHERE c = 0.095 Ns/m 23 (2.32) TG Z 6 TWwa. #EIEK 2 ms TEFIRRBIZEL,
SEEEFARREGEE 3 37.6 mm/s, I FI322mNTH 3. EEHREOLIPER /A4 X (R
) DEEINDD, ZHUIBBIFOLREAFORINCEI2DDTHS. 272L, ZORENE
IEFITNE L, E—ROMERRICITE L 2.

Slider
—>

0
‘ Stator

Slider

Bearings

Fig. 7.10 Experimental setup for evaluating preload characteristics.

3.0

20 F
1.5
1.0
05 F

0.0 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10

Preload gf
Fig. 7.11 Relationship between the thrust force and the applied preload. For each case, the

Force mN

performance is evaluated five times and the averaged values are plotted.
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60
50 o
40 co——m—0-2_2 0 O o _
30-/}3’9—0'750030' RN
20 | F
10
0 & ' '

0 5 10 15

Time ms

Fig. 7.12 The transient response of the micro hollow linear ultrasonic motor.

Velocity mm/s

7.3.3 TBEFYE - BIRESEY

FINE LD fr EIRIE Ay #Z{LXE T, ANEBEEL E—XEEB XD RE
FRD., ZOERBTIE, HNAIDPRKERSLTHES of 252 7IKET, {FEHTT—XDH
BE5EITS. 77 713 FEEE 7y FLTED, =79 —N—3RAKEL&MEZRLT
W3,

Fig. 7.13(a) \&, EHERIES—E (Ap =100V, ,) OLEOREBEERMELZRLTWS. 480
kHz \ZHED E HEN IR 72D, ZoORoH#HEh & HEIZZzh2 2.2 mN B K 40.7 mm/s T
Hb. AT —RDOIHREBEEH 464 kHz TH o 7=DWxt L, #3480 kHz TirAE -
7. ZHUE, RIAX=DAINS Z  THIRBFEBOP L 127D TH B, £/, RT—
XD/ INITH 780, 7.2.4, 7.2.5 THRONHIRE P E B NIDRKE 8o 7R
B DAEFKEW. —7, HEEZE—E (fp =480 kHz) 12 L KO BEEREREZ Fig.
7.13(b) WRT. RTAKIE, 40V, , ZHZX 2IRIETE X489, #L@EEX, RIFICIZE
LTS 5. ZUE, EIIEENIKZ LR 21200, AT —XDIRENPRKEL D70
TH5. RIEH 140 V,_, DFE, #7.6 mN OHES ¥ 89.9 mm /s DL HTF 7=,

E—X—OFMFHfiD /2D b 5 1 DOEERIGETH 28R 2Rk 5. #E)7 & HE DR
PRRETH 2 e RET 2 &, HEMENEERKEEEHIOED 47D 1 & LTEEAEIH, BEX
ATNTEE, B, (M2 oHfEXns. 140 V,_, FEIREO B AIINEH 85.1 mW TH % 72
B, BRATANDOHEMHE DT XX -8RI 0.2 %72 2. MBBIEFIEND, iU
AT —=RERT A XOGERETOEMRENRRAZ e EZ 5N 5. SEIOE—ZIIIEFIT/NY
T, AT —RDAT A4 XOEMAEIPIEFITNZI WD, X7 — X OIREHRIEL T2 RZET
ETVWARWI A THINS.
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60 6 120 _ 12

é 50 | e ; 15 % 100 b Velocity | 10
elocity orce

230 | ’ %‘\ 13 3 2 60 16 g
220 | T/H A 125 240 | 4 5
=10 ) i\-1 - 20 | 12

0 & 1 1 1 5 0 O | & 0

465 470 475 480 485 490 495 0 20 40 60 80 100120140160
Frequnecy kHz Amplitude Vp—p
(a) (b)

Fig. 7.13 (a) Frequency characteristics and (b) amplitude characteristics of the motor output.
For each case, the performance is evaluated five times and the averaged values are plotted.

7.3.4 EFERAR%ZEXSAAICAWVTISEDBERS

AIEE CHEHL - FTE#EE (Fig. 7.10) &, FPECE—2HENOBGREEMICHIET % X
IR INT VB 7280, ERICT TV r—aIEHTIEKRETES. 22T, %6
BEARRICAT—XR AT A4 ZDOMDOFEICLED ZDEHOEFEAHEERFEHLT, X
FEMS 5. FHMEICHERA LRI A4 X AT —&% Fig. 7141213 5. A4 XZ, EX25
pm, £X 4 mm OERMBTHS. B0l mm DAY vy b23H D, Ziud 18.6° DHLA
WKWHYET 2., 2A9A4A Ry 7 VEBIT, BEXE3mgThb. TODATAXRIFEHMTITE -
TELNTWS., EHEMTIX, BEXD > 2RI 2 SBEMOEESET, SBOEBEOIE
MERHERIC X > TERIN S EBAE S nt A TH 2. ZOHEICED, 3700 F—K—0D
RNEZRORAY v FAD OEAMREORENAIREICR S, A7 4 XDERE (¢ = 0.629 mm)
X, AT —XDROEZXLDDBOITPICKEL, TOEWCED, RT—RL 274 XD
FTEBPRETS. THEIE, 63 THHALEZEIIC, RAF74 XDOERDBHINLIZE 21285 of D
FTEPERSINDE LTI TWS.

Fig. 7.151%, 274 ZOBEREERLTWS. TOEBRTIX, fr = 480 kHz BX U
Ap =100 V,_, ODRMEBEEXRE—XICHIML TV, HEIIH 3 ms TEFRBIEL, Z0
R DI E H ARG HEEEA 93.5 mm/s C, #NF =14mNTH2. RIAXBEY 7=
DAL RT3 v BN HENETO TS L, EFEREOEEDARLZEEIDL T NICE
W (Fig. 7.12%#2M1) . 2, RT—Z L2574 XDOMDOF vy 7, FEE REOHIRY
DFEMIRIEIC X > TEI &R 5. 2F D, RT7A X TH2EAMNROREMIZ/NELT B
ETRELEIIBREON e EZONS.
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I ,

() (b)

Fig. 7.14 (a) The prototype stator and slider. (b) The motor attached to the jig for experi-

ments.

. 150 ; ;
g 100 _0_9__0_ _____ 0-2. 0 0 o_
> o 6 o0
g 50 | 9
2 /
0 ¢! 1 1
0 5 10 15

Time s

Fig. 7.15 The transient response when the slider is thin hollow cylinder. The picture above
the graph shows the slider motion captured the high-speed camera. The slider moves linearly

without rotating.
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74 FH

ARETIE, REZHN1 mm O/ = 7@HRE—XZ2ER L, ZOEARNLRIEREZ 5
L7z, BREEECTH 2 _ODIREIE— NI, EEMENR L EEEATXOIERD 2 EEDOES
RICE > TRAT =R E NS, ZOZHEOFEEMREZMFHT ST, RT7T—XDH
BRI Y, KO/ T 22 eAnEEe 72 5. FEM 2 W TRZEH 1 mm
DAT—RDFFEFB LOCHERITV, BRIVE X CHEHIVICEHE L 72, SIREIE— F OHRERE
FEIX, KEXH 4.5 mm OER Y =7 HE KT — X & [ERIC, #5mOIREND BRSO IRE)
XD IENWZ LRSI N,

E—XDOMREE, A4 RWZTYy7 b (B F—2) ZHVWEGE L EAMGEZ W56
DRETIHMAL /2. R4 XY rF—Y2HWEES, Rk TPEREIRSTS2Z212&D
FIAEEEAY 100 V,_, ORFOHES1E 2.2 mN, 140 V,_, HIFIREZIE 7.6 mN OH#ENDE S 7.
—7, BAMGREZ A4 ZHWESESIZ14AmN oy —I XD RWEE o7, ZDF
K L THEAMAROREIHNZ EBEZ NS, 207D, AT —XBIURATA RITXY
IMIFEEZELT, AT —XERXT7 4 XEOEEL R T 20BN D 5.

RBELEN) =7 BERE—XEINETHEINTERL) =T 77 F 22 —XDH
Th, NI ITRADH A XTH5 [1,8,90,91]. #HIITOWTIE, XF 4 XIZHERARZ AW
EETH14mN e, RT—XOEID O ZHETWE Z s, INEF A I
s Lok~ ratry, LY AREDHMNBMZREI X212 +2RITTHS 20
5.
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F8E EE

AL TIEIIMRDNFT AL 2 FHTH R T TN ZADV=DD, Filzie7 7 F 21— 2
MOIBR L ZOERBAGEMEZRT I 2HNE L, “EHo/M) = 7 B8EHE — X D5
HKEfTo7z., PERDE—XIX, WEFEBEICHEH L TOWREIT— FEET 272912, X7—
ZDEINPVETH o7z, Z T TAMETIE, BREFEHETHIIREET— FERELT, BXD
RHE— FCTOORAT—RDOEXZXEY LW HEEZBET Lz, B3R FEL4ETITA
T — APNLFEIBIRD/NELY) = 7 BERE— X OBR L, fHliziTo=. Zo'—&X1%, BKE)
JFRFC—REEE— R ZXHETE— R v, A7 -2 CHHETE2EHE— K%
BHLUZ. £/, FEEEDORA T X LEYEDEHVWETEAFEICLD, T—XBKTA
TAREEDT ZENTES. ZTOME, ROV =7HERE—X XD AT —2D/NEL
FAREL, kb a7 bRV 7HEERET—XE2EHLE. £/, BoEBIUHE6ETIX
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Fig. 8.1 Comparison of the linear actuators and proposed motor: (a) the relationship between

the size and the mechanical power and (b) the relationship between the size and the thrust
force.

102 ”
0 o 103 °
101 o [} o
0 o 102 o °
X o X o
= 10 oo
— o 8 100 . o
2 1072 o . 5
=% =~ 1 ®
10—3 ° 10
o Electromagnetic o Electromagnetic
104 o Piezoelectric 1072 o Piezoelectric
s x Propoed motor 10-2 ? x Propoed motor
107 -
01 23454678910 01 23456728910
Length mm Length mm

() (b)

Fig. 8.2 Comparison of the linear actuators and proposed motor: (a) the relationship between

the stator length and mechanical power and (b) the relationship between the stator length
and the thrust force.

100



S2Z Xk

1]

B. Watson, J. Friend, and L. Yeo, “Piezoelectric ultrasonic micro/milli-scale actuators,” Sensors
and Actuators A: Physical, vol. 152, no. 2, pp. 219-233, 2009.

B. P. M. Yeung and P. W. Y. Chiu, “Application of robotics in gastrointestinal endoscopy: A
review,” World Journal of Gastroenterology, vol. 22, no. 5, p. 1811, 2016.

A. Khanicheh and A. K. Shergill, “Endoscope design for the future,” Techniques in gastroin-
testinal endoscopy, vol. 21, no. 3, pp. 167-173, 2019.

M. W. Gifari, H. Naghibi, S. Stramigioli, and M. Abayazid, “A review on recent advances in
soft surgical robots for endoscopic applications,” The International Journal of Medical Robotics
and Computer Assisted Surgery, vol. 15, no. 5, p. e2010, 2019.

“Omnivision announces guinness world record for smallest image sensor and new
o . . e

miniature camera module for disposable medical applications,” accessed 2021-11-10,
https://www.ovt.com /news-events/product-releases/omnivision-announces-guinness-world-
record-for-smallest-image-sensor-and-new-miniature-camera-module-for-disposable-medical-
applications.

H. Ishihara, F. Arai, and T. Fukuda, “Micro mechatronics and micro actuators,” IEEE/ASME
Transactions on Mechatronics, vol. 1, no. 1, pp. 68—79, 1996.

D. P. Arnold, “Review of microscale magnetic power generation,” IEEE Transactions on Mag-
netics, vol. 43, no. 11, pp. 3940-3951, 2007.

T. Morita, “Miniature piezoelectric motors,” Sensors and Actuators A: Physical, vol. 103, no. 3,
pp. 291-300, 2003.

D. K.-C. Liu, J. Friend, and L. Yeo, “A brief review of actuation at the micro-scale using
electrostatics, electromagnetics and piezoelectric ultrasonics,” Acoustical science and technology,
vol. 31, no. 2, pp. 115-123, 2010.

S. Dong, “Review on piezoelectric, ultrasonic, and magnetoelectric actuators,” Journal of Ad-
vanced Dielectrics, vol. 2, no. 01, p. 1230001, 2012.

J. W. Judy, “Microelectromechanical systems (mems): fabrication, design and applications,”
Smart Materials and Structures, vol. 10, no. 6, p. 1115, 2001.

D. J. Bell, T. Lu, N. A. Fleck, and S. M. Spearing, “Mems actuators and sensors: observations on
their performance and selection for purpose,” Journal of Micromechanics and Microengineering,
vol. 15, no. 7, p. S153, 2005.

L. N. Cattafesta III and M. Sheplak, “Actuators for active flow control,” Annual Review of Fluid
Mechanics, vol. 43, pp. 247-272, 2011.

Z. Qiu and W. Piyawattanametha, “Mems actuators for optical microendoscopy,” Microma-
chines, vol. 10, no. 2, p. 85, 2019.

K. E. Peyer, L. Zhang, and B. J. Nelson, “Bio-inspired magnetic swimming microrobots for
biomedical applications,” Nanoscale, vol. 5, no. 4, pp. 1259-1272, 2013.

101



SR

[16]

[21]

[22]

M. Sitti, H. Ceylan, W. Hu, J. Giltinan, M. Turan, S. Yim, and E. Diller, “Biomedical appli-
cations of untethered mobile milli/microrobots,” Proceedings of the IEEE, vol. 103, no. 2, pp.
205-224, 2015.

W. S. Trimmer, “Microrobots and micromechanical systems,” Sensors and Actuators, vol. 19,
no. 3, pp. 267-287, 1989.

C. H. Ahn and M. G. Allen, “A fully integrated surface micromachined magnetic microactuator
with a multilevel meander magnetic core,” Journal of Microelectromechanical Systems, vol. 2,
no. 1, pp. 15-22, 1993.

)

C. Liu, T. Tsao, Y.-C. Tai, and C.-M. Ho, “Surface micromachined magnetic actuators,” in Pro-
ceedings IEEE Micro Electro Mechanical Systems An Investigation of Micro Structures, Sensors,
Actuators, Machines and Robotic Systems. IEEE, 1994, pp. 57-62.

R. Holzer, I. Shimoyama, and H. Miura, “Lorentz force actuation of flexible thin-film aluminum
microstructures,” in Proceedings 1995 IEEE/RSJ International Conference on Intelligent Robots
and Systems. Human Robot Interaction and Cooperative Robots, vol. 2. 1EEE, 1995, pp. 156—
161.

B. Wagner, M. Kreutzer, and W. Benecke, “Permanent magnet micromotors on silicon sub-
strates,” Journal of Microelectromechanical Systems, vol. 2, no. 1, pp. 2329, 1993.

H. Hosaka and H. Kuwano, “Design and fabrication of miniature relay matrix and investigation
of electromechanical interference in multi-actuator systems,” in Proceedings IEEE Micro Electro
Mechanical Systems An Investigation of Micro Structures, Sensors, Actuators, Machines and
Robotic Systems. 1EEE, 1994, pp. 313-318.

C. Liu, T. Tsao, Y.-C. Tai, T.-S. Leu, C.-M. Ho, W.-L. Tang, and D. Miu, “Out-of-plane
permalloy magnetic actuators for delta-wing control,” Proceedings IEEE Micro Electro Mechan-
ical Systems, pp. 7-12, 1995.

H. Guckel, T. Earles, J. Klein, J. Zook, and T. Ohnstein, “Electromagnetic linear actuators with
inductive position sensing,” Sensors and Actuators A: Physical, vol. 53, no. 1-3, pp. 386-391,
1996.

N. Tabat, J. Klein, and H. Guckel, “Single flux-path bidirectional linear actuators,” in Proceed-

ings of International Solid State Sensors and Actuators Conference (Transducers’ 97), vol. 2.
IEEE, 1997, pp. 789-792.

H. Numasato and M. Tomizuka, “Settling control and performance of a dual-actuator system
for hard disk drives,” IEEE/ASME Transactions on Mechatronics, vol. 8, no. 4, pp. 431-438,
2003.

M. Kobayashi and R. Horowitz, “Track seek control for hard disk dual-stage servo systems,”
IEEFE Transactions on Magnetics, vol. 37, no. 2, pp. 949-954, 2001.

G. Shan, Y. Li, L. Zhang, Z. Wang, Y. Zhang, and J. Qian, “Contributed review: Application
of voice coil motors in high-precision positioning stages with large travel ranges,” Review of
Scientific Instruments, vol. 86, no. 10, p. 101501, 2015.

C.-S. Liu, P.-D. Lin, P.-H. Lin, S.-S. Ke, Y.-H. Chang, and J.-B. Horng, “Design and character-
ization of miniature auto-focusing voice coil motor actuator for cell phone camera applications,”
IEEFE Transactions on Magnetics, vol. 45, no. 1, pp. 155159, 2009.

C.-S. Liu, S.-S. Ko, and P.-D. Lin, “Experimental characterization of high-performance minia-
ture auto-focusing vem actuator,” IEEE Transactions on Magnetics, vol. 47, no. 4, pp. 738-745,
2010.

C.-L. Hsieh, H.-Y. Wang, Y.-H. Chang, and C.-S. Liu, “Design of vem actuator with the cham-
fered edge magnet for cellphone,” Microsystem Technologies, vol. 23, no. 12, pp. 5293-5302,
2017.

102



S 3k

[32]

[33]

[34]

[35]

C.-L. Hsieh and C.-S. Liu, “Design of a voice coil motor actuator with l-shape coils for optical
zooming smartphone cameras,” IEEE Access, vol. 8, pp. 2088420891, 2020.

E. W. Schaler, L. Jiang, C. Lee, and R. S. Fearing, “Bidirectional, thin-film repulsive-/attractive-
force electrostatic actuators for a crawling milli-robot,” in 2018 International Conference on
Manipulation, Automation and Robotics at Small Scales (MARSS). IEEE, 2018, pp. 1-8.

J. Li, H. Huang, and T. Morita, “Stepping piezoelectric actuators with large working stroke for
nano-positioning systems: a review,” Sensors and Actuators A: Physical, vol. 292, pp. 39-51,
2019.

T. Higuchi, Y. Yamagata, K. Furutani, and K. Kudoh, “Precise positioning mechanism utilizing
rapid deformations of piezoelectric elements,” in IEEE Proceedings on Micro Electro Mechan-
ical Systems, An Investigation of Micro Structures, Sensors, Actuators, Machines and Robots.
IEEE, 1990, pp. 222-226.

Z. Zhang, Q. An, J. Li, and W. Zhang, “Piezoelectric friction—inertia actuator—a critical review
and future perspective,” The International Journal of Advanced Manufacturing Technology,
vol. 62, no. 5-8, pp. 669-685, 2012.

R. Yoshida, Y. Okamoto, and H. Okada, “Development of smooth impact drive mechanism (2nd
report),” Journal of the Japan Society of Precision Engineering, vol. 68, no. 4, pp. 536-541,
2002.

T. Yokose, H. Hosaka, R. Yoshida, and T. Morita, “Resonance frequency ratio control with an
additional inductor for a miniaturized resonant-type sidm actuator,” Sensors and Actuators A:
Physical, vol. 214, pp. 142-148, 2014.

H. Yokozawa, Y. Doshida, S. Kishimoto, and T. Morita, “Resonant-type smooth impact drive
mechanism actuator using lead-free piezoelectric material,” Sensors and Actuators A: Physical,
vol. 274, pp. 179-183, 2018.

G. Peled, R. Yasinov, and N. Karasikov, “Performance and applications of 11b2 ultrasonic mo-
tors,” in Actuators, vol. 5, no. 2.  Multidisciplinary Digital Publishing Institute, 2016, p. 15.

X. Gao, J. Yang, J. Wu, X. Xin, Z. Li, X. Yuan, X. Shen, and S. Dong, “Piezoelectric actuators
and motors: materials, designs, and applications,” Advanced Materials Technologies, vol. 5,
no. 1, p. 1900716, 2020.

Y. Tomikawa, T. Takano, and H. Umeda, “Thin rotary and linear ultrasonic motors using a
double-mode piezoelectric vibrator of the first longitudinal and second bending modes,” Japanese
Journal of Applied Physics, vol. 31, no. 9S, p. 3073, 1992.

T. Funakubo and Y. Tomikawa, “Characteristics of 10 mm multilayer 11-f2 mode vibrator and
application to a linear motor,” Japanese Journal of Applied Physics, vol. 42, no. 5S, p. 3002,
2003.

Z. Chen, X. Li, G. Liu, and S. Dong, “A two degrees-of-freedom piezoelectric single-crystal
micromotor,” Journal of Applied Physics, vol. 116, no. 22, p. 224101, 2014.

H.-P. Ko, H. Jeong, and B. Koc, “Piezoelectric actuator for mobile auto focus camera applica-
tions,” Journal of electroceramics, vol. 23, no. 2, pp. 530-535, 2009.

M. Guo, S. Dong, B. Ren, and H. Luo, “A double-mode piezoelectric single-crystal ultra-
sonic micro-actuator,” IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control,
vol. 57, no. 11, pp. 2596-2600, 2010.

D. Sun, S. Wang, J. Sakurai, K.-B. Choi, A. Shimokohbe, and S. Hata, “A piezoelectric linear
ultrasonic motor with the structure of a circular cylindrical stator and slider,” Smart Materials
and Structures, vol. 19, no. 4, p. 045008, 2010.

D. Henderson, “Simple ceramic motor... inspiring smaller products,” Stroke (mm), vol. 50, no. 10,
2006.

103



SR

[49]

[50]

[51]

S. Yang, R. A. MacLachlan, and C. N. Riviere, “Manipulator design and operation of a six-
degree-of-freedom handheld tremor-canceling microsurgical instrument,” IEEE/ASME Trans-
actions on Mechatronics, vol. 20, no. 2, pp. 761-772, 2014.

C. Fisher, D. Braun, J. Kaluzny, and T. Haran, “Cobra: A two-degree of freedom fiber optic
positioning mechanism,” in 2009 IEEE Aerospace conference. 1EEE, 2009, pp. 1-11.

X. Chen, Z. Chen, X. Li, L. Shan, W. Sun, X. Wang, T. Xie, and S. Dong, “A spiral motion
piezoelectric micromotor for autofocus and auto zoom in a medical endoscope,” Applied Physics
Letters, vol. 108, no. 5, p. 052902, 2016.

J. M. Fernandez and Y. Perriard, “Optimization of a new type of ultrasonic linear motor,” IFEFE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 55, no. 3, pp. 659-667,
2008.

“Website of the company miniswys,” accessed 2019-10-18, https://www.miniswys.com/.

J. Friend, Y. Gouda, K. Nakamura, and S. Ueha, “A simple bidirectional linear microactuator for
nanopositioning-the” baltan” microactuator,” IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control, vol. 53, no. 6, pp. 1160-1168, 2006.

W.-H. Lee, C.-Y. Kang, D.-S. Paik, B.-K. Ju, and S.-J. Yoon, “Butterfly-shaped ultra slim
piezoelectric ultrasonic linear motor,” Sensors and Actuators A: Physical, vol. 168, no. 1, pp.
127-130, 2011.

X. Li, P. Ci, G. Liu, and S. Dong, “A two-layer linear piezoelectric micromotor,” IFEE Trans-
actions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 62, no. 3, pp. 405-411, 2015.

T. Shigematsu and M. K. Kurosawa, “Miniaturized saw motor with 100 mhz driving frequency,”
in 17th IEEE International Conference on Micro Electro Mechanical Systems. Maastricht MEMS
2004 Technical Digest. IEEE, 2004, pp. 482—485.

K. Ikuta, “Micro/miniature shape memory alloy actuator,” in Proceedings., IEEE International

Conference on Robotics and Automation. TEEE, 1990, pp. 2156-2161.

A. Nespoli, S. Besseghini, S. Pittaccio, E. Villa, and S. Viscuso, “The high potential of shape
memory alloys in developing miniature mechanical devices: A review on shape memory alloy
mini-actuators,” Sensors and Actuators A: Physical, vol. 158, no. 1, pp. 149-160, 2010.

J. M. Jani, M. Leary, A. Subic, and M. A. Gibson, “A review of shape memory alloy research,
applications and opportunities,” Materials & Design (1980-2015), vol. 56, pp. 10781113, 2014.

J. Mohd Jani, M. Leary, and A. Subic, “Designing shape memory alloy linear actuators: a
review,” Journal of Intelligent Material Systems and Structures, vol. 28, no. 13, pp. 1699-1718,
2017.

R. Chaudhari, J. J. Vora, and D. Parikh, “A review on applications of nitinol shape memory
alloy,” in Recent Advances in Mechanical Infrastructure. Springer, 2021, pp. 123-132.

Y. Sun, S. Song, X. Liang, and H. Ren, “A miniature soft robotic manipulator based on novel
fabrication methods,” IEEE Robotics and Automation Letters, vol. 1, no. 2, pp. 617-623, 2016.

F. Berlinger, M. Duduta, H. Gloria, D. Clarke, R. Nagpal, and R. Wood, “A modular dielectric
elastomer actuator to drive miniature autonomous underwater vehicles,” in 2018 IEEE Inter-
national Conference on Robotics and Automation (ICRA). IEEE, 2018, pp. 3429-3435.

T. N. Do, H. Phan, T.-Q. Nguyen, and Y. Visell, “Miniature soft electromagnetic actuators for
robotic applications,” Advanced Functional Materials, vol. 28, no. 18, p. 1800244, 2018.

Y.-F. Zhang, C. J.-X. Ng, Z. Chen, W. Zhang, S. Panjwani, K. Kowsari, H. Y. Yang, and Q. Ge,
“Miniature pneumatic actuators for soft robots by high-resolution multimaterial 3d printing,”
Advanced Materials Technologies, vol. 4, no. 10, p. 1900427, 2019.

104



S 3k

[67]

T. Mashimo and S. Toyama, “Rotary-linear piezoelectric actuator using a single stator,” IFEFE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 56, no. 1, pp. 114-120,
2009.

J. J. Zhang, W. D. Diao, K. Fan, Z. Q. Wang, R. Q. Shi, and Z. H. Feng, “A miniature standing
wave linear ultrasonic motor,” Sensors and Actuators A: Physical, vol. 332, p. 113113, 2021.

J. A. Gallego-Juarez and K. F. Graff, Power ultrasonics: applications of high-intensity ultra-
sound. Elsevier, 2014.

J. Wu, Y. Mizuno, and K. Nakamura, “Polymer-based ultrasonic motors utilizing high-order
vibration modes,” IEEE/ASME Transactions on Mechatronics, vol. 23, no. 2, pp. 788-799,
2018.

K. Nakamura, H. Sasaki, and H. Shimizu, “A piezoelectric composite resonator consisting of a
zno film on an anisotropically etched silicon substrate,” Japanese Journal of Applied Physics,
vol. 20, no. S3, p. 111, 1981.

Y. Liu, W. Chen, J. Liu, and X. Yang, “A high-power linear ultrasonic motor using bending
vibration transducer,” IEEE Transactions on Industrial Electronics, vol. 60, no. 11, pp. 5160—
5166, 2012.

J. Wu, Y. Mizuno, and K. Nakamura, “Piezoelectric motor utilizing an alumina/pzt transducer,”
IEEE Transactions on Industrial Electronics, vol. 67, no. 8, pp. 6762—6772, 2019.

T. Maeno and D. B. Bogy, “Effect of the hydrodynamic bearing on rotor/stator contact in a
ring-type ultrasonic motor,” IFEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, vol. 39, no. 6, pp. 675682, 1992.

J. Wallaschek, “Contact mechanics of piezoelectric ultrasonic motors,” Smart Materials and
Structures, vol. 7, no. 3, p. 369, 1998.

T. Cheng, M. He, H. Li, X. Lu, H. Zhao, and H. Gao, “A novel trapezoid-type stick—slip
piezoelectric linear actuator using right circular flexure hinge mechanism,” IEEE Transactions
on Industrial Electronics, vol. 64, no. 7, pp. 55455552, 2017.

N. W. Hagood and A. J. McFarland, “Modeling of a piezoelectric rotary ultrasonic motor,”
IEEFE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 42, no. 2, pp.
210-224, 1995.

Q. Lv, Z. Yao, and X. Li, “Modeling and experimental validation of a linear ultrasonic motor
considering rough surface contact,” Smart Materials and Structures, vol. 26, no. 4, p. 045023,
2017.

A. Kanada and T. Mashimo, “Design and experiments of flexible ultrasonic motor using a coil
spring slider,” IEEE/ASME Transactions on Mechatronics, vol. 25, no. 1, pp. 468-476, 2019.

S. Timoshenko, History of strength of materials: with a brief account of the history of theory of
elasticity and theory of structures. Courier Corporation, 1983.

T. Sashida and T. Kenjo, “Introduction to ultrasonic motors,” 1993.

Y. Nakagawa, A. Saito, and T. Maeno, “Nonlinear dynamic analysis of traveling wave-type
ultrasonic motors,” IEEFE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control,
vol. 55, no. 3, pp. 717-725, 2008.

“Website of the company canon,” accessed 2021-11-30, https://www.usa.canon.com/internet/
portal/us/home/learn/education/topics/article/2018 /july /nano-usm-a-new-ultrasonic-motor-
technology /nano-usm-a-new-ultrasonic-motor-technology.

H. Yokozawa and T. Morita, “Wireguide driving actuator using resonant-type smooth impact
drive mechanism,” Sensors and Actuators A: Physical, vol. 230, pp. 4044, 2015.

105



SR

[85]

T. Mashimo and K. Terashima, “Experimental verification of elliptical motion model in traveling

wave ultrasonic motors,” IEEE/ASME Transactions on Mechatronics, vol. 20, no. 6, pp. 2699—
2707, 2015.

J. Friend, A. Umeshima, T. Ishii, K. Nakamura, and S. Ueha, “A piezoelectric linear actuator
formed from a multitude of bimorphs,” Sensors and Actuators A: Physical, vol. 109, no. 3, pp.
242-251, 2004.

T. Mashimo and K. Terashima, “Dynamic analysis of an ultrasonic motor using point contact
model,” Sensors and Actuators A: Physical, vol. 233, pp. 15-21, 2015.

J. L. Pech-Pacheco, G. Cristébal, J. Chamorro-Martinez, and J. Fernandez-Valdivia, “Diatom
autofocusing in brightfield microscopy: a comparative study,” in Proceedings 15th International
Conference on Pattern Recognition. ICPR-2000, vol. 3. 1EEE, 2000, pp. 314-317.

T. Mashimo, S. Izuhara, S. Arai, Z. Zhang, and H. Oku, “High-speed visual feedback control
of miniature rotating mirror system using a micro ultrasonic motor,” IFEE Access, vol. 8, pp.
38 546-38 553, 2019.

Y. Peng, Y. Peng, X. Gu, J. Wang, and H. Yu, “A review of long range piezoelectric motors
using frequency leveraged method,” Sensors and Actuators A: Physical, vol. 235, pp. 240-255,
2015.

X. Tian, Y. Liu, J. Deng, L. Wang, and W. Chen, “A review on piezoelectric ultrasonic motors for
the past decade: Classification, operating principle, performance, and future work perspectives,”
Sensors and Actuators A: Physical, vol. 306, p. 111971, 2020.

C. Lee, S. Chang, and P.-Z. Chang, “Miniature piezoelectric actuators: design concept, fab-
rication and performance evaluation,” Smart Materials and Structures, vol. 7, no. 3, p. 312,
1998.

X. Li, Z. Chen, and S. Dong, “A double b 1-mode 4-layer laminated piezoelectric linear motor,”
IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 59, no. 12, pp.
2752-2757, 2012.

M. Sun, Y. Feng, Y. Wang, W. Huang, and S. Su, “Design, analysis and experiment of a bridge-
type piezoelectric actuator for infrared image stabilization,” Micromachines, vol. 12, no. 10, p.
1197, 2021.

H. Hirata and S. Ueha, “Design of a traveling wave type ultrasonic motor,” IEEFE Transactions
on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 42, no. 2, pp. 225-231, 1995.

M.-S. Tsai, C.-H. Lee, and S.-H. Hwang, “Dynamic modeling and analysis of a bimodal ultrasonic
motor,” IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, vol. 50, no. 3,
pp- 245-256, 2003.

Z. Wan and H. Hu, “Modeling and experimental analysis of the linear ultrasonic motor with
in-plane bending and longitudinal mode,” Ultrasonics, vol. 54, no. 3, pp. 921-928, 2014.

X. Li, Z. Yao, and R. Wu, “Modeling and analysis of stick-slip motion in a linear piezoelectric
ultrasonic motor considering ultrasonic oscillation effect,” International Journal of Mechanical
Sciences, vol. 107, pp. 215224, 2016.

106



Ef

AHFICE D I H T2 D, HRETHECHAD TS, HAtER Yy, 4 RIGH TOHEEE,
S %2 T2 WE LEBB/EMNRIERY:, ETEBEZRICESE#HOBEEZRL £

F ARG R L CTHS, @MUIREEE, iS22 TanE L, SBEMEERE, &
AREKERERZ, WNILEBBRIO» SEFLE L BT E 7.

MAZEANCBEE L TIZLDIHEEZZIHD £ LA REBZ, RIGERERICHELH
LETES. FHEUEEFCELE L CEEIIIHIL TW & LEEOR LA I
fLEHL BT 3.

F AR DOZFITICH =D, HHEE, B FXWE LESEILAK, 3Hls 27 AR E 0
ERROBERIOL SEILHL BT E T

BRIC, 5 - BRI R T 2 AR EZRD  BSFo TN EFBRISEL B#n- L 7.

BROZ K22 ZXBZOT, SHETHABHNZZTLTI 6N I L ITEWEHOEL
R eI, SRIEADE > TE AR B2 HITHREZ L DHFAIWEHML TWLFIFET
ER



S

. Shunsuke Izuhara, Tomoaki Mashimo, “ Design and evaluation of a micro linear ultra-

sonic motor, ” Sensors and Actuators A: Physical, vol. 278, pp. 60-66, 2018.

. Tomoaki Mashimo, Shunsuke Izuhara, Shiro Arai, Zhong Zhang, Hiromasa Oku, “High-

Speed Visual Feedback Control of Miniature Rotating Mirror System Using a Micro
Ultrasonic Motor,” IEEE Access, vol. 8, pp. 38546-38553, 2019.

. Shunsuke Izuhara, Tomoaki Mashimo, “ Linear piezoelectric motor using a hollow rect-

angular stator,” Sensors and Actuators A: Physical, vol. 309, 112002, 2020.

. Shunsuke Izuhara, Tomoaki Mashimo. “Characterization of bulk piezoelectric element-

based ultrasonic motors,” ROBOMECH Journal, vol. 7, no. 1, pp. 1-8, 2020.

. . . . . 9.
. Tomoaki Mashimo, Shunsuke Izuhara, “Review: Recent Advances in Micromotors, ”

IEEFE Access, vol. 8, pp. 213489-213501, 2020.

. Shunsuke Izuhara, Tomoaki Mashimo, “ Design and characterization of a thin linear

ultrasonic motor for miniature focus systems,” Sensors and Actuators A: Physical, vol.
329, 112797, 2021.

RS, ETEE, C THEEMERA A 70 ) =7 EERE—XOKGT T, BE

THREE, 88%F 14, pp. 51-56, 2022.

1. Shunsuke Izuhara, Tomoaki Mashimo, “Micro Linear Motor with a Cuboid Stator with

Length 2.2 mm,” International Conference and Exhibition on New Actuators and Drive
System (ACTUATOR 2018), presentation P 14, Bremen, German, June, 2018.

. Shunsuke Izuhara, Tomoaki Mashimo, “Micro Linear Ultrasonic Motor,” International

Workshop on Piezoelectric Materials and Applications in Actuators (IWPMA 2018),
W2P2-1, Kobe, Japan, September, 2018.

. Shunsuke Izuhara, Tomoaki Mashimo, “ Miniature Robot Finger using a Micro Linear

Ultrasonic Motor and a Closed-loop Linkage,” 2018 IEEE/RSJ International Conference
on Intelligent Robots and Systems (IROS), 2018.



4.

Shunsuke Izuhara, Zhong ZHANG, Tomoaki Mashimo, “ Visual Feedback Control of
Micro Ultrasonic Motor, ” International Workshop on Piezoelectric Materials and Ap-
plications in Actuators (IWPMA2019), 2019.

Shunsuke Izuhara, Tomoaki Mashimo, “ Miniature Hollow Linear Ultrasonic Motor, ”

International Workshop on Piezoelectric Materials and Applications in Actuators (IW-
PMA2020), 2020.

Shunsuke Izuhara, Tomoaki Mashimo, “Micro Linear Ultrasonic Motor Using a Thin

Stator,” International Workshop on Piezoelectric Materials and Applications in Actu-
ators (IWPMA2021), 2021.

] ATl

1.

FiFF
1.
2.

HEEN, BETER, “~A47n) = 7BEKE—XEHW/NMaRy by FOR
E” , aRT 4 7R« XH bu=27 ZFEHER, 2A2-C04, 1&E, 2017.

HEZN, B AR, “~A4 78 ) =7 BERE—XOME—ET Y ¥ 7 LiHii—", 2018
EEREETHRETARE, M08, H, 2018.

HE®RN, ETEE, “~A4 270 ) =7 BERE—XORMECRERE ", BEERES
US, 3, B, 2018.

- HER, ETEE, “~4 70 =7 EERE-XOME Rt edUET, oRT 4 7 -

X7 bR =7 RFEES, 2A2-H16, &R, 2018.

HESN, BE BETEE, “~A 7B RTE—X0HE 7 1 — KNy ZHlEncE 3 %
WrgE " | 2019 FERER T¥RKEFRE, H16, §HiE, 2019.

HERA T, B8 BT, “/NMIbR) =7 BERE— 20K aRK74 72 XF
f o =2 ZFEER, 2P1-104, &> 5 A4 VB, 2020.

HRES Y, BN, “/NUhZ2Y = 785 E — X ORIE L FHE ~ , 2020 £ 1%
EERE, T4 VB, 2020.

HIER, ETEE, V=725 T — &, KFFE 2020-031484
HFEEN, ETERE, V=783 E KT — &, FFH 2021-030616

2 HAF

1.

2
3
4.
)

2018 6 H: BEIH¥E 28FEFEFRERAMN S LEYT—2a v
. 2019 4 3 H: SfEEmiRle K pERE

2017 £F 12 H: WM EIEANSMEREF R BIENTRE B

i

2019 % 3 H: IEEE Excellent Student Award, IEEE Nagoya Section

. 2019 5 3 H: 2019 £ IEEE &5 B X EHE IR 2B R E



FE8A  (2.8), (2.9)DEH

Fig. A1IWRTEBEERDA, Y E—K VA Z % RKDD. LCREIFHDA V¥ —X 2 2%
Z,, HIENBEC, DA V=X 2A % 2,235k,

. 1
1
Zy = A2

TRINE. ZOEBREEKRDL, Y E—X R Z1F,

1 YAV
7 = = = (A.3)
1 1 Z1+ 2o
_+_
AR
Y%, (A3)IT (A1) Y (A2) BRAT S L,
1 R L 1 R L 1
R+ jwL = e — ju———
i 50 Jeei T weer e GV Mo,
1 C+Cy  jw C+Cy
R+ jwl + —— R+ jwl — WR + w2l —
T +ij’+ijd M JwCCq ottt CCy
2
R Ww2CL — 1 R . w*CL -1 C+Cy 9 )
. —+ jw | ——=—=— —w*L | —jwR
i {Cd ‘7 (wzCCd CC :
C+Cy C+ 0y ?
_w2L + wR 2 2 P2
(CCd ) J (CC’d w?L | +w?R
R (C+Cy 9 R w?CL —1 C+Cy w?CL —1
— — WL - jw— — WL 2 -
Cd<CCd w ) PRl W-ToTer T Bl WToTe
= 2
C+Cy 5
— w2l 2 2
(C’C’d w > +w
R(C + Cy — w?LCCy+ w?LCCy — Cy) 4 R? N w?C?L +w?LCCy—C - Cy  w?L?C -1
cC? 1\ e, W2C2C3 CCy
= 2
C+Cy 5 9 b2
(CCd —w L) + w?R



£oT,

R I 2L R WL 1 1
- o] j“(cg Yo, T 0, ¢, wEcce T Beed, s
¢+ —w?L)? — Ww?R? (O *C —w?L)? — Ww?R?
C’Cd COd

L 2L R?  wWPL? 1 1
0=t -1w o7 R eloP N oA c T o, - To To)
= tan

R
cz
C2(L 2L R W1 1
—tan Pl (2 U . . A.
an {R <C§+CCd C.~ Ca P0G, w202q§>} (A.6)
b, (29)EHIN 5.
| L C R 4
|~V |
i |
e — e il
—1 S +—
I d
l ]
. |
’ L
7\
AV,
Op

Fig. A.1 The equivalent circuit of ultrasonic motor.
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Table D.1

The characteristic of piezoelectric element.

Property Value

Youngs modulus [m?/N] sk, 1231 x 10712

sk, —3.62x 10712
sk, —5.67 x 10712
sk, 15.07 x 10712
sk, 43.11x 10712
sés  31.85x 10712
Piezoelectric charge constants [m/V] d3; —135.3 x 10712
ds; 315.7 x 10712
dis  529.6 x 10712

Dielectric constants [-] el /e, 1514

ety /g0 1512
Density [kg/m?] p 7.81x103
Mechanical Q [-] Q 1587

Dissipation factor [%] tané 0.294




