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Development of Ultrasonic Linear Actuator for Omni-directional Motion
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SUMMARY

(4 % 2%

I. Title
Development of Ultrasonic Linear Actuator for Omni-directional Motion

II. Objective and Needs

Ultrasonic linear actuators have the properties of high resolution of nm
scale, fast response of less than 0.1 ms, and high generative force fo more
than 3 kg/mm’. They are considered as next generation linear actuator. In this
project, omni-directional piezoelectric linear actuators have been developed.
They are able to apply for semiconductor and optical equipment, and
bio/medical technologies. The piezoelectric omni-directional linear actuator is a
fusion technology which consists of piezoelectric materials, actuator design,
driving and control circuit, and system technologies.

Il. Project contents and scope

The project is international multilateral joint research project. Four different
country research institutes involve in the project. KIST, Korea plays role in
developing the LTCC piezoelectric materials and the design and fabrication of
the uni- and omni-directional linear actuators. ICAT, Penn State University,
USA has analyzed the vibration mode of the piezoelectric ceramics and
mechanical driving part of xy stage. VPU, Lithuania cooperates the design of
the actuators and implement. Also, HNI, Germany has designed the implement
of omni-directional xy stage.

IV. Results

The following research results have been obtained.

Firstly, piezoelectric ceramic materials have been developed, which could be sintered
less than 900C and have excellent piezoelectric properties. The composition of the
materials is 0.01Pb(Mg12W12)03~-0.41Pb(NiiaNb23)03 -0.35PbTi03-0.23PbZrOs+0.1
wt26 Y203 added ZnO of 0~25 wt% ZnO. The materials have the excellent
properties of Qn=70, k,=56%, and du=570 in condition of less than 900TC
sintering temperature.

By design of displacement enhancement implement and improvement of the structure
of the actuator, the uni-directional linear actuator has been developed. The optimum
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friction condition and the movement properties according to the friction materials have
been investigated. The driving circuit for the actuator and uni-directional stage of nm
resolution have been developed.

Based on the research for the uni-directional linear actuator, the two kinds of
omni-directional linear actuators have been developed. The one consists of the crossed
two shaking beam linear actuoatrs. The other is corn type concentrator divided by four
sectors. The actutors have been analyzed and designed using ATILA.

The xy stage has been also developed using the omni-directional actuator. The stage
consists of the actuator and alunina ball, and has multi-degree freedom on the plane.

V. Practical using plan

The omni-directional piezoelectric actuators are able to used in the industry fields
such as semiconductor fabrication and alignment, high resolution position control
equipment, micro/macro actuator for MEMS process, and joints and eyes for Robot.

The actuators have wide application rage.
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A1 AFMNEAA 2

U " A 2F/ARA e A 21}
=g HEste Hhole/9 8 ZlERokd AR vigeolH, £3] HA widFo] 0.1umol
He LSI Alz7l&9 29 300mme #o]s 2719 nm FAEEE 7M-ok sk dA A
43t e AL Ay AL dwrH oz HY guiding rail, w2UE EE, 181
ball/lead-screw® FA4EHo] gJow maye 29 A4 (resolution)’} 2 (rotor)2t
AARA Foy Abole) A o8] AAHY] W AUHoRZY VAHeR FUEE T
A7 E7bss7] Wil F71E bl AZAFoolE o 2 FEAA ARt
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A AE A Aojd AFdolH WALARE FELIL e G AFdolHE &
L1o] Yeld uvie} o] fFoolg|e] FoEAQ W9 AYUR (displacement accuracy),
AXAYE (positioning accuracy), S E%%E (response speed) 5ol & AA oo
Elo] ujste] WFemz wteA, F8 @ HAFT A=Y AY AAANE &AL
HDD 5 2% AR AR A9 track tracer 5 AHEE 18 753 3l

Fd AFdelHe 5L 2A AC 2 DC 7522 Us & doer ACTFE2 wWE
S22 FASA| T R gig AGALEo B DA Ao A7) "l wE $1x o
T34 AE=01me] A7 dov, DCTF5Y AF AME vdevEFe AL=rt 7hsst
At o] F A (stroke)7t vl 2 5A4L /A3 o UxuEFY HAAANE AT
Alzgle] TP FEuIlUFY AHe Mddo] wejol ok &I o] Aol o]
& nm scale®] =& FUE 9 01msolste] M2 294, 3kg/mmAEY 2 LAY F
o] EAE Zde AAY o] AFoolgol

2 JdFE Vg 2E BEAE Ze g d dFdolHE ol&Io HUF
(omnidirectiona) © 2 2ol &3 2o dFoolg ME ZxE §tH, o9 &
€2 BEA 2 FEguY ALYA Aot vole/gw5T|E EoF F
TA71e2e AFolEE FAAE, AT &3 v AFjdoly HAV|E, o
Frollole E/A7)&, A2dls 7E ToR o RN E Fi7|Eolth

—~

(o

11 AEEE ¢ dHdolHe) B4

Narme Displacement Displacement Generative Response Speed
Range Accuracy Force
AC Servo Motor Rotation - 3kg - m 100msec
DC Servo Motor Rotation - 20kg - m 10msec
Step Motor 1000mm 10um 30kg 100msec
=\’£ice Coil Motor 1mm 0.1m 30kg Imsec
hfcﬁ;g? i (Rota%iimn/rlrilneé;) 10m 3kg/mm’ 0.Imsec
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oj7|&o] 83 FHVI&olth wald A 2&d 2o AFoolE ATE A
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g, 233 gy AFoole e FE/A0 FaelF ol ofFolFof de EFHoln
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x-y stage AAI71E€ T FFATE S nanometer scale?] FUEE 7
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AFoole] Aoty taAZd HAoZ ojn vZFE FAHoRE B FEL H=
AAE 7HA 2 AF3tn glon, gy B AFE 53 FATFATFANEE FHL
2 HA7A =L v FESY 59, €I, FF FA "IWPMA, International Workshop
on Piezoelectric Materials and Applications” workshopg ™id ZHF 3Rz, 3= 9=
oAl workshopg MAET AFoz olF 53 FAH 7|& AZH{E FFH8AL, FF
A= 4% uF J|AE AEE A2 7|dg3
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o moving W& 7tXz Yok 22y dFEE FHo] 50~100m °}Fe] & Apel=9] A
golx & Aastn o, gdaAfFEe 2HoAE A yFE EF/ AFAolH A
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EAMo] & UREY PZTA Aggsrs 24 2%7F 1200C o]/delH, 1000 T Fol
A PbO7t FZsA FALFeoz 2d =49 Aste B2 A &u] L FHLE #A
b Rz 3 ook wabA oux e $AEA L AEE 2A%e HEL AHHE AL
27 43 Az o] whEA) o] FojA o grh[1][2]
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Az FeuE A8 AFL 98 AAALEZ AEse] 107X FS F, Fepxy
Sol B FFH9 Al2ayel B2 2447 Uy 6t EFE dE5e &ds] A
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# 3.1.1 Manufacturer and materials grade

Grade |

PbO

99.9

High Purity

MgO

99.99

Aldrich

WO;

99

Aldrich

NiO

99.99

Aldrich

Nb2Os

99.9

Aldrich

ZrOs

99

Aldrich

TiO,

99.9

Aldrich

Y,0;

99.9

Aldrich

ZnO

99.9

Aldrich

forming

R P e e e e P e

|

bum-out f»

measurement & synthesis }‘;

Tl

e D R

2% 3.1.1 Experimental procedure of piezoelectric ceramics
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t
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& 3} 1, Precision Impedance Analyzer(4294A, Agilent)E AR&3le F2 drF 3
Fa+ D FAAYE FAsE A7-IA ARAF k)G AR FEAATFQE U

/

k2 =0.395

1
21, (1~ £2 1 f)RC

g, =

A71M C: 1 [kHZl A ¢} 270 BHEF R FIA 2749 AZA
fr o BERA Foe i X Fo

312 ¢A A a
7}, ZnO #7t% e 5
Fig 3.1.2% ZnO 37t

3

e

E

oXx

2

ot

i
>
2y
ot
1y
ta
o2
o
k)

agold yebd mpeh Zo] A o]



dol BAHA g AoZ Hol AT TAuEo] oJFAXEE ¢ F du EF
(200" 9] A7t HAHZ(Q2 ©) 43° T 46° AlololA FEAEFHJ oW, ol dAWtHoE AW
BAGH AR ALY ARG v%E] gEed 2 Ao (20008 9] 3

- ZHEHY o osd Wi XA A HaE N2 FHE YEdd wEiA, A
WA AAASN FESE FHA 49 MPB)e AATEE 7HAL A

o, (200)H 98} Xy Zrt BEAF AAAN ALYAHAAZ o]5FE & F Uh[3][4]
Fig 3132 900 T9 42 2=0A Zn09 H7t#3 1A L 2A1F &ZF AJHe ¢
= Yed RolthZnOA7tFe] F7tRe wa "Erb F7HeH om wtsol A F-E 1] Al
Al Z2EHA ZnO & 15 wt% 78tz 2A70 2Z{E d AHY E=7F 80 g/en
2 7h8 & #E JEhddth

Fig. 314% ZnO#7tHd @& 900 T oA 2417t 2 AlHY vAF2E Yed 1
Folt. Zn09 H7lFo]l F/1E4F 28U (Grain)ol PlAIEHA AR ow, 7] (Pore)°l
ZF05S ¢ & Utk ol ZnOd A7 AN A AAZ AlgEd[3]6] 22 &3
A A & § A%o] ZnOH7MFo] Z7F & £F drst F7HE AL 2dddA e 2o
adle] AFo R Q3 7|Fo] EojFoEA XEI FRIF o|Fo AP}z HIF F
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1% 3.1.2. XRD patterns of the PMW-PNN-PZT + 0.1 wt% Y203
and x wt% ZnO ceramics sintered at 900C for 2h
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29 3.1.3. Density of the PMW-PNN-PZT + 0.1 wt% Y205 and x
wt% ZnO ceramics sintered at 900C for 1h or 2h
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2% 314 SEM images of PMW-PNN-PZT + 0.1
wt% Y203 ceramics with various ZnO contents
sintered at 900C for 2h (a) Owt%, (b) 0.5 wt%, (c)
1.0 wt%, (d) 1.5 wt%, (e) 2.0 wt2, (f) 2.5 wt%
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a3 3.15. Mechanical quality factor (Qm) of PMW-PNN-PZT
ceramics with 0.1 wt% Y203 and various ZnO contents sintered at
900 C for 1h or 2h
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a¥ 3.1.6. Electromechanical  coupling factor (Kp) of
PMW-PNN-PZT ceramics with 0.1 wt% Y203 and various ZnO
contents sintered at 900 C for 1h or 2h
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19 3.1.7. Piezoelectric constant (ds3) of PMW-PNN-PZT ceramics
with 0.1 wt% Y203 and various ZnO contents sintered at 900 T
for 1h or 2h
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% 3.1.8. Density of PMW-PNN-PZT ceramics with 0.1 wt% Y203
and various ZnO contents sintered at 850 ~ 900 C for 2h
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1% 319. SEM images of PMW-PNN-PZT + 0.1 wt%
Y203 ZnO ceramics sintered at 850 ~ 900 C for 2h :(a)
850 C, (b) 860 T, (c) 870 T, (d) 880 T, (e) 80 T, ()
900C
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% 3.1.10. Mechanical quality factor (Qm) of PMW-PNN-PZT
ceramics with 0.1 wt% Y203 and various ZnO contents sintered at
80 7 900 C for 2h
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% 3111,  Electromechanical coupling factor (kp)  of
PMW-PNN-PZT ceramics with 0.1 wt% Y203 and various ZnO
contents sintered at 80 ~ 900 T for 2h
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a7 3.1.12. Piezoelectric constant (ds) of PMW-PNN-PZT
ceramics with 0.1 wt% Y:03 and vartous ZnO contents sintered at
850 ~ 900 T for 2h
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A BAE FHF A5S FHAIIE AFololE 2ostt & =AM &5
zet E(horn)o] ZEE T2 AFdolHE ol &3 TS oA AT

= 209 LAA FZFo dHAE BEERE A FEREAN MEE=
W A Mg 2o BA3E THE AFo] AFAY EolA o 5-10MA =
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g 29 321X Zo] dFut AFAg FET M2 Holo ES QZFH
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—
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N

offt 2L
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FAIE BERAFEREI 128 7287 g 2o Frkstn A
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Elastic material

\

e

Electrode

Piezoelectric ceramic

Langevin vibrator + Horn

a9 321 &FEE A5AS} o 72

gta} AExte] TEH e gL oz
Zol A JAEAE BEE %9 X2

D =e,S+ 4B, (1)
T= c§3S —eyE. (2)
714 D : %2 E(electric flux density), S : ¢ &8 & (strain)
E : AA(electric field), T : &= (stress)
e . A4S (piezoelectric constant)

Pt AAVE ARE o] B4 A S (elastic stiffness)

5 ¥ Eo] AAY wo] & &(dielectric constant)
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A ATz QARAE uDFD S AFBANA DA SEe c=S =y
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A (DY oA wAHAE xol #al HESE A )F 2k old x=LiolA Bt 07
olm g Up¥ 00t}

x=L x=1 s =L gu g
f D dx= f [e3S +eSE] dx = f {633—+633E} dx,
x=0 x=0 x=0 ox

DL, = ey, (U, —U,) +5,EL, =—e,,U, +€5,EL,,

. G ¢ V
S D= Jul, +€5 Ll. (3)

A7IA cp - @ 0ol A9 dAEE
Up : &9 0ol 9] AAESY
Ua @ &9 AoH 9] A

#& AEA) FYHE AF Ie 4 2-3)2 AEYES Aol &) Ve F B
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—Jw[ Jul, +e33L1]A1— i ——¢,, HjwC,V.

A71A Ap: x=Liol A Agtexe) g

S
cd(z_%ﬁfl*l) D B e AdAE 2

W AclHe wWayg S,=-%,=-L 09 __L

st A®ol zHgste g2 4 (59 o] EEALL

C33 OCip v
Fio=AT, =A [C33 1A~ ©33 A] A Lw ax 933171' )

E
- i3y 914 Vv

=81 A e A —.
1A jw ax 33 lLl

4 (2-DE 4 (2-2)9 didstd 4 (2-6)3F 2

1 1 D —ej3sS
S=—(T+eyuE)= T+es——s—
E 33 D B 3§
Cs3 C33{1 &3/ (633‘333)} €33
1 33 1
S= _DT+ DS D= D Tg33D
33 C33€33 33
3 €33
71 A1 C33_C33(1_ 5. .D ) 3= ~D.s
33C3 C33€33
WEAS] FERFAL FENewton) $FHH o2y TG
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_ du _ (0T
F=p dx dy dz P —( ox dx) dy dz,

9° 0 aS dD Q%
p atg 2’5_‘{033(5 g33D)}—C33( 3/8’33 ox )_013}3 oxZ’

ox
2 2
s7= —welzz yi=—( W)= (H)ux  aw  swwnse
33
0 2

FAEE cxpe A (D), @) 2.

u(x,t) = (Ae™ ™ +Be™ ™ )el¥t, (7)
clx,t) = %%z jwnle,t) = jw(Ae™™ +Bet ™ )el, (8)

<Ly PN 4A Agrdsel AFE)H AASEC)E ZAD x=Liol A9 WAl
B FHE wA @ AGES A A 9, 107 2o EAAL.

F,=(F e ™+Fe ™), ©)
F e
¢ == 'ZI_=—%(F1+G T F e ™), (10)
01 01

A7NA Zop * Azl &3 3™ X (acoustic impedance)

dg HPo 2 Li<x<Ip? #5049 FFE)H FE()e B3 2o Yed =+

F,=(F e ™ +F e ™), (11)
F
C =~ = '—1"(F 7 +F2_e+ ’sz) (12)
02 Z02



254 ABG-L)Y B(EnT BEG-LL)S IEnE 27 a3 2ok
FZAng-e _Y2L1+F2—e +Y2Ll’

- - L,+L
Fyp=Fje nlitld gy tialitly)

T3 o] A9 H](ratio)$] B = tpeg3 2o
A

— - L,+L
F,;, Fje nhithd pre thlirly

Faa Fie M iFp e tn

x=Li+L29] A= 0 F5-(2 A€ A=) 4 12)=

FZ— e —y,(L+Ly

p— _ _2Y2(L1+L2)
F; o TYLIFL) € .

o3 o) Ae ol s e 2
2A

Py _ File 000 4o il +ulisb]

FZA = F;[e _Yz(L1)+e _2Y2(L1+L2)e +Y2(L1)]

_ 1
e +12(Ly) +e =¥ (Ly) COSh(Y2L2) )

o2 dure] ofd Wre WHE Yo ARMY FFEL S=00]22 A (6)o] A
A7HHG Vol os) Aletmse] Aol Zgats ¥ (Fi)e thes 2th

A%
T=chS—egE=—eyxE= —333"1‘:

. \Y%
. F1A=333T1A1-

9
o

e %9 A"l 83 W Fust SUHE 4 (13)F 2 BAYe 4™
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\% . L,Fos
Fix =e3331~A1 =F,,, V= oA (13)

weEtA A7FAJMVIT 349 BHAA L d(Fp)d H, T JEAFD} 549 B
Hol Mo JREE(cp)] M A4 (force coefficient) o W3 2ot

I Fop
;{d({:}- V LlFZA/(e33A1)

Q =

_ enf) __A#
L, cosh(y,L,) FVAEE  cypp

ZEH SR dALF aF ol &8 dA Aggzd AVtHe A, IAFEFH d4Fd
A FEDAA B P 28 FE 5 Ut

A 23 ZH9 54 (shaking beam) HFollolelE 18 323149 o] e
AH ol HAstE HH(plate)d] 27} FUn R AnbHl 259 RE S FELHERY
H Adg 4 .

O9 323% Zo] HA mude FHY RS HAuEd HA g9
Ao(xo, yo)ol A Ailxy, yD2 AT uf x ke W il =
€ 6, 281 FRY 1/2 FAE deta ot dHol 43 gAY 54T &
SEHA AL v Zo] TEAETI0]

0% (x.t) L YI A (x,t) _

ot2 pPA  ox!¢ 0,
EE
4 2
22 é(:;,t) L0 £(>;,t>=0, (14)
ox at

4 B AEAE

q71A b(xt) - & B
Y - 8439 9 E&(Young’s modulus)

[: #4 R E(inertia moment)

A gAY FE A (surface area)

p d A o] E % (density)
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Ay(Xp¥o)

Axpyy) L

a9 323 BH &5

A (149 AE W HD=XETOZ ¥+ £t dgsid o 2o

orn d*X d*T
kT o +X dt2

=0.

4 (159 ¥¥E XTE ¥4 4 (167 2o

1 d*T
dx* T dt? -

4 (16)A t, x7F HEH oz Hilx 4 AgsiEa

w2

TE pold ¥ 4 (17), 193 Zeo] vehd & Uk

k% d'X . d*X 2
X ot TP et ke X0
1 d2T dT
T g TP g YRPT0
2 (18)9) &=
T(t) = Acos{(pt) + Bsin (pt).
otk ag1 4 (179 SHZE B 2,
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oo BN )0,
. s=\/I, s=~\/1, s=j\/7—l%, s=—j\/‘—%.

V2 =a% 0% 4§ D9 s "= cosh(ax) +sinh(ax)st T BasF g

o] dukaflel Acos(gx)+ Bsin(gx)& ¥

X(x)=C,cos(gx) + C,sin(gx) + C;cosh(gx) + C,sinh(gx),

A
T

r

X (x) =K, [cos (qx) + cosh(ax)] + K, [sin(qx) +sinh (gx)] (20)

+K; [cos (qx) — cosh(qx)] + K, [sin(qx) —sinh(qx)]

oz e £ . 4 0 vEaw

'%i‘((" = gK, [ — sin(qgx) + sinh(gx)] + gK,[ cos (gx) + cosh(ax)]
+ qK3[ — sin(ax) — sinh(gx)] + qK,[ cos (gx) — cosh (gx)],
ii}g =Q2K1[— cos (ax) + cosh(qx)]+ q?K,[ — sin(gx) + sinh(gx)]

+ K, [~ cos (qx ) — cosh (qx )] + 'K, [~ sin (qx) —sinh(gx)] (21)

o] & A (20), @D ddstd F 2ol A5 Ky, Kp, K3, KiE 78 + Utk



X(X) I X___0=2K1=O, S KIZ .

d?X
“axt | xm0= 20K =0,

X(x) | x=yp =K,[sin(g\/2) +sinh(g\/2)]

+K,[sin(g\/2) —sinh{q\/2)]=0.

d*X
A

+¢’K, [sin(q\/2) —sinh(q\/2)]=0.

2K ,sinh(gA/2) — 2K sinh(qA/2) =0, ~K,=K,.
A @04l 45 Ki, K, Ks, KoB i3t 4 (2-24)9 2.

X (x) =K,[sin (qx) +sinh(qx)] +K,[sin (qx) —sinh(qx)]

=Ksin (qx).
at BAZA X(x) | oy =014 78 & gtk

X(x) | y=rp=Ksin(ax) | y=,2=0,

rr
o
I
|

q——)-z\-=n =

¥ 323904 x=0, x=M/2¢] R IFe] gle AF 4 Q09 e o5 2o

X (x) =Ksin<cp<)=Ksin(3§-x).

nrEtd SHEg A e detsie 4 (26)3 2ok

o2
—x

{(x,t)=X(x)T(t)EKsin( ”

_,36~

| v=x2 =@Ky[—sin(g\/2) +sinh(g)\/2)]

){Acos (pt)+Bsin (pt)].

(22)

(23)

(24)

(25)
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806,1) | o ya,e—o=Ksin (22 x)[ Acos(pt) +Bsin(pt)] | = 1/s.c=o

=AK=0.

olw| K=0o|" Fejujatmz A=Qolt} wetr HRS L o3 2o

To=%(x,t) | X=A/4,t=T/4=[Ksin(-ZTnx){Bsin(pt)}] | x=a/at=T/s

= KBsin(p }; )

9] 414 KB=k, sin(p—-)=1lolm2 thgsl B0 4 Gae

p

.;:-lr—]

,"‘_"_

= A@EDI 2ol FAHI Ak

£,t) = X ()T(E) = gosin(?f-x)smm).

oheba 29 3233 22 Hoo A yiare] ¥ ik

27
53], 259 A7t d§ Foeng
~o A1 Y Ay dy _, 2T 2 3\
tan© =0, = X, =%, _ Bx * dx =57y cos( N x)sm(wt).
oz yE3 xF WY W 474 vy 2ok
yazﬁgsin(%i—r—x)sin(um), (28)
x, =—dsinf, =—6,d =—§02—7;dcos(2T7rx)sin (wt). (29)

263 2HE O A% 00 AATe FAHE TEHEE o’ o AR
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AT o7 AAH Agxe, yo)o WHE A (2-28), (2-29)9) sine?} cosines Z}H7}
cosine, sineC. & X33k A3} e}

X, =+ 502—7Iisin(2%x)cos (wt), (30)

vy, = £,C08 (g%w)cos (wt). (31)

T AAT @, Onol 93 Uehbs X% % Y5 W9l e 2o,

X=x,+x,
2nd 2 . 2nd . (27
—-€OTCOS(Tx)sm(wt)+£0—/\——s1n( X x)cos (wt),
2nd 2
S X =g sin| ——x—wt|. 32
X{O)\sm()\x wt) (32)
Y=y, ty
. |27 ) 27
= fosm(Tmo)sm (wt) +&,cos (Txo)cos (wt),
27
.-.Y=§0cos(—x—:v—wt). (33)

A (32)9 4 (3L w23 o] B Ao E gdEY

2 2
sinZ(Ex—wt)+cos2(2£x—wt)= —X—+X—= 1. (34)
A A ond\? &
0N

A714 3,2y, oz e @& AP PP FAF(Go - 2dNF FAWY

9 FAFEOE A BHAVFS HAHH, 2 BB} YEHo| A& oFAE o
A5 98 oS5 Aot
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Y=g cos(—zf-—i-)=0
(i) t=T/4% 9 2H9 AX
X)}ff,;—iomsm(%%—%— w%)=0,

- 2n
YYh=1, COS(T

|

- wq’l‘—>=§0.

(iii) t=T/2% = HFe AA

XM — §02 nd

A T d
X1p= “2_1[‘1_“)‘2_)““@0“2]1_

sin( \ T
Y?}f,?z:éocos( 21 —‘:I—— w—TZ—)=0.

By

(iv) t=3T/4 = 232 $A

X3 = §02 Sin(—ZL _w_:?_)zo,

A T
Y3T,4——§0cos(2—fj— w—34—)=—§0.
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n-Channel MOSFET# 170¢] 3t #& zte HYVIZ o] FoZ. 17 3352 FAl-
= UHEY FAESot 253 R A A" FA-EF AuEE MOSFETS!
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T2 FAHX 3t 29 3379 283 7 R=e 15718 412 Vo
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34 45 4A Yo dFoly HA

341 A% 259 RHO T54d
2 47N AgE A”¥ 259 ZHE FANE 2

mo glo

3 3 AFE = F Ao &A
Az olelo] 90° YAAE 2tE sined cosine RFHLE 2z ArpgozA A HAA
TFE €S F A uFHYY HAE v FoZN A - 99 o]Fol rHestt4l

A 259 EEHe 29 342049 Zo] b Mgt zox TAstE FHE

= F Ry 34 A F2Hhalf-wave transducer)t ©] E2bo] Bl WF &
Z | El(shaking beam actuator)Z T+ €t} W 252HA, Bl
Zte 1F 2F AAE AUEHE HEW dAFoolH Y FHCO) AU
A EfdAHel FAHT ol A olFAE vhEHd o HPHe= F

g

HHeE x] =

ofl O}N

i

T
N2
e
2,

O

1. Model Definition

Choosing the type of analysis.
Choosing the elements.

Estimation the computation size.
Selecting all the physical parameters.

2. Mesh Generation

Definition of nodes.
Checking the geometrical aspect of the elements.
Checking the mesh step.

Y

3. Description of the Problem

Definition of the commands.
Definition of specific data

: data load, boundary conditions.
Checking the mesh and data file.

X

4. Running a Job

Running the solver.

5. Using the Results & Postprocessong

Reading the results file.
Graphic display of the results.

18 341 NEHA £A4AE
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FE 341 A MEgelae &0 EFAAS

Material Property Value Unit
Density 7800 kg/m’

Metal Poisson’s ration 0.285
Young's modulus 2.1 x 101 N/m
Density 7500 kg/m’
s'u 123 x 107 m/N
s'1 405 x 10°% m'/N
s°13 -531 x 1077 m'/N
. . s" 155 x 10 m/N
Flezoclectric i 39.0 x 107 m/N

ceramic —

dis 496 x 10 coul/N
ds1 -123 x 10 coul/N
ds3 287 x 107 coul/N

£°11/¢0 762

e%/g0 662

W A5AY FAFRSE 65 kHAZ 4B E 3419 ARAFLRY
e d AEas 349 £453% 3F dUULE o g3 Wi ABA P2

o

34.4°14 AB-CD F%+& 2 [m] F79 &+ Azt 474 25322 o|HA
T 2718 FUANE 2%(step) TE E(horn)2
FET 4R Aggae g5 ged go) FHA

g
ci(steel) = % =\ —2—}%(%)56%)(—)— ~ 5189 [m/s],

c%(ceramic)=\/—§- = ] =~ 3487 [m/s].
s
#1-( 2]}




AB co £F

L, L, &M OAN YA 2=
e A [ 4 A4 ey

138 344 95 AE =y T2

f o 65x 103
I AB-CD 77+e AA A2E AEs= a7 AxAe)

TdEE ¥F 5539 Zo| e vE HozRE Tt

i )

A7NA k@ HARS, 7 4% IAQDL, b A Aes 274 A

2&0g olfz EEF P79 Zole Adolmz A=—L =918 o gy [
o

o3 o] TG oy BN AEAE N2 REZ
65 [(kHz]®} 5 ¢l 130 [kHzl ol A A9 &

f 3
= 2:;1 =._________21tx§i’>§)§cl() ~ 157 [rad/m],

~
|
ols
|

__w _ 2nf _ 2nx130x10%
k,= c, = e = 3187 ~ 234 [rad/m],

Z,=S,p,c,=S,x7800x5189 ~ 40474200 S, [N/m/s],
Z,=S,p,c,=S,x7500x3487 =~ 26152500 S, [N/m/s].

oA 5 FERe] do] 42 4 (DeRRE g o] AdEn.

I = (k—ll)tan'l{ gf )/tan(k212)}=( L )tan ~1(0.646/1.36)~3 [mn].

Z8Hoz vy ¥E7|9 AB-CD 732 14 [mle]l2 EF 732 20 [mn]e] o}
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343 A EdHA 23

wFH AEA E(hom) o2 TAHHE WY AEAe AR FEe $N AL
A%g oz ¥ 3429 2Y 3459 ol stk ow waF WEAe Ho
[mlo] % ~RF2E e Ehom)d 9 - okl B H & 1/2 olth H3E ¢ Ay
29 B3 Wge A2 wihdgoln e AAE A/MoEA FUY ASRES B4
WNE<1=3

a3 3463 29 3478 uaR AERE

AZTrs F2 2=g M) A Re=
Zo| 645 [kHzIS) FRF Aol A Wakg AFAE do| HFo2 West FiEe M2
BEZ AES WAL T 29 346(@01H A 0" AFE T/ 346(D)oNA
s gol £} BF Y AFAe AARo|

(i

248 Aotk WA W AFAe F
qg ANG A 29 346@1 4%

H
R

£ 342 w33 WFAY AEHoA 4

Ceramic PAN-PZT + 0.8wt% Nb:Os + 0.6wt% MnOs
Material
Metal Stainless Steel
Type Step
Horn Length 20 [mm]
Surface Ratio 1/2
Ceramic Position 3 [mom]

Input Voltage

;?m

B STEELT
BLLAL) ﬁﬂ

I 345 v JAFAe A=A
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VoUIAPIACOMENT Ve
1 i I 1 1 ! t L]

besees? ‘ —
bagoe-07 e —

26- -

-
P
A
posge-nr o~ -
_,:(
- {’
1 agae-07 e -
7
7
- E -
H 4
& r"
g
#
2928607 ~ |-
4392607 ] -
5866607 —
T T T T T T T T T T T
1024 1065 1106 1147 1188 1224 127 1311 1352 1393 1434
P e eformation { Xo, . Displacement of Harmenic—-Magnitude, step . m

(a)

R

SRRV,

Y-displacement
y 9.9305e-07
462876-07
¥ 3.32692-07
| ooasten

7.2334e-08
@ -5.7846e-08

-1.8803e-07
-3.1821e-07
-4.4839e-07

-5.795%e-07

e ——— Gl

2% 346 g AERe) BN

019} 22 A2 RY w3 A5 AARG ANEdelA A7t AY o
T AT FAFIFA LA $HY EXE sy s AAT =3}
éiﬂr—‘:—: ad 34.7(a), ()l YeERHAY. 27 34.7(a)& 64.5 [kHzlolA A=
AsAe €3 X E ek Aotk 123 Id 347(b)& WS7E 0'd dFW A
gt o] AAFAA LA FHY Av|e HEE AHE el Aol
g 2EAke] 7z wE BEAE vwsly] s 19 348449k Zol 28 (step)
7‘1 ”‘o"—T'n‘ Ad(hyperbolic) 7%, 9% (conical) T&, A (exponential) T& 5 47}l t}3|
E 3439 BAxAE HE&std EA5AT & 3449 19 349% W AeAY 7=

Ni

F ooy
o> oo
ofl oX 1o ffo

EA

]
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o e WNEHE ug
(a), (b)AMsh 2ol B3

of 47 BAE + YT T TR

<80 3 AHA A
=1

A3 Fag e ©A

£ 343 W93 AFA NBAH 21 (EY F2)

Ceramic | PAN-PZT + 0.8wt% Nb2Os + 0.6wt% MnO:
Material
Metal Stainless Steel
Horn Length 20 [mm]
Surface Ratio 1/2
Ceramic Position 3 [mm]

P of Stress. Sil~Stress.

(a)

—_—




E 344 &9 Fxol W& whabd AFaie HAEA

Resonant frequency Y-displacement
Type
[kHz] [m/V]
Step 645 0.59
Hyperbolic 65.9 0.58
Conical 70.2 0.35
Exponential . 70.7 0.40
] ] ]
\

Step Hyperbalic Conical Exporential

F

79 348 WG AEA o T2

e



0.65

0.60 - °

Step

0.55 - Hyperbolic

0.50 -
0.45 1

0.40 °

4 Exponential
0.35 4 °

1 Conical
0.30 4

Y - displacement [u m/V]

0.25

Types of horn structure

I 349 9 Pzl wWE WF

459 19 34108 Wb DExe 9 - oty ¢W v o WE 4L AN
s o Bl &(AV/A)S 1/8, 2/8, 4/8, 6/8, 8/8% ow umwA =3

. & 3463 19 34118 Wb AEAe] ©d v g mE W
A3 AFolth AVAY F7H & &9 9% dHH(A)e] M
A vH@™dez g “Ot'% o] A3 &9 oA TAs
= shldEElE A RS AEx E4F dFagEl A8 %
=% ZHo| 9139 TEHAE olsAY SE& EAHE BdAAY 27 v 2 z[6]
olE &BdiA7l7] 3 H 3“ 41 (34)ell A o} Zo] wrabd WFxe] WAFE FIHA A 3§
= Fasta ZIAH Wy o] BAstE el

L S g 1}9«3 t_@ Hl%% AE =&9 Bee §&Eokdd wel AAEojof

&

E 345 99 AFAe AlEHolH 2F (AVA2)
Ceramic | PAN-PZT + 0.8wt% Nb:0Os + 0.6wt% MnO:
Materials
Metal Stainless Steel
Type Hyperbolic
Horn Length 20 [mm]
Ceramic Position 3 {mm]




3mm 8mm 3mm 20mm

29 3410 93 AFAe FAEA (AVA2)

¥ 346 &R v & WE oy AFae] HEA

. Resonant frequency Y -displacement
Surface Ratio

(kHz] [pm/V]
1/8 63.4 2.23
2/8 63.3 1.16
4/8 64.5 0.59
6/8 66.0 0.39
8/8 66.8 0.29
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=15 \
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1o “\
8 AN
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© .~\
> 097 “‘NN
0.0 Y T ¥ 1 v T T T
1/8 218 418 6/8 8/8

Surface Ratio [A /A)]
9 3411 @9 H g WE WAF
¥ 34774 129 34128 £9 ZelL)o] W ¥ 2 $8 54 siME) A Al

ool xolth 11 3479 (a), (DAAMY 2ol IF SHo A% 7AHA e
H23A717] Al £9 ZolE 10~20 [mn]e] HHA MR om ojmf Tof FoA

B Welsh 28 S4S AWMU E 3487 19 34138 £ Yolo] e 5
4e 2 ALlH RHE Adelth. £ o7t FAA%el Wb Aol Wge WAt Ao

O

Y A¥H o Frisd. oju wiatd Fae Hd L WY 0°Ud M4 FE
ey 3 @5 1529 AR vepdch webd W9 #4aE HAistese ¥
Ax &2 Aol 20 [m] B} A 3 S8 AFL aRdoz 9 & U

#3499 ¥ 34148 HFE A Agzd fXEP)d wE 54E M A
FAEHAR 2hoz A2 AE o FEE V|ELE 0, 2 4, 6 [m]Z A
U] 24L& 5Y8A sk & 34108 2¥ 34155 ¢4 Ag=ay 94X w
HASAES 2 AN E4% ZH2A HFE Aoz X7 vadd s Ve
S7He wet 3F o HFE Ay APH oz AT

o
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£ 347 w3g A5 AlgYold 24 (F9 ZHo])

Ceramic PAN-PZT + 0.8wt% Nb:Os + 0.6wt% MnO-
Materials
Metal Stainless Steel
Type Hyperbolic
Surface Ratio 1/2
Ceramic Position 3 [mm]
3mm  8mm 3mm 20mm

o
e

L
a9 3412 wabg s AAxH (F4 2ol

X 348 &9 Holo] @& v AFA] HAEA

Horn length Resonant frequency Y-displacement
(mm] [kHz] [im/V]
10 71.2 0.36
12 70.9 0.41
14 70.1 0.47
16 68.6 0.52
18 66.8 0.57
20 64.5 0.59

._57,.



1.2 2.0
1| —w»— Y-displacement
0.9 4| —¢— Max. stress
; - 1.6
> Z
T 06] +—— __ m u o
3 1 __,_,,__.,.——f-’”. :
= n—" F1.2 &
£ 0.3+ o
g . 2
0 0.0 — =
o o—¢ L0.8 O
3 o : 3
2 03 o« o]
i — N
> 4 o -04 Q
-0.6 1 —
1
0.9 T T I I T T 0.0
8 10 12 14 16 18 20 22
Length of horn [mm]
a9 3413 &9 Zolo @& WY % &Y EA
ANEHoA Aol g4A AgtHxae vt 9lg o FHoj WHEAHE YA
AAZ vy Aezte A Agdas FEA0 ) ¢ - ol 2 GFEH EE(bolt)
2 nAHY] qEo] HE ke FEAL ol AZAAA BT AFAANA T

1.

T

A #2E H4sAE davt

E 349 M3 AFA AEUIA 2A (AFds PA)

Ceramic PAN-PZT + 0.8wt% Nb.Os + 0.6wt% MnO»
Materials
Metal Stainless Steel
Type Hyperbolic
Horn Length 20 [mm]
Surface Ratio 1/2




P

8mm

20m

m

il

)Lewp)’h
o
[,

I 3414 933 A5 AAXA (ASHs

# 3410 A= o wE vapd AFate] HAE

A

Ceramics position

Resonant frequency

Y -displacement

[mm] [kHz] [m/V]
0 69.6 0.81
2 66.4 0.64
4 62.5 0.55
6 53.7 0.45
0.9
0.8
=
5
g 061
g
5 05-
@
el
> 04-
03 T ¥ T i
0 2 4

Position of ceramics [mm]

29 3415 A2 gXo we A F
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344 AY 233 EE Fx A

E 34113 ¥ 34162 A8 2&3 mE Zold WE EAL Ay 3 Al
Bold 2702 AA ZolE 31~36 mlEZ Fon VM4 FE 7|F02 fFd AA
3 E9 Zolg WA 1Y 34172 A¥ 289 EE Zold wd IAsY dF
JolEl e} EEHA TAZE HYE 2 AP B Agoltt aHN EEF9
AAAA e A8 289 299 dolrt S w}ﬁ} "7}%01:4 34 [m]E 7I€22 A
2 s R ¥1 bob A AE Ao W Zo|whakY wWah oyl wAlg vyl MY
259 EH dZ2¥E F Ay R AR X Y ’%’%kii AFge), &9 Zolrt 2

e gy g AT A%

ool wel X Wael W Fratn Y wae
71

o o]l A EA3t= B Y AFHe AVE FAAZY
¥ 3411 PLUMS AN EHIA =7 (AAZ))
Ceramic PAN-PZT + 0.8wt% Nb:Os + 0.6wt% MnO;
Material
Metal Stainless Steel
Length 1 [mm]
Shaft
Diameter 2 [mm]
Distance 10 (mm]
Surface Ratio 1/2
18
4 2 T
—
M
Distance
R2 R2 R2
=
| . @ —
- ;
_1
G 0
8
26

19 3416 PLUM =9 (HAZHo])
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—¥— 32 [mm]
4 —4— 33 [mm]

—e— 34 [mm] e
| —w—35[mm)
g 7 A?r/’/}”"
= s ?:/A
R
©
> 2. .\!‘\/

X - displacement [nmA/]

2% 3417 PLUM Zold @& 279 a4A4

¥ 34129 219 34182 w3 AeAsE dAste AFH AFddolE e Hold w
& EAL M) 9% ABYoAd 2PRoez Zol= 9, 10, 11, 12 [mn]e] HH A A

Sk 219 3419% WgF AFAE Adste AW dFidolE g Hold wmE =
E5o 24 WA 2 AdodA A Aot FF AFjpdolHeY o), F ¢FFH i
g JEAY FHo] WAAFE AW HE A dAsn A dds A #2a
AT 12 [mn]ol M= #tdl2 2A F7HE .
ol HAste AY2E olFaet A doz A
F A3 FAE FVHAIE 29F AU ZasEr] dE

g CoERN 2 AP e gd AgEas 1A
Fo AYEHE BE FAE n#Este] 10 (m]2 AA AT

A

—

o

® 3412 PLUMS ABdlold 24 (%ag AEx7re] Ad)

Ceramic PAN-PZT + 0.8wt% Nb:O5 + 0.6wt% MnOq
Material
Metal Stainless Steel
Length 1 [mm]
Shaft

Diameter 2 [mm]

Length 34 [mm]

Surface Ratio 1/2

-61..



Y - displacement [nm/V]

18

4 2 T
M
M
Distance
R2 R2 R2 &

P A

26

2% 3418 PLUM =49 (vt A3 A#)

40
11 —v— 9[mm]
3041 —e—10[mm) R
11 —4—11[mm] | \
29| —=—12(mm] e =
4 ]
10 4 —— Vty
= 4
0 ‘ /__—i"—-—’- .
o e
//
-10 4 \ 4 v*‘“""
[
-20 4 .\ /
-——~——"'/
-30 -
-40 A L R LN A — 1 1 T 1
-80 -60 40 -20 0 20 40 60

X - displacement [nm/A/]

7Y 3419 W3 AEAY Aol ©E BERY WAAA
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Ceramic | PAN-PZT + 0.8wt% Nb:Os + 0.6wt% MnOq
Material
Metal Stainless Steel
Length 34 [mm]
Distance 10 [mm]
Surface Ratio 1/2
18 g D|aaﬂ°ter T
o e 2 I T
) l
A <
o RZ o~
R2 R2 R2 &
K I
«
s8]
o0
«©
«©
- 8
- 26
(a) 29} b) A&

2% 3420 PLUM =9 (E&% ¢ Zolgt T A)

O 3420@) e @EH e A Eo] 2 [m]e EEFF ZHelE 05 1, 15 2 [mlE
ARP 29 3420004 2ol 1 [m]el E&F9 AES 15 2, 25 3 m]E o]—
Aok 29 34213 3422¢ EE59 Zolg dHFY A g WE
g 2 Aol B4 Aojr} 1Y 3. 21eM EEH9 Aot %
Aol Arle vdHog F/eAY EE59
2ol okt AR gk 7191 atol 7b gk, 2wl Aol ol E
WY o717 SERE B U= ol Y && e A 7qsA R 2 Y
& ZAA73, B2 ‘%}"ﬂ-w«] 7t nlAEeY SR Q1)
7|t
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Y - displacement [nm/V]

—v—0.5 [mm]
—¢— 1.0 [mm]
—4A— 1.5 [mm]
—n—20[mm]

o _4A B

[/

Y - displacement [nm/V]
(o)

/ 7

-6 4
-8 1 l L I l‘[ T l L] l L] l L I L] l T l L] L]
-120 -100 -80 60 -40 20 0 20 40 60 80 100 120
X - displacement [nm/A/]
a9 3421 E&59 Zold wE WA
8
11 —v—1.5[mm]
641 —e—2.0[mm]
—4&— 2.5 [mm]
44| —=—3.0 [mm] %:
2] //'
0 Vs
2 A
4 4
5 4
-8 1 I L) I L) l T I T I 1] L] ' L] l L] I L] I L] l L]
-120 -100 -80 60 -40 -20 O 20 40 680 80 100 120

X - displacement [nmA/]

29 3422 £2%9 A5 wE WA
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1 —wv— PLUM without Horn

6 - —&— PULM with Horn

4 4 o
= K J
2 o«
5 o |

0 -
3
8 5 o /
& / o/
_a- -
o4 .\./
> 4

-0 - ﬁ;‘

-8 T I L I T I' L) l L] ' L4 L) l L} I T I L] I L) ' 1)

-120 -100 -80 -0 -40 20 O 20 40 60 80 100 120
X - displacement [nm#/V]

a% 3424 E9 5 g 259 HYAA

18
4., .0 -
. =
10 18
R2 R2 R2 )
_}/ @ —_— ]
< @ © | o | |~
@ g ]
26
8
26
2% 3425 PLUMS =4
1Y 34262 HY &3 REE 3 AYAA AEoldE Aot HY xeH B
Bl ZAFAFE To7) g8 Z9E BAL AA% A7, 18 3426(0)9 A=nEs
54 FHe27Y 562 [kHZ]9 SdFdAFE & & Aok EF FAFIglM LA
T HASALS 23 EHo2RE oA 19 34260)c T/AY W A 5% 2H
AN EAsts Holtde WMAE AAFE EAF Aotk & 3. 14t HA SAFIIE



L2 BT A ¥AE 44 Y
A7) AYA o2 27 wio FA] 2]
34279014 9 2L g§Y AHL P}

Aol Y
i 7t o

n.g3rat -1
003354 —
0.83327 |

883 =
002873 7
B.ur648 -
pRirat -
Bo2192 1

ancs manb e ()

T T T ¥ T T T
5610 58220 58230 56240 £6250 56260

8270

T T T

56280 56290 56308 "

(a)

Z-displacement
 74735e-08
5.7332e-08
¢ 39929008
2.2526e-08
61220008

1228808

Ahy -2 9603008
-4.7087e-08
-6.4498-D8
-8.1891e-08

g.e“"" in ¥ DR BB St Hamonic Masntude, steo 19, w

(b)
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¥ 3414 259 HYEA
Step Ux Uy U,
1 92.5E-09 -3.96E-09 ~-13.0E-09
2 73.5E-09 -3.20E-09 -31.5E-09
3 26.5E-09 -1.22E-09 -38.0E-09
4 -30.7E-09 1.23E-09 -30.0E-09
5 -76.1E-09 3.21E-09 -10.5E-09
6 -92.5E-09 3.96E-09 13.0E-09
7 -73.5E-09 3.20E-09 31.5E-09
5 ~26.5E-09 1.22E-09 38.0%%%60 -
9 30.7E-09 -1.23E-09 30.0E-09
10 76.1E-09 -3.21E-09 10.5E-09
60
40 _m
a7  Tm
% 20 - /’/ \\\
c / ]
= n /
& / /
£ / /
8 / /
_g_ u //.
-90 , s
__g 20 \\ e
! 1 n -u
N . A
40 ~—u-
_60 L] l L] l' T L] I 1 | 1
-150 -100 -50 0 50 100
X - displacement [nm/V]
a9 3427 €59 HYgAF
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35. 9% ¢4 PYol Aololy A% 2 54

351 A8 2g3 nEo A%
E A= dd ANEYolAd Auzre 19 3517 Zo] A¥ 23 BHY FXx
£ AAsA.

AsE & a4
H AFdolgz FAHY A5AY ¢A H\ daes & ‘%91 AR Aes
F AEE GHAFI 23 5] 43 PAN-PZT + 0.8wt% Nb20s + 0.
MnO; Z4& o]&3] 8x8x2 [m]Z7Z A #%‘3} AzE bd AgE s 2"A
Zol E5%gol M2 vt HEE 4F wiay JsAd 474 473-1 HEANAY. ®
A Mg zel dAEE AFEE &4 Qlo] Ay HalA shed A dFHHEL
5% Atold nAZA KT ol FAY} GEAHE FEEF S WHutEA o -‘?‘-’F—Il ALOs A&t
22 olFzom ANE 2 [m], 2ol 1 [m]e] €5 Feolth o EF H A o]
o Aol wal o] Fxte] A H(force at rest)F LAHo] Axl:, Holrt AojxH

S ZAIAT £EE F/HEGTIR]L A8 289 EHY ojFXe & 5
A ALO; At 28 A Zste] npge] g nfRE HaseHH.
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4 2 T
i l
Yy 1
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___—(l/ @ q_ Tp)
< t ™
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4 u
¥ /e 7, ¥ ‘09
t 4
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- 26 - 1 ]
Acosut —l— Asinut
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oy 352¢ A¥ 229 ZEY AA FARoH A"
] € 7tolE(guide)2 F4S TAANFHT JF B *e 20

Linear_ Motor

_Cover ; o Case

N N .
O Guide
Bolt ] ﬁ, /{

Rubber Plate

Plate Spring

Input Wire

19 352 PLUMY =9

19 353 PLUMY AR
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Bol 545 Ushiich 94 A9
Fagel T3 REd mE AFH A ole g vl“/‘*-"* st Altd FHLYe F
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S4v AF 23 R HASAEE -5 A% A2 AA S
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Pressure
Property Unit
25 [N] 40 [N]
Force at rest N 10 20
Max. Driving Force N 5 15
Max. Speed m/s 0.2 0.1
Electrical Power W 7 8
Input Voltage Vims 100
Input Current Arms 0.07 0.08
Volume cm® 28
Resonant Frequency kHz 69
- F =20
04 A N]
—e—F =25[N]
—A—F,=40[N]
03
@ \
E 0.2
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Q
Q
O
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1 Development of Multi-Degree of Freedom Spherical Ultrasonic Motor

2 Multi degree of freedom Spherical Ultrasonic Motor

3 An Ultrasonic Actuator with Multi-degree of Freedom Using Bending
and Longitudinal Vibrations of aSingle Stator.

4 Control of Multi-DOF Ultrasonic Motor using Neural Network based
Inverse Model

5 Control Method of a Spherical Ultrasonic Motor

6 Modelling and analysis of omni-directional piezoelectric actuator
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A& | Development of Multi-Degree of Freedom Spherical Ultrasonic Motor

o Proceedings of the international symposium
A Z}t | Toyama Shigeki | g% £

on industrial robots v.25

This paper presents the design concepts of a multi~degree of freedom
spherical ultrasonic motor. It is expected to be applied to not only
robotic manipulator’s actuator capable of multi-degree motion in single
2 joint but also assembling machine, laser cutting and many fields. For
4 the first time, the authors have proposed the concept of a new
spherical ultrasonic motor based on new principle, and then, investigated
the characteristics of disk type ultrasonic motor to determine the

optimum design parameters.

Advancing diveclion &

of raveling body %
Piczoelectiic
coranics

Output s

Spherical rotor
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Multi degree of freedom Spherical Ultrasonic Motor

] Z}

IEEE International Conference on Robotics
Toyama Shigeki| #g+9 )
and Automation

8

This paper presents a multi-degree of freedom spherical ultrasonic
motor. As a prototypical spherical ultrasonic motor, we have
successfully developed two kinds of spherical ultrasonic motor with two
degree of freedom. Each type has good controllability; the motor can
drive a spherical rotor about an arbitrary axis; the maximum speed is
30 rpm; the maximum output torque is 0.7kg cm; the maximum
positioning error is 0.3 mm. It is expected to be applied to not only
robotic manipulator’s actuator but also assembling machine, laser
cutting and many fields.
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An Ultrasonic Actuator with Multi-degree of Freedom Using Bending
and Longitudinal Vibrations of aSingle Stator.
A2} | Takafumi amano| #'d% IEEE Ultrasonics symposium

An ultrasonic actuator with multi~degree of freedom with a single
stator is proposed and has been constructed for trial. Three sets of
piezoelectric elements are installed in the stator, and two bending
& |vibrations perpendicular to each other and a longitudinal vibration can
be excited independently with three separate electrical ports. A spherical

rotor 1s revolved on all the three axes by the combination of these

vibrations
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Control of Multi-DOF Ultrasonic Motor using Neural Network based

A&
Inverse Model
Kenii Proceedings of the 2002 IEEEE/RS]J
enjiro
A =z} ! Ad v International Conference on Intelligent
Takemura

Robots and Systems

&

A multi-DOF ultrasonic motor developed by the authors is capable of
generating multi-DOF rotation of a spherical rotor using three
orthogonal natural vibrations of a bar-shaped stator. The ultrasonic
motor is suitable for making small, light weight and simple multi-DOF
motion unit. IN the present paper, a control methodology for the
multi-DOF ultrasonic motor is proposed and a motion control test using
the method is conducted. First, an inverse model of the multi-DOF
ultrasonic motor is developed using our prior knowledge in ultrasonic
motors and neural network technique in order to deal with the
redundancy and non-linearity of driving characteristics. Second, a novel
control method using the inverse model is proposed. Then, motion
control tests are conducted to confirm the ability of the proposed
control method. The results confirm that the rotor can be rotated
around arbitrary rotational axis using the inverse model, and that the
proposed control method does work successfully.
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Al & Control Method of a Spherical Ultrasonic Motor
Proceedings of the 2003 IEEEE/RSJ
A A+ | Eko Purwanto | AddH International Conference on Advanced

Intelligent Mechatronics

W&

In this paper, we propose a control method for controlling an
arbitrary orientation of a rotor of a spherical ultrasonic motor (SUSM)
by using a magnetized rotor and Hall devices. The arbitrary orientation
of the magnetized rotor is determined by detecting the output voltage
of the magnetic pole axis measured by Hall devices embedded in the
center of each stator. The sensing method offers a size reduction for
the entire structure as well as giving the rotor room to move in a
wider range, since there is no restriction from geometry constraints of
sensor devices, such as rotary encoders or potentiometers. We describe
a method for detecting the arbitrary orientation of the magnetized rotor
and the magnetization method of the rotor. The experimental results
show that the magnetic field generated around the rotor is equally
distributed, and confirm the validity of the proposed control method.
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Modelling and analysis of omni-directional piezoelectric actuator

P. Vasiljev o Journal of sound and vibration

W&

A study of a novel multi-degree of freedom piezoelectric actuator 1s
given in the paper. Design of the actuator is based on the
implementation of bending vibrations of a circular plate. The actuator
consists of a vibrating disc with the driving tip mounted at the disc
centre and a piezoceramic disc. This actuator can move a slider in two
perpendicular directions in the plane and achieve a curvilinear or
rotational motion of the positioned object depending on the excitation
scheme of the electrodes. Numerical modelling based on the finite
element method was performed to find resonant frequencies and modal
shapes of the actuator and to calculate the trajectories of contact
point’s movements under different excitation schemes. The transient
dynamic analysis of the actuator was performed to simulate the motion
of the slider. A contact between thedriving tip, slider and slider-way
was taken into account in the finite element model. A prototype
actuator was made and measurement sesults of actuator's top surface's
oscillations are given Results of the numerical and experimental
investigation are analysed and discussed

gL
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Campound Linear Ultrasonic Motor Based on Shaking Beam
Dong-Kyur LEE, Deuk-Young Han', Sergejus Boropmvas, Plotr Vasnaev® and Seok-fin YoON
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15 i vy loear nwtion of  shidder b ongof

The trunsfonnation of high-frequency vibrations of pieselectric ¢

b esin tasks of o linear piezoddectric mator, To prickice 2 high theust Race in the pies

tectric linear actuater, we § d

3

the: corepound piecelectie linear sctumer based on 3 “shaking beamn™ excited by e sourees of tongiudinad wechsnical

wilyations shifted by 2172, The compound actuator consials of twes shaking beans and & rigidly fas

L The Hniw xl it

enethad (FEM) wasusal to define stractunt and ehecirical houmday conditions B the compeund presoe lecirie actuator. FEM
anikysic showad that the compound actuamor’s iajectory wis elliptical. Experittenal research has shown that the compenind

pitmelectric actuatiy has high tuost fores.

[DOL: I3 HAP A3.1454]

KEYWORDS: linear motar, thrust faree, shaking beam, mechanical wibration, FEM

i. Introduction

Higlspeed and highacouwracy positioning systems are
essential elemaents in advanved manufacturiog systems sich
a3 in the semicomiuetor industry. Demand for new types of
displucement transducers with exact positioning or high
accuracy has increased stgnificantly.

There are many distisot constructions of actuators. that are
used o ransfonn mechasical vibeations of plesodectac
vibraoes into the Hoear of rotational movenwnt of the
sdider.V

A new iea for the olliptical tmjechry formation of
actsater for piezoekonrk locar ultrasaic motors is inten
duced i this paper. Bused on the efliptical tratecwry
formation. 4 new construction of the actuator, calked the
“shuking beam”™ . was developed The elliptic trajectory of
the contact point s achivved by superposing two esorance
vibratton misdes of the wauator, Lo, fongitudinal and
Hexural vibrations, A compound plescelectnic Tmear sctuator
with two shaking beams which yield high thrust foree was
itroduced to exvite an effoctive vibration in the piero.
eleetric actipator,

2. Principle of “Shaking Beam™ Actuator

Designing ap actestor as the main part of an shimsoe
mator tevolies very complex sclentific and englneening
problems. We consider threw ways of achieving an eliptical
tragectory: 417 using o wetangelar pieoelectric plate with
sphit electrodes.™ (25 using a ring with a packer sctiator
and 23 using fat rods wear the central zones of displace.
ment,) In addition  the shove (hres wiys, we would like w
givie aftenton to a new way of moving a stider. One of the
purposes: of developing a new actuake was o schieve as
farge a traction Force of the motor us possibte. The trastion
forve or moment of the ultrasonic motor is proportionsd o
the pomnal force that presses the acteator to the mobile
element {shider o rotors of the motor > W introduce o mew
privaipis pf closed tajectory Rrmation for the contact point
of the acteabir, psing only ome axciation nueks OF resoant
oscillation. This prisciple Iy based on exciting the ends of
the “shaking heam™ (Fig. 1) by two barmonic oscillatiuns
that have wentical frequency but phases shifted by =72

Figure 2 shows the posttion of the beam through every

Acost

Asinest *

Fig. 1. Mohanical systom of the shaking beam.

guarter-vibration peried. From movement diugrams. we san
see that the middle point “d37 of the beam undergoes chosed
trajectory movement. If o lincarly moving slider wore
pressed to the middle point “8™ of the shaking beany, g lincar
vibrating mowor worlkd be obtaised.

As shown in Fig 3, the compotnd pleepslearic linew
motor §s compesed of two shuking by, Becawse Al-AZ
s an oppusite polarization o BL-HB2, and ALB1 and A2
B wre excited by 1w sources {4 i wd, A OOk Wity rospeg-
tively, the two comuct purts of the compound pereeiestic
finear motor undergo elliptical frajectories with period T/2,

The speed of the moving part of the nuor depends o the
shaking beum vibeation amplitwie and freguenoy, and. thy
pressure boad of the sormal part, because driving foroe
depends on the fiction between the moving part and e
somacting part,

A FEM Modeling of the Compound Plezoclectric
fhmear Maotor
The actuator was modelod using whe Hnite clement method
[FEMY analysis, because it is pre of the mast effective
mumardonl methids for engincoring problem solving, The

1434
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Analysis of Shaking Beam Actuator for
Piezoelectric Linear Ultrasonic Motor

Kyongial Lee, Dong-

Abstract—In this paper, piegoelectric linear ultrasonic
motors { PLUM} bave been i tigated on the eiliptic trao
Jectory of a contact point in shaking beam, whick has been

Jisshed by two vibeation modes of the are
tuators, The sctustors bave geascated the vileation nurdes,
longitudinal and Sexural, by two longitudinal mechanical vie
beations with phase difference of 1 /2. Modal and harmonic
analysis of the sheking beamn actuator were performed by
the finite eloment method (FEM} to csloulate a resonance
freguency and s modal shape snd to perform harmonic ve-
e « Expes ot fes proved that 8 contact point of
the PLUM tends to move with an «lliptic tesjectovy.

1. INTRODUCTION

Aﬁ electronic deviees in a semiconductor industry grows
smaller and smaller, the manufacturing equipinents
have required positioning systeras with high speed and
high aceurscy. Especially, demands on displacsment trans-
ducers, which can adjust a position with high aconracy,
bave increased rapidly. An wlizasonde motor is an attractive
deviee in this application, using & powerful ultrasonic me-
chanieal vibration generated by a piezoelectric actuator.
It is entirely different from the conventiomal motors that
wse interactions of electranagnetic fields. Te has the follows-
fug several advantages stable operation with low veloeity
aned high torque, which i sufted for direct drive; guick re-
sponse and excellent controllability of starting, stopping,
and reversing; small size and Hght weight; 5o electronie
discurbanees.

Thers are saveral woys in order to teansform mechani-
ead vibrations of the plemelectrie actuators Into linear or
rotational movement. of the slider (1)-[3]. In particular, it
ix very eritical to dosign a piezoelectric actuator with ollip-
tieal trajectory as » main part of ultrasonic motor. In our
poltnt; of view, chree ways for formation of ofliptical tra-
Jectory are considerad: revtangular plezselectric and plate
using the split elscrrodes by Bassevichyus and Ragukskis
{4], ving with the packet actuator by Clasyssen (8], and
excitaticon of standing wave in a fat rod and arrangsment
of rods near t the contral zomes of displacement (1]

In this paper, the distinet concept of siliptical trajec
tory formation of the actuator for the pleznelectric linear

Manusadpt received Febarnare L1 20040 movepted June 17, 00604,

K. L, DKL Lowr, 8 Borodinas, and . Yoon s i the Thing
Film Materioks Resonrc apr, Koren Tnstitate Science aexd Tevhe
nology, Seoul Kerea {e-madl spyeom@idst.os ).

¥, Vasiliev is with Vilnius Pedagogical Univarsity, Vilnius, Lithaos
uia,
§. Nahn is with Koren WUniearsity, Seonl, Korea,

vun Lee, Sevgejus Horodinns, Piotr Vasiljev, Sahn Nabm, and

d-Jin Yoon

TABLE T

Nerrarod
A amplitode of the osvilkabions;
w cirenkar feoquency of the oneilladions;
t titne varisble:
8 s densiby;
@@ constaaty;
v wdwne of the structure;
(] damping matrix;
K] shiffness mosris
(M) s matrin
INT  misteix of shape function el e svaluation of

stinctural displacements;

[B]  matrx of shape functions derivatives
D] slastic cosffivient matrix;

T atein <f deckro-slvsticity;

fu)  vector of stvociaral disphwements;
{F}  vectars of mechanicsl forces:

{U}  vector of voltage amplitude;

{# wector of nodal slectric potentials;

sltrasonic motors (PLUM) has been introduced. Based on
the elliptical trajectory kemation, the gew constraction
of the actuator called shaking beam was developed us-
g vibration modes of the actuator, Le. longitudinal and
floxural vibrations. O purpese of developlog a new ae-
suator was to schicve traction force of the motor as latge
a possible. Traction force or rotational meoment of the uk
trasonis motor is proportional to the actustor held-down
force to the moving element of the meter [1]. [2). But an in-
cremse of the traetion foree results in the loss of the balanee
of interaction vibration modes used for eiliptic trajectory
schievement of the contact point.

L. PRINCIPLE OF SHAKING BEAM ACTUATOR

We realized a new principle for a dlosed-trajectory for-
mation of the setuator. This principle is based on the ex-
citing of the ends of the shaking heam indicated by aand b
in Fig. 1 by two sourees for the harmoniz vilhrations. Ten
seuress have wo blentieal frespuency and o phase difference
by 742 (see Fig. 1) [6].

Let us analvze the shaking beam, of which free snds
vibrates harmonieally with the phase difference /2 The
vibwations of 2 and b ends of the beam can be written ag

Yo = A ginut,
o= aoit,

Notation used in this paper is given in Table L

RAG-SOL0/$20.00 & B0 TEER
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The actuator for micro moving of a body in a plane
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Abstract

In presest work, the analysis of moving of positioniag table ina plane is indicated. For this g

iatermediate pasts is crested. Being based on researches of comp

only one piezoel motor withows
piezoetectric sy called “shaling beam” is developed

actuator for moving of a body 1a a plane ar any direction. Compmef modeling of the actaator is carvied out. The protorvpe is made. The
exparimental surccmes of the osciflation forms of working surfaces of an actuator are givesn

& 2003 Elsevier B.V. Allrights reserved.
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1. Intvodnction

The demand of new types of displacernent transducers thar
can adjust e3¢t position or drive objects in two-dimensional
spaces with high aceuracy increases significantly. There are

* Corsesponding amthor.

284078475 - zee front matter § 2004 Elsevier BV AR
dei: 10 18] § matchemphyz Y004.69.04¢

wghts sererved,

magy devices based on different techniques but piezoelectric
actuators have advantages in this field of machinery [1-43.
Implication of isverse piezoefTect in the mechanical system
enables 1o transform electrical energy into mechanical and
use it for the movement of an extemal object {56} Usually
piezoelectric actuators move an object in one-dimensional
space and nivftidimensional movement s achieving by us-
ing complex system of actuators [.$). The new idea bow o

124




Avaitable online at www.sciencedirect.com
acigENcE @omlc’r'

Katerals Chemidiny and Physics 98 {20053 322-324

ELSEVIER

wwwelsevien

Optimization of a piezoelectric linear motor 1n
terms of the contact parameters
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Abstract

The inetics of piezoefectric linear motors d ines the tonasl ol like speed and tavcy udtted machanical
power andefficiency. Piezoelectric linear motors ave driventyy tangential stress in the inkerfice between tip of shaking beam and stider. A good
comtact between the tip and dider is + for » reliabl tysis of the motor, which is needed for the optimizaticu of its pef;

The piezoslectric Hnpar mictor was fabricated and the characteristics of the motor were investigated by externsl conditions suck as tip shape
with different curvatres and contact force between the tip and the shider It was found i this § shat the optinial corvatore of die
tip and the costact force are curvature of | and 19, respeciively, for the kizh actuating speed, and curvature of 1 and 40N, respectively, for
the high acruating force. Finally, tp shape bas an inf on the charactenistics of linear motor.

& 2004 Published by Elsevier BV,

Eaywords: Shoaking beam; Mobile elements; Tip and crrvanwre

1. Introduciion

High-speed and high-accuracy posittoning svstems are 85~
sential elements i advanced manufacturing system as ta the
semiconducior mdustry. Demand for gew fypes of displace-
ment tragsducers with exact posfioning or Bigh sccuracy kas
increased significantly. There are many distinct constractions
of actuasors that are used to wransform meckanical vibratons
of plezeelectric vibrations inte the linear of rotattonal move-
ment of 3 slider [1-3].

Designing an actuator as the main part of a piezoelec-
e uitrasonsc motor dnvolves very complex scieatific and
engineering problems. There are three ways of achieving
an eltiprical trajectory of the contact point of the actuator
{1} using 2 rectangular piezoslectric plate with split elec-
trodes 141 (2) using a ring with a packer acruator [3.6]. and
{3y using flat rods pear the central zoges of displacement.
Bestdes the above three ways, we would like to give atten-

* Lomresponding author.
Eemail addresses: ryankedken ke (H-F Ko,
syosnitkist re kr (5.3, Yoou).

BIS4.0584% — see Sont matier B 1004 Published by Elssvir BV
doizi 01018 muchepluys. 2004 09,041

tion 1o a aew way of formatica of the elliptical trajectory.
Oue of the purposes of developing a new aCtuator was to
achieve a5 large as a fraction force of the motor as possi-
ble. The wraction force or moment of the ultrasonic motor 15
proportional to the normal force that presses the actuator 10
the mebile element of the motor [1,2]. We introduce 3 new
principie of closed trajectory fonmation on the contact pomt
of the actuator, using only one excitation mode of resonant
oscillation.

In this paper. we proposed the linear motor that excites an
effactive vibration to give 2 linear motion on mobile 2lement
in the piezoelectric actuator

Finally, the piezoelectnic linear motor was fabricated and
the characteristics of the motor were investigated with exter-
nal conditions such as contact force, operaton voltages and
tip shapes with various curvamres.

2. Experiments

The picture of the piezoelectric nitrasonic mofor with mo-
bile elements is shown in Fig. 1. The mobile element and tips
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Wear and dynamic properties of piezoelectric ultrasonic motor with
frictional matenials coated stator
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Abstract

Piezostacivic vitrasenic motors hive been studied, developed and utilized by ri fiers and companies all over the world. Ulirasontc
metors {7SM) produce rotational moticn based on m‘elm! waves made by ihe resonant vibrations of pk:ocezaxmc These motors have
beea recentiy developed and utilized in practical spplications. The dvaamic properties and tife of p b ¢ MOTOTS Are i
related to the fictional matenial Fu@ed ou the sliding surface. In this study, effects of frictional matetml properties on the performances of
piezoelectnic uitrasonic motors are i igarad. It was possible fo improve the torque of 2 ting wave type ul ic motor by stator's
coating.
2004 Published by Elsevier BV

Beywaridz: Stasor; Coating; DLC, GET: TEAIY
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. Introdact
1 Tn action The basic principle of an vitrasonic motor of rotary fype

Ring type piezosiectric nltrasonic motors, which ace dit- nses mechanical bending vibration as driving source with a

ferent from the electromagnetically driven conveational mo- ring type stator (Fig. 3}' ) .

fors, have applications inn robotics, precise positiontng -y Onone fage ofz%ze s:atar\“pxcmelezm‘n °°mm?°5 ihat geng:»
stage for semsconductor fabrication and optics and automa- ate 3 mechanical vibration in order to ailow their progression
i1 the form of 2 wave are attached and af the other face, pro-

tron equipments. o
e mruding teeth that transmit an elfipsoidal-phasve change to the
* Comespeading suthor. deiving rotor are Tormed.
E-mail addvesses: rravis ki ve kx (F.-P. Ko}, sivoonfiiistrake More specificalfy, the present experiment relotes 10 a
£8.-1. Yaou}, ring type piezoelectric ulirasonic moter with a frictional
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Effects of ZnO on piezoelectric properties of
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Abstract
The muicros and pi vic properties of ihe S.01PBGME: oW »}0;-«0 1PN Nby 1030, 35PbTi0:-0.23P6 205 + 0.1 and

0.3 w1.% Y101 +x ZnO ceramics were investigated. The crystal strucnure 4 Srom psudeonbic o 1 when ZoQ added. The
average gran size increased fom 4 pem to S pm with the addition of Zu0O bv QXygen dxﬁzswn even if the growth e was low. When
ZaO sdded vatil 0.3 w1.%. the ei;/eg, &y sod dy; values of specimens were shghtty increased regardiess Y105 contents. The curie peiat of
PMW-PNN-PT-PZ ceramics wete icreased from 162°C to 2327°C, as increasing the Za( cont Whea ZoQ added, the &, of specimens
skightly was increased regardless Yo On mn:mts '[‘he mechanical goality ﬁu:tcxs were abguptly decreased regardless Y103 coutents, when
Zo) sdded vatil 0,73 wi.%. The optios ion were obtained; dyy = T30 {pCNY, = 60, O =30, a:mt&; feg=4730, when
PMW-PNN-PT-PZ+0. 3ws%Y~0‘ =, SM Yo Zofd nmeredat X Cfrth

% 2604 Elsevier B.V. AH rights reserved.
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1. Introduction transformers. Plezoelectric actuators have many advantages,

which are micro-displacement, guick response, low driviug

Piezoeleciric ceramics are currently used 1o applications
sucll 3s achuators, ulirasonic mofors and paezosieciric

* Covasponding author. Tel: <32 2938 5554, fax: +32 2 858 6851,
E-weail address: mickey L kintze by G- Ea).

RI54-3384F — see Font raztter £ 2004 Elsevier B V. All nights rezerved.
doi-i0 10164 matchemphys. 3005 10.005

voltage, and low noise eic. Piezoeleciric materials require
high mechanical quality factor {Pw), large piezcelectric
constant (d33}, and high electromerchanicat coupling factor
{ko). The ceramics suitable for the application of actuators
should generate large deformativas. So, it is needed that the
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Optimal Friction Materials of Tiny Piezoelectric Ultrasonic
Linear Motor
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In recent years, a novel tiny piczoelectric linear moter converting a radial mode vibration to a
fongitudinal mode vibration driven by the impact force has been developed for a camera optical
module. The tiny piezoelectric motor is consisted of 1 shaft, mobilke clement. and piczoclectric
transducer. In this work, the frictional coefficient and static friction force of the interface
between the shaft and the mobile clement have been investigated according to their respective
materials, It was found that two combinations, namely Pyrex glass or stainless steel for the shaft
and stainless steel (SUS) for the mobile element, exhibited good dynamic behaviors in the tiny
ultrasonic linear motor, which was newly developed based on operating concepts based on

Newton's law.

Kevwords « Piezoelectrics, Linesr motor, Friction coefficient, Transducer, Shaft, Mobile

L INTRODUCTION

Many types of ultrasonic motors which are operated
on principles entirely different from those known thus
far have been developed since the first piezoelectric
vlirasonic motor was developed in 1970s by H. V.
Barth{1] and V. V. Lavrinenco[2). In recent studies, a
- Gny ultrasonic linear motor which changes the vibration
direction by piczoclectric  ceramics has  been
introduced[3-6]. The driving force of ultrasonic motors
is generated by piezoelectrically excited ultrasonic
vibration and friction force. which differs significantly
from electromagnetic moters that utilize the Loreniz
force, In general, the ultrasonic motor’s features are
mentioned such as a high torque at a comparatively low
speed of rotation, small volume with no gears, low
energy consumption and no clectromagnetic noise due to
the absence of coil and magnetic material,

Several decades have passed since the development of
ultrasonic motors and some instances of their

implementation are found{7-8}], however the stage of
their wide application has not been reached, Their
characteristics, panticularly the driving and comtrol
techniques, are completely different and their
applications are not established. Since the driving force
is transferred by friction on the comact surface,
investigating the frictional propertics take on an
important role for improving the movement
characteristic of a motor.

In this study the frictional properties between the shaft
materials and the mobile materials were intensively
considered by changing the materials which have
different coefficient of friction. and the optimal
combinations of material for shaft and mobile were
recommended.

2. EXPERIMENTS

2.1 Material preparation
1n order 10 investigate the frictional properties of the
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Anakysis of Finy Plezoclectric Ultrasonie Linear Motor
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{Ruceived November 3, 2008 accepred Frbrgary 2R 2006; publisted online May 23, 206}

A moditied structure for tny ultnasonic Buser moters has been developed, and virions duft unenisls Bave been tesied in
ovder > improve denamic properties. The shafl material hug 2 direct influence o efficiency, reliability, md quality of the
motens and their denaic piopecties. The shaft matediad i cracial 1o achieve high performance. Shafis of with varous
mterials, such 25 & vatnlesy steel; stainless steet cogted with diamond Bke carbon {(DLCL, 3 Pyrex, amd 2 graphite, can make ¥
possible to bnprove dynamic properties of the tnotors ever 3 wide runge of tibological conditions. Fer the motor with 3
strinbess weel shafl coated with DLC @ STRHZ, its velocity & 6.5 mm /s and its force is | RimN, When the motor hus 2 Pyre
shafl, aforce of 1305 mN s veached 21 52 %2 A fimgty. the masivum fuce produoced by 2 nsotor with a graphite shatiis
estimited & 97N, The velocity of tds motor was 15 owm/s. We foand that graphite has a fne wrfice ol 2 directionat
texture which can help @ moving element schiew linear motion. Finally, the use of & vap tesubted in significantly improving
suble operation. A mewt with & gepbite or & Pyrex shall showed very slable. aperstion and improved dynaric
chassoeristics.  [DUH: 30,1183, AP.A5,.4782)

KEYWORDS: plezvelactic motor, radiaf made, lingar matos, voladity, semsating force

f.  Intenduction

In geperd, picziclevidc ultmsosic uwiors contain a
source of vibratory motion that i trunsforred o @ moving
punt via foctiondl mtemsction. The sitive plerpelectric
element is excited i swh o way thet a bigh frequency,
smafl amplitude fexumt swton is geocnted in the wavs-
ducer.™¥ The moving part is pressed against the ams.
duweer’s surface and motion i paxdwed by frictiooal
interaction botween . e touching transducer and surfages
of the movieg part, Those motors display sonwe exceptional
properties: high resolution of dsplacement control, abwence
of 4 parasitic magnetic feld, frictionut Tocking at the power-
off stage. and bigh theus to weight oo, These properties
make them good candidates for use in precision portable
image desives ¥ Today, the minfaturization of dlectronk: and
optical de tas feeled the isformution echadlogy
revolution. Especially, in opticad devices, varous types of
witrasonic motors which have compact size are found in
wider applications. This study presents the development of a
highly scalable pieroclectiic slrasopic mwdor e which a
bimoeph structire s waed for he mansdooers of e mydor,
The motor's wamsdocer & a bulk ansular piecodectds
werumic disk unitormly poled in s thickness directive and
bumded to-metallic disk. We have resesrched and devetoped
a tigy whrwsonic lesar motr for optical zoeming o our
previous work The feasibility and the operating principle
of atiny dtrasonic lincar motor sre demonstruted suocess
fully, However the performance of the motor needs to be . ) N o
further improved t oxpund its apphication. Abming wt > Construction and Operating Principle
compaetness in size, we funber minkwurized our shmsonic 2.7 Construcion

Fig L Configumtion of the plroieciris dirmsenic Hoaar seone.

the mwtors. Finally, the motors’ perfornunces it ks of
veloity and maximum force are investiguted and discussed.

tiny motor, keeping the same operating prirciple proposed in
our previas study. In this paper, to sobve the disturbed and
parasitic vibration problem and obtais the stable opention,
we have develuped s modified structure for obr tiny
wltrasonic lincar mwotors and expedmented with vorious
shaft materials i order to koprove the dynamic properties of

"Eomal address] sjymon@kistrads

The vonfiguration of the proposed plezoelectric ulirasovic
molor By showe in Fig ©. The motor i compesed of four
components; 1 transducer, 1 shaft, o moving clomeet. and a
housing  clement. The transduweer s made of two active
piczaclectric disks, poled in the direction of its thickness and
u meetul disk, which has the sume bimorph structere duown in
Fig. 25% Two sepurate disks of o piezockectric clement are
muotaibired and poled in the thivkness expansion mode. They

4782
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A study on the friction and thrust force of the shaft and mobile
element in the impact typed piezoelectric ultrasonic linear motor
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Abstract Recently, a novel tiny piezoelectric ultrasonic lin-
ear motor driven by impact force which converts  radial
maode vibration inte 3 longitudinal one was developed for
camera eptical modakes. This tiny piezoelectric mador con-
sists of a shuft, mobile element and piezoelectric transducer.
In this work. the frictionnl properties of the interface heeween
the shaft and mobile ¢lement were investigated according w
their respective materials. Five types of malerials were used
for the shaft. viz. stainess steel coated with DLC {Diamond
like curbon} and PTFE (Polytetrainoroethylene), uncoated
stadntess steel. Pyrex and Graphite. Bakelite and stinless
steel {SUSY were used for the mobite elements. it was found
that Ove combinations. namely Pyzex glass or stainless steel
for the shaft and staintess steel for the mobile eleasent, exhib-
ited good dynamic behaviors in atiny piezcelectric ulivasonic
finear motor, which was newly developed based on operating
concepts based on Newton's faw,

Keywords Piezoelectrics - Linewr moter - Static friction
force « Shaft - Mobile
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1 Introduction

The miniaturization of electric and optical devices has
brought shout the information and communication technol-
agy revolution, In particular, an ultrasonic actuator is an at-
tractive device In application for an inmaging process such as
personial computers, mobile telephones. Personat Dighal As-
sistants (PDAs) and wte, It is entively different from the con-
ventional motors which utilize interaction of electromagnetic
fields, s the past few decades, many new tepes of ulirasonic
motor have been developed, which are operated on principles
entirely differemt from those known at the time when the first
piezielectric witrasonic motor was developed in the 1970s by
H. V. Barth [ {] and V. V. Lavrinenco [2). In general, the ultra-
sonic motor's features are mentioned such as a high torgue
at a comparatively low speed of rotation, small volume with
no gews, low encrgy constnption without application of 2
separate braking mechanism and no electromagnetic aoise
without coil system. fn & recent study, a tiny uitrasonic linear
actuator which changes the direction of the vibrations in-
duced by piezoetectric corsmics was introduced [3-5] The
driving force of wltrasonic meotors comes from pleznelectri-
calty excited ultrasonic vibration and frictional force, which
differs significantly from electromagnetic motors that utilize
the Loreniz force.

Several decades have passed since the developument of
the firse ultrasonic motors and there have been some iso-
tated i 2es of their imple ation {6—12}, however the
stage of their wide application has not yet been reached. The
main reason for this is thelr high cost as compared to -
ditionat motors, Moreover. their characteristics, particularly
thetr driving asd controd rechinigues are completely different
from those of conventional motors and this has impeded their
wide application. Also, the reliability and the lifetime of the
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Abstract Recently, a tiny piezockctric Enear motor using
& vibration maode of the wansducer has been invented. The
motor coasises of a shaft, mobtke clement, and piezoekec-
tric transducer using a piezoelectric radial mode himorph
disk. The fringe of the bimorph disk is fixed firsdly which
means this area has no degree of freedom, Therefore, the
radial mode of the vansducer tramsfers o the fexure mode,
The mobile elements move ajong the Pyrex shaft by the im-
pact force generated by the flexure mode of the pleroelectric
teansducer. The motors are operated at thelr esonant fre-
quenvies. The dynamic properties of the moter have been
intensively measured and analyzed according 1o the applied
voltage waveforms al the resonant frequencies, As the saw-
toolh and rectangulae voltage waveforms are applicd. the ve-
locity, the thrust force, and the velocity dependence of the
mabile position are measured. The dynamic characteristics
are also analyzed within a peclod of each wave usieg laser
vibrometer. The veloeity of the mobile &5 modesately con-
stant along the shatt. The better dynandic charcteristics are
ebtained in the case of applying the rectangalar wavetorm.

Keywords Plezeelecuic motor - Linear motion - Sawtooth
waveform - Rectangular waveform

1 Imtreduction

The ultrasonic metor using piezoelectric ceramic i Jifferent
from previous electeomagactic motor | s Focused that the

Co¥, Kang i HP Ko -1 Kin -1 Yoon
Thin Film Muweeial Research Center, KIST, Seout, Korea

K-H Yoo T-K. Ko
Department of Elecurical and Efectronis Enginesring,
Yomrsei University, Seoul, Ko

uiltrasonic motor is compact and possible o construct sim-
ply due to disappearing the ball screw converting riation to
finear. There is also sa advantage that the motor does not
receive any effect from magnetic or electric feld.

There are several ways in order to transform mechanical
vibrativos of the piezocleciric actuators into linear movement
of the shider such as a rectangular piezoelectric plate using
the split electrikies by Bansevichyus 1], risg with the packet
actwateor by Claeyscen |21, excitation of staading wave in a
tlatvoud {3}, anid an ellipical displecement from shaking beamn
by Yoou [4} Recently, 2 novel tay piezoskectric linear motor
way iavented by aur group. which is able o be adupted o the
mobile comimuaication hand sets {5].

1a this paper, the dyasamic properlies of the awtor have
heen ineasively measwred and anadyzed according to the
apphied voltage waveforms at resonant Frequencies. As the
two types of voltage waves are apphied such as the sawionth
andrectangular waveform, the velocity and actusting fosce of
the motor are iovestigated. The charseteristics of movement
with the applied voltage waveforms are also investigated to
suggest optianized movemam vondition of the developed tay
piezoelectric linear motor,

2 Principle

The Hnear motion of tay ploeelectric finear motar is oper-
ated by aprinciple of inertia displacenent. The movement of
mobile element can be-explained under the apphied sawtocdh
electrical potentiat as shown in Fig. 1. When the electrival
patential is not applied, which is witially on the position o
in Fig. 1, the mobile clement 15 on a distance Sa from the
fell end of the shaft. When the electrical potential increase
with a gentle gradient from zerw o the maximum electnical
poterttial £ a-b region i Fig. 1. the shait and the mobile
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Abstract A tiny vltrasonic linear motor with a structure has
been developed, and vanous shaft matenials were tested in the
motor in order to improve its dynamic properties. We found
that the shaft material has direct influence on efficiency, reli-
ability and quality of the motors and their dynamic properties
and is erucial to the achievement of high motor performance.
The use of shafts of various materials such as stainless steel,
stainless steels coared with DLC (Diamonid Like Carbon) and
PTFE (Teflon), a Pyrex, and a graphite, can make it possi-
ble to improve dyaamic propetties of the motors over a wide
range of tribological conditions.

I 2 motor with a stainless stee] shaft coated with DLC
driven at 44 kHz, its velocity was 4 nun's with a force of 75
mN. When a motor used the Pyrex shaft was used a force of
110 mN was attained at 51 kHz. Thus the maximum force
produced by a motor with a graphite shaft is estireated to be
120 mN with a velocity of 8 mun/s. We found that graphite
has the appropriate surface conditions and directional texture
to promote the linear motion of the moving element. Finally,
the use of 3 cap resulted in significant improvements in the
stability of the motor’s operation. Motor with graphite and
Pyrex shafts were found 1o exhibit very stable operation and
improved dynamic characteristios.

Keywurds Piezoelecwic motor - Radial mode - Linear
motor - Velocity - Displacement
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1 Introduction

The miniaturization of electronic and optical devices has fu-
eled the information technology revolution. In particular, var-
ious types of uifrasonic motors of compact size have been
found to have 2 wide range of optical device applications.
Eitrasonic motors are of zreat interest due to the fexibility
of their miniarurization, in contrast to that of conventional
electromagnetic motors, whose efficiency decreases signif-
icantly with miniatuizadon [3~3], To particular, wltrasonic
motors have been developed for and applied in auto-forusing
mechanisis to obtain Hnear motion, In previous research,
we developed a tiny ultrasonic linear motor for use in optical
zooming {41

The feasibility and operating principles of this ultrasonic
motor were demonstrated successfully [4]. However, the per-
formanee of this ultrasonic moter heeds to be further im-
proved to expand its applications. In this paper, we repott
the further miniaturization of this ulirasonic motor, which
was achieved while maintaining the operating principles de-
seribed in our previous study [4]. We solved the disturbed and
pacasitic vibration problenss and obiained stable operationby
modifying the structure of the tiny ultrasonic motor and ex-
peuimenting with varsous shaft materials in order to improve
its dvnamic properties. To achieve high performance not only
the stability of the motor must be considered but also its dv-
namie properties. Therefore we investigated the influence of
the shaft material on the efficiency. reliability and quality
of the motor and its dvnamic properties. We found that the
choice of shaft material is crueial to the achievement of high
motor performance. bt particular, the use of shafts of vark-
ous materials such as stainless steel, sezinless steels coated
with DLC (Diamond Like Carbon) and PTFE (Tefton), a
Pyrex, and a graphite, can improve the dynamic properties
of the motor over 2 wide range of tibological condidons. We
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Thte solid selution system of 0.05PH ALysNbyOOs-0.95PZs0. 2 Tiowss 0n {PAN-PZT) has boen stucdiadd for the piezesleciric
ulirasomic st with its high 7. In this sticle, we doped the Nio Oy and D3, into the (F.&WAN—(} YIPET coramios as donor

2wl accepion respectively ad reponiesd the doping effect on the pieace lectic § Fes. Ap

W™by(e mdducedihe “soft”™

{4

piewmlectric chartenistics. Howsver, & NinOs abso sifected the sintned density, w}uch i% mm:ﬂ webated with e
phezoshectric proparties, # b quite difficoh o identify te ol of NOg, witich might w0t as the “donor” sudior sintering
enhancer. The optimiced pieroelectric properties wete sbizined dy w $30pCN. by w 59%, Qu w79, 40 &1“0 w 169,
whien PAN-PZT & (87 wi % NbowOy simsred at 13007C S Eh, When Ma(y, was «&»p:a, Mot mm inducest e distortion of

provskite structre and Te shifled (o lower temaperature, Inaddition, dy; and &y d

ty iacressed with

k(&

the wddition of Mn(. From these results, it wis believed that MoOg mainky med @ az.eepwr in PANmPE'T ceramics, The

optientaed peaoebsctiic properties were nbtabned oy, =

[DOR: 13 FIAP 46,091
KEYWORDS: plezaelectsic, PAN-PZT, actuator, Nbe Oy, Mal,

£, Intreduction

The pioroeleciwicity bas been widely applied to traps.
Guwers, aCmators, 'xuﬂd\‘k acpustic wave devives, frequeny
comrol angd uhtrasoric motors begavse it has favorable
eharcterist hoas eh,s..(rmmgmus -nokse free, st
siwe, higher effiviency, and faster response o, compared
with chectromagnetic ones™ Many researches are ad-
vanced for piezovlectric actiator which has many advan-
tages: micr-displacement. quick response, bow  driving
vodtage. wnd low loss. Since the preaelectric vltrasonic
motars operatod ot their wsonaree freguency s trasforma
tion betwren clectivsd ad mechanieal energy, the proper-
ties of pieroekeatric cerimics materials should combine high
mechasical guality factor 1Q,,), large plezoelectiic constant
1), Hgh »‘Eutmnw.h.;mdl wup%ms fator 4,1 and low
diglectriz boss fans} simubuneousty 7

o order to satisty the requirements of practival applica.
tions, many temary solidosolution ceramics have bheen
synhesized over hing ramics. conststing of complex

parovskite compourads. Foc example, it is known that the
piezoelectric properties of PhiTEZO, solid solutio

Even for the further improvements of piesoclectac proper-
thes, small amounts of dopants were added W the man

fteation: fower valent feffaetive sceopton
feffective domarsy, and egual valent Doping with
Fower valence introduce “hard”™ plezockectric churactenstics,
while higher valent doping induce “soft™ oes. “hard”
piezelectric cemmics huve higher Qg but lower dyy and &
on the other band, “soft™ plesoctearics have kywer g, bm
kigher i and &, However, MaOy doping bas been
rpoted o induce combimatory “hard” and “soft™ piezo
ehectric charactorstics

fitgh-

er vabent

FNPOAN, & = S16%, Oy =
when PANFZT 4 0.7 vt % NinO with 6.5 w1 % Mul: coramics sinered o 1200°C

*Comssponding apdxe. E-meil aidress gyoen@ikiste ke

S, ¥ = 302°0, and #
SN

In our previous works,'M it was found that D5Ph-
{AhpaNDe s 30 085 Trg 5: Tio g 03 corandes €
PZTy exhibited Wgh curle wapeturs (3830°C < ) amd
dys = 30PN it Tow (== 85, and &y = 34.8% volues.
PANCPZT 6 vot suitahle for the appﬁwum of plezelectric
ultrgsonic motor ard transducer oven thowgh it bas a high
F.. In this article, we will dope the Ny and MOy in
GAEPR AL g N YSPD{Zry a0, Tho Y05 commics as
domor and :nupmr resputm:ﬁv anid eeport the doping effect
on the plezockectic propertties.

2. Experiments

The 5P A6y Nbg s 1O 5P g 50 T 4z 10 doped
with NbaOyg and Mn(h composition were prepured using a
comventional mized oxide method, The starting mteriads
weTe pm: reugent: gmde PO (99.9%. High Purity Cheme
Aldrichy,
. and MaOa
A Akdrichy. Them mum» of (ha: sturting powdors wem
homogenized by ball milling in distitbed water for 24, The
hm dricdd at 10670 arad culeined at KXC for
sphere. The calvined powder was nixed
5 NiaOg and MOy ) and thay pressed
into éhk l\«pc {1 mm dumeter. 2mm thicknessy under
jem? pressure. The specimens were sintered sf
or 1k in air with atewsphere powder (PANSPET
lectric powder), Silver paste was fired on both faves
the dises at $00°C for 15 min as clectrodes. The specinen
for meassrement of pieroclectric properties was poled in
sificon oif ot 120°C under 35KV /mm for Wmin, The bulk
demsity of the sintered specimens was measured by ke
Archinredes method n distilied water. The crystaliine phase
and mivrostrecture of the specimens were studied by Xey
diffraction {XRIY; Philips PWISMIRC) scanning clectron
micescopy (SEM: Hitwhi 34200 Al clectrical measure
ments were cartied out approximaity 24b sfter poling.
Piezovheotric constants were obtined using dy mewer (23
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Zoy was added to BOIPRMg: oWy, 041 PEHING aNDe 3108 -0 35PPTION-40.23P0Z:0 {BOIPMW-DAIPNK.0.35PT-
$.23PL3 cenmios kx reduce theis sintering temperaures o betow 900 “C. The effects of the ZnQ) abditive on the densification
el plezoslectric propeities of the PMW-PRNN-PT-PZ + QL w1 Y,0; 4+ owt% ZoQ) {8 < ¢ 5 2.5} cepamivs ware
investigated. The sructare of (he PMW.PRN.-PT-PZ coranics was found to change from peeudocubic to tewagonal a5 their

Zoty coutent was incressed. The pieselectric constant, e mechanical guality facior, and the electromechanical factor of the
ceramiey incredsed o3 their Zn) covten incremsed. The optimotn plecoeluiric properties were found 10 be dn s pU/N,

iy 55 5T, and Q0 w8, for PMWOPNNGPT-PZ + 01wt % Yl o+ 1.5 w1% ZuO) sinderad ot $00°C for 20
%y 3
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1. Introduction

Pirzoelectic actuators have masy  weful atiributes,
including their simple structure. compact sire, precise
positioning, micro-displacoment, quick response, fow driv.
ing voktage, and Jow medse, and 50 have been widely used in
upplications such us micropositioners, mirature ultmsonic
mtors, and aduplive mechkanical dampers.)® To achieve
high quality piezoeloctric devices, pieroctectric materals
reguire large picroelectric constants, kigh ehctromechaeion]
coupling factors, and high owchanical guality facwrs. In the
fabricwtion of multilayer actuators,! pierocioctric nuterials
wan he co-firad with conductors such as Ag, and fabrcaed
with AgPd. Cuand Au internal electrodes without reducing
their prezelectric properties. Multitayer cemnic acruators
have been extensively investigated with a view o achieving
the mindatetgraton and hydiatios of such devices. A
muftitayer ceramic actustor is composed of alternating
plezoekecric copmics and imemal sretallic elecirode layers,
Altbough Ag-Pd electrdes are generally used in oultidfayer
ceramic actumors, sibver mwtal ehectrodes are preferable
bepause they are inespessive and con eoablke the use of
b sintering temperatures.® Since a bigh palladive mole
fruction keadds to o high sintering mpecatua and interdiffu-
ston at the interface between the ehicirode and the comamic
fuyer, the expensive patladivm proportion shoubd be skeereas:
ed, if possible w zero. The stolering lemperatue of co-fired
mubtiayer coramics with pure silver interna elecirodes ag
be reduced to below 9007°C,

{e this study, Ze0 wos added © PMW.PENPT.PZ
perveleemic cemmies in order o reduce thelr sintering
teenperstares o below WOC. The waristions in the
structurad amd plezoclectrie properties of the commics with
Zet) content were thee investigated,

2. Experimental Procedure

The composition of the ceramics wsed in this studv is
DA PNOMg o W 10504 1PN Nbo s YO - D33Ph T,
DIIPBE0y + D) wi % Y0y + x wi¥% Zot Al the speci-
mens were prepared with a corventonal solid sobution
method. Table 1 shows the grades of the mow materials,

Al the starting powders worg drivd before use, The

P sinvering, ZnO, PMWPNMN-FT-PZ

Table §. The grades of de raw materisls,

Materias Lirasle Mamdwctarer
iy w3 High Parity
Mg(r 9999 Aldrich
Wiy % Aldrigh
N KR Aldrick
M0y 09 Aldricts
ito ¥ Aldrick
Tidk, A Aldrivh
Y30, W Aldrich
Fa3h] koA Aldrick

sarting materisls were mixed in DI water for 24b by
bafl-milling  sccording  to  the desired  stwichivmeiry,
GO1Pb{ My 2 Wy 230403 PB(NY 1iNby 3050, 33PD TR
0.23PbZr0x. The mixtures were dried and thee cakuined in
at alumim crucible at 83070 for 2h in air The calcined
powrder was orfled again with the addittves 8.1 wt% Y0y
asd ZrCy (1125 w1%; for 24B The dried powders wore
pressed into disks 18 mm in diameter and 2 mm o thickness
urader A uni-uxiad pressuse of Ltiom?®, The specimens were
burned out st 6080 °C for 3 h and siatered at 830 1 WEC for
1 oor 2h with heating andd cooling mtes of 3°Crmin i o
abmmina crucible with the same atnwsphere powder. After
sintering, the plezoeleotric ceramics wore Jupped wntd they
were ) mm iy dhickoess, after which they were mataliized
with Ag paste at 600°C for 13min. The perpelectnc
ceramics were poled vader a DO field of 33KV /mm i
siticon off at 1200C fv Mmin, Bloctrical measurements
werz carftisd out about 24 b after poting. The bulk densty
of cach veramic was by the Archimedes method.
The pieroelectric propertics wore measured using 9 net-
work apafveer (HPASTTAY and an dnpedamce  apalyrer
{(HP4192A) The plerockectric constants were obtained using
o dig meter (213D, Sinica). The owchanical quality factr
and ehectromechaniont coupling factor wore caloulited using
resorarce aed ant-resomance techoigues respectively. Jden-
tification of the phases of the sipterad pelbets was carded ont
with porwdered Xory dffraction (XRD: Model Rint/Dmax
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