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Abstract

Abstract

Various actuators had been developed for the output and applications. In general, an
electromagnetic motor (EMM) has versatility for the output request. In addition, the
power of EMM can easily control with the electrical operation. However, the high
power EMM has disadvantage such as response delay by increases of mass and
inductance. On the other hand, an ultrasonic motor (USM) has a rapid response by
friction force drive between a stator vibrator and a rotor or a slider. If the EMM and the
USM are used together in the same actuator system (AS), the individual actuators can
complement each other. Then, such AS has a wide output range and high speed
response. However, the USM is hardly operated by external force. Therefore, realizing
such an AS requires high speed clutch/brake.

As the first step of study, an ultrasonic AS which was able to electrically control a
preload had been developed by combining a USM with a piezoelectric clutch (piezo-
clutch). As a result, it was realized that the expansion of the operating range and
increased stability. Therefore, a new AS with wide output range and rapid response is
realizable by combining the EMM and the ultrasonic AS.

The objective of this study is to develop a new hybrid AS that includes an EMM and
an ultrasonic AS. In addition, as the one application of wide outputs range and rapid
response, the effect of the force-feedback display by the hybrid AS was considered. The
proposed hybrid AS is composed of a USM and an EMM which generate the rotation
and a piezo-clutch/brake based on a mechanical amplifier which is used for adjustments
of preload and braking force. A preload control by the piezo-clutch was examined. The
revolution speed was stabilized by controlled preload using the piezo-clutch. The rise
time was shortened by preload control during transient rotation at starting the USM. In
addition, the rise time and driving power was reduced by hybrid drive with both of
EMM and the USM.

As the one application of the hybrid AS, the effect on a force-feedback display was
examined. As author’s impression, the hardness feeling was realistically represented by
the piezo-brake. The elastic feeling was represented by either the EMM or the USM. In
addition, the hybrid AS was extended a two-degree-of-freedom hybrid AS. As a result,
the force-feedback was represented with more real operational.

As above, the hybrid AS realized by combining the EMM and the ultrasonic AS. The
rise time and driving power was able to reduce by hybrid drive. In addition, the effect
on a force-feedback display by the hybrid AS confirmed.
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Fig. 1.5 Basic structure of MPA.
Table 1.1 Performance of ultrasonic AS.
Max. displacement (um) 161
Max. contact force (N) 26.7
Revolution speed (Vysm=40V, Preload = 15.7N)(rpm) 9.1
Torque (Vysm=40V, Preload = 15.7N) (mNm) 9.7
Max. static friction torque (mNm) 70
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Fig. 1.7 Communication of tactile information.
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Fig. 1.8 Image of PHANTOM Premium 1.5 (SensAble Technologies, Inc.).

Table 1.3 Performance of PHANTOM premium 1.5 (SensAble Technologies, Inc.).

Workspace 381Wx267Hx191D mm

Footprint 330Wx254D mm

Range of motion Lower arm movement pivoting at elbow
Nominal position resolution 0.03 mm

Backdrive friction 0.04 N

Maximum exertable force

(nominal position) 85N

Continuous exertable force 14N

(nominal position)
Stiffness 3.5 N/mm
Inertial (apparent mass at tip)

- without encoder gimbal <759
Force feedback X, Y, Z
Position sensing X, Y, Z (roll, pitch, yaw optional)
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Fig. 1.9 Line-up of this thesis
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DIERRE X Otk

21 F&E

SFATHIIECRSE LI T 7 Fax— 2 Y27 NE, BRETICPHEEZER
PICHIEN T2 Z L2 FHEE L, WEROBEWHE—# &g U CH D&% I8
HZEHEFEBLTNWD, £z, 77 v TFHEEZHAATLZ L THEKRE—4%
0= 0L T A5 EERREE LI LT, TV Faz—X L0 E
"HE L LT,

AW TIE, B2l LTBER T 7 Fax—F VAT A EERE—X
EHBEDEIEANAT Y KTV F a2 — S VAT AEBER LT,

AKEIX, BELEAA TV v K77 F a2 —F L AT L0, SRR
FOEEEFW T 7 F 2 = —ZEDORFEIZ DN TR D,

22 NMTV RT7I7Fax—F AT A
221 VAT AR

Fig. 21 @ BLO D) ITRIELTENA TV v T 7 F a2 —H T AT LD
ETNERBOGEERERT, KT 7 Fax—H AT NI ERETHHEE
WE—2E, WEHME—ZEHETELZGMETLIEES 7 vF /T L —XEH O
RENTWD, 207 T vF /T L—F % MPA L BNLILRIERED SRR S 1,
AGH S TILAEE I & — Z BREIRFI X E®E 7 7~ T (piezoelectric clutch, BEFE : piezo-
clutch), FEBRENEFIZITEFE 7 L — % (piezoelectric brake, M&Fr : piezo-brake) & FE5%,
A E—2HOAT =2 Tn—2OMIEICTEINTEY, BENICE-T
n—X ZEERT 5, RO SMUNCIRE)F 23 @I T\ D Z O TJEFEL, T
TICAL OB 2 72 TR T S Q0 B IRIREL D o i3t 4 1 7, 54 22
AAT, vy REA T EOIRE)F OO BlEREG B 5EE ' — & ([
TPEEZZESELDITH L TWD L EZ BN BB - s 57 ok
AT AT TCWDAT =L > T FEEZFRBET L LN TE D,
BT — X EIZHWTWD a7 LA DCE—4 (Maxon Motor AG, RE25) (3,
fihd> DC & —# & Lhiie U CTHRIENE - A & 7 ZIT X0 B,
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F2® —# NS T )y RT 7 Fax—F T A7 AORERE L OHE

F7-, WERR~DOISHZRIEZ S v 7 FEIC L N—DER Y T2 AL L
7=,

Ultrasonic motor
Electromagnetic motor

Encoder wheel

(@)
EEEPm T _

1
1= e

l Piezo-clutch/brake
.

‘ -

()

Fig. 2.1 Hybrid actuator system: (a) construction system and (b) photograph of
constructed device.
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222 BEWE—FOERB X UBIEERE

Fig. 2.1(a) 12" T L9212, BEHEE—FDOAT—ZNBNEBEZ 7 v T O LIZE
BINTWD, Fig. 22 1273 X912, BEKE—ZEHIZ2 2D MPA (NEC-
Tokin AE0505D08, 5x5x10mm?®) & Ak /L& — i ONE D JEsilds bR ST %
BIB 2 50 MPA IZR LA —DH THEWCERZ TS X9 ICEBE LTV, &
NE—a—ZIAT U VAFITTETCND, AKX —OIMEIEAY » ~E&%E
MWZEEITHIETIHDTWAHTD, DT NIHENIMRH D, D7 MPA X
RNVE—=DFIEN 2 T ZFFSNDHDT, mIVZL—DOHFD MPA O EFE
FOEEN D72 72D, Fig. 2.3 12T L 9 ITALAZEDY 90 FE D IERLI A2 i i &
(ZHMRME &S 70D K9, IRIBME & 5 L WEG AN T A2 M2 8L (USM &+,
Vusm) %, 220 MPA IZZNZENHINT 5 Z & T, #EKE— X0k
FEMAEMZRESE D, omen — X s E L&, BEHICL->Tr—
LIRS 5, D, USM EEZE (bS5 2 & THAZHIET S Z &0
T&E D,

ZOBEWET—XIE, ThEND MPA [ZEMOZREELZEIINT S Z LT
SEUI AR R BN ERAETHZENTE S, ZOEMIZE > THEKRE—%
Ot & v — 2 OREBERINE L 72 5720, Sl & v — X WO EEE T % b
EHDHENTED, THITEHENRY 7 v F 0T 2],

Head(alumina)

MPA(5x5x10mm?3)
Hole_ g

Holder

i 60mm #

Fig. 2.2 Construction of stator of USM.
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MPA

Fig. 2.3 Operating principle of USM.

223 JEBI T vF /T VL—F% DR EOEERE

Fig. 24@) B X (b) ICEEZ 7 v F /7 L—X OB LRI, EEZ 7
v F /7L —F L4 >0 MPA(NEC-Tokin AE1010D16, 10x10x20mm?) & Z5 (i ik
K L SRIGEP OB SN TS, DIRERITEE T — & BRENRHIZ 3517 2 B)
TERBELZ 7R3, Fig. 2.4(@) (R E b L1, BEEEHEE—ZHMokimitn
—HIZTIEEN, 7T vF N ON Lo TWb, 77 vFEd MPA IZHEGRE
J£ (77 v FEIE, Vauen) ZHIINT 5 Z & T MPA MBI, ZALJERIERE Ot
A REMUILT 2, ZOREER, BHEKE—ZEHOELmN T HMICE E Fig.
240)D LD T —F N LEiND Z LT, 77 v F OFF REEL 72D, Z DIRAE
TIE, BEERE— 2o —FHOBBINE ST\ D7D VT 7Y
—IREEL 725, MPAIXEEIGEREEZ A L CWDTDEEY 7 v FIdEERI )
EL, BXRMICTIENZHIET S ENTE S, BAIEREEIZI\AEOR %
LTEY, 4250 MPA O/NSWEN %27 T v FENEIC 070 B0 F THERT
HZEWTED,
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Mechanical amplifier
Applied DC Voltage

(a) (b)
Fig. 2.4 Operating principle of piezo-clutch/brake: (a) clutch ON and (b) clutch OFF.

23 BEETIV7Faxz—F AT ADORE

AT CRIE LB EW T 7 F oo —F o A7 ML, EHEEE - MLy &
HITHEHT 2 ERE—F TR L THERITNSVETH ST % A LML T
BD, BEWE— X I TEEERE CTH 5720, MR IEEEE B2 20,
AW TII R~ ZEE 2T, PHANTOM premium 1.5 % HL#ixf 5
ELUTICRTRECTHEERE—YBLIOVEEY 7 v TFORGFEIT- T2,

- | KT JE : 50N LAk
< JgAJ7 2N LA B

231 BEEET—F0O&E

AHFGECTHW D BE T — 2 ORI, MPA ORMEICIKET 5, K TIES
W ERICH LT, o 1215572912 Table 2.1 12789 MPA (NEC-Tokin
AE0505D08, 5x5x10mm®) % £ L, RmAZ—D#FH%21T-7-,

Fiz, BEEHETH L DISEGENET 52 LIk >Te—% R OEE T
— X DNIHNEFEL, v—4 c BERT—ZRmBERATREND, TORE, o
— & WEWRTE— X B OEMN R ESTEEHEE S L O ML BRE L LET
5o INEWETHD, v—F « @EHE— 2 I iEEEICENLTZ T L
RS THERR L= i X—B X OF v 7B £HiF 7=,
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Table 2.1 Performance of MPA

AE0203D04 | AE0505D08
Displacement [mm] 4.6 9.1
Generative force [N] 200 850

232 JEBI G vF /T VL—FDO&REH

R L7280, NRER~DICHE RIEA CTEE Y 7 v FIZLLTOSEMET
et L7,

O KTt : Fp>50N
O KHE :a>5

ERROEMAE S LT, BERGETE K OMEREORE LT 72, Fig. 251077
L ICENIE R 2 S e mET AV E L, EBAOE S[m], @8b0 D4
[deg], du:MPA ZfZ[m], dh:fEREE#DZNIM]E T2 L, JERFEOFEHX (f
wAZR) 1%, LT L2k 5D,

Fig. 2.5 Mechanical amplifier model.

2xdh 2 X (l X sin(0) — \/lz — (I X cos() + du/2)2) (2.1)

= du du

AW THND MPA OZEAL DR RZENLIE 18.4 um TH Y, [FIEkD MPA % 4
OHWAHDOTdu=73.6 um TH 5, F£72, =29 mm, 6=10deg & LT, F(21)
KO BERIERERE DILRHE a=5.81 L KFE 5,

Z DYERFE b SIS OB SR (4% B 2R) R OVEIRE
FIEMAT (ANSYS) % W CRREI 21T o T2,

Fig. 2.6 IZ”T & 5 e B IE K A YLK FE oz b > T HE 1 & HPELREL ke, ko T
HDH 2O TNRICEETMBMZTZETNVEHNTEZ D,

MPA D%z n, TRIEAT] Fraw BEAMRKENME dnax & L, FIHITE F
& LT, AR RIS 1 — 2 MO BERL T 2 &3k L 912725,
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Fo(ky + dmi)

(2.2)

kinaFy, .y

n-th MPA

Fig. 2.6 Mechanics model of piezoelectric-clutch.

K(22)% b EICHRIERZEMATICT, MR Kk, b ZRETDHZET, &
REYEFMERE DR EL 2T o T, FEATIC L S TE BN /3T A—& % Table 2212
IR, FTm, BREF LT ANLIE KBRS 2 Fig. 2.7 12T,

Table 2.2 An analysis result of mechanical amplifier.

Displacement[um]

351

Magnification

5.18

ka[N/pm]

0.169

ko[N/pum]

8.26

Maximum Contact force[N]

59.3
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Fig. 2.7 Design of mechanical amplifier.
2.4 EhfEketE

24.1

L—W— Ky 77 —4RK#hEr (LDV)

EEZ T vF /7 v —FOEERM

PELTZEE Y 7 v FOENMNEB X OERETTORIEZIT- 72, ZALORIEITIX
(LV-1710, /NEPHIEE) &7 v X VLG
2=  (LV-0121, /NEPHIEY) %, JEBZ/IZnrERR (9E01-L42-50K, NEC —

—HRINA T RT 7 Fax—& 2 AT AORERRE L OVERE

120

{9667 )

#K) ZMHWTHIE L7z GElidfHek CE2M) . FHER K% Table 2.3 12777,
Lo, 2L

BUERE & AT R LT 5 & BB RLE O 278 DTz,
BIVNS< f2ote, ZORRE LCEEY 7 v 7 MPA TY (41150 TEIC
R B IR RO, ARYTIS & 0 (LR OB F 70> 72 2 & 7 EAE X
IV, AR LR 5 L REBEAIE 2 6Bl b b LS, S 2

BRER 2oz, ZHUX, 77 v T ORBUENEEL TWDHEEZ D,

Table 2.3 Performance of piezo-clutch.

Former Measure | Analysis
Max. displacement (um) 161 257 351
Max. contact force (N) 26.7 60 59.3
Reaction time for max. deformation (ms) 0.49 1.2
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242 [BIERE R

Fig. 28 IZ T Lo, e —XD¥ ¥ 7 MZa— F&AA—/ (HEDM-6120
#T12, Avago Technologies) ZHtY fiF, w—4% U x> 22— 4 (HEDS-9000, Avago
Technologies)’ & D /1% DAQ A — RIZATI L, 7L R [MIE % [BlHiiE B |2 28 #a
THZETHEL,

Optical encoder

Fig. 2.8 Measurement method of revolution speed.

2.4.2.1 USM B — [BldEs5HE B Rtk

HE T — % OBEREO—F L LT, 17.8N TEHEKET— X EO %2 o
—XIZFIEL, BEWNET— X258 L Cr—X oRfmfE 2 |E L=, Fig.
29 (2 USM FEJE (235 kHz) ORE a2 bsdl b EOr—% ORFRHEE %
FF, m— 2 1E Vysw = 10V, 20 b EIEE Uik, FIINEE 2 #0045 = & Tl
WL Vusm=60 Vo, TH L% 50 rpm £ THIEIC LA Lz, ZO/RRLY, &
B E— 2 MICHINT 2 EEORE &2 b S5 2 & Tlaldss B % §il 4 ¢
LT EMER LT, o2 L, RFEFRIERENIT 2 2 & T, MPA OIREN B L, [H
R DK T RA LT, £, RIEE L T 5 & A ERE DY 4 SRR
mbELz2Z & 2R LT,
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[=))
o

Present(f=23.5[kHz].P=17.8[N])

n
o

iy
o

Revolutionspeed N[rpm]
S

—_
o

Fot:mer(%3 1 .(?[kHz] ’P:1.5'7[N])

o

0 10 20 30 40 50 60 70

Applied voltage Vygu[V, ;]

Fig. 2.9 Revolution speed vs voltage applied to MPAs of USM.

2422 7 F v FEE—BlEmEE R

JEE 7 7 v FICE Y PEDHEEB LS EZ L EOFEKEO L LT, ¥
THEZ62N&E L, BEERE—ZMICEREEE (Vysw = 46 Vpp, 235 kHz) %
FIN L Claldsis 2 1@ L7, Fig. 210 (27 7 v FEIEEE 2 7= & & OlafixE
EErd, RRTFHERETHD Vauenrr0 V O L ZIZb e —F2NEEELTZ, Zh
%, BEEEE—XEmAHERTHY, BERE—X2HET 52 LICLVE
BAOMNMET L EEZ LD, —F, Vauen=150 V O & & o — & (L[alis L
pinolz, ZHUTEEEE—XHOKMmNR e —2nb Lo ThDH, =
OFERLY, JEEZ 7 v FEHICHNMT2EEORET I 22352 L THIE
R A H & 5 2 & 2R LT,
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40
USM Vua46[V,,1(23.5kHz)
35 L |Piezo-clutch :V ., =Change
Initial preload:P=62[N] ¢ *

Revolutionspeed N|[rpm|

O 1 1 1 1 1 1 1 .
0 20 40 60 80 100 120 140 160
Applied voltage V ;. ., [V]

Fig. 2.10 Revolution speed vs. voltage applied to MPAs of piezo-clutch.

243 RV

NE~NERT 2 & &, KEMKORIE NN 2 HBLT2720I121%, 77 F
2= —HDIAE NV T REREIE MV 2z L, ST 20BN H D, £
T, Fig. 211 27T L7 icue—ZDy v 7 hEFEEL, LA—IZOT AT —Y

(KFG-3-120-C1-11IN50C2, #:fn&E3E) #RLY 7=, 2L T, 7/ Fax—¥
FEESHIZLEZDOLAA—DOTHNG, T/ Fax—2RNRETDH NI %
Ko7,

= |
LN\
"};; ..-—3-:‘5;__3

4 o
TR WY

€ .3
‘ i . "-y :
Fig. 2.11 Measurement method of torque.
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2431 USMEE— b7 &5

MERE—Z2EH O —2 MO THE4%4 150 N & L, USM &+
(23.5kHz) D R&E &L EET-L&D ML 7 % Fig. 212 IZ/R7, M7 I
52X EHDHDD Vysw = 0 Vo M HEARINTEM L7Z, ZofERLY, &
BT —FEICHIMT 2B EOREIEZEZD 2 L THERE—X DRAE MV
7 HHETCE S, AiEE LT D LRV TO MV A E iR LT,
L2 L, Vusw 28 60V (HETIZRBED TH>7-, ZHIEFIEICKT DR KER
BB IBRBE ChHoT-Z N EZLLND,

70
60 4 [ :
‘250
z
é-lO
=
v 30
S
=
& 20
10 Former (f = 31.0[kHz],
P=15.7[N])
O 1 1 1
0 10 20 30 40 50 60 70

Applied voltage Vygy [V, ]

Fig. 2.12 Torque vs. voltage applied to MPAs of USM.

2432 U5 vFEE— MM

PIITFIE2 65 N & L, BHET—XEIS Vysm = 46 Vi, 23.5 KHz OIEGLEE
[EZHNL CBEWRE—4 B8 Lz, 77 v FRIEOKE SEELESEL
XD MVY % Fig. 21317, 77 v TBIEOREIIZL > TTHEANEDD
T2, FEMLT BB,

HIE OFER, Vauen= 60 V TIEK L7 & & Sl 2457, Vouen < 60 V TIE,
TEBEEIC LY v —& CEE T — i O I U, T A L
T DIREBR Z > TN D EF X BID. WIS Vouen > 60 V THL,  THER
PR m— 5 L EERE— 2 IR OB AT D Z & T AT NED
LibBz bbb, ZO/BRELY, BEOHMNICIHWTIEEY 7 v FHICH
MFDEEDORESEZLEZADIETHREN T ZHIETE S Z L MR LT,
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E 120
z,
£ 100
=
= 80 E
= 4
ﬁ 60
( USM Vusn46[ Vp p](23.5[kTHz])
40 Clutchvoltage: Vg, = variance
20 fPreload :P=65|N]
0 1 1
0 50 100 150

Clutch voltage Vclutch[V]

Fig. 2.13 Torque vs voltage applied to MPAs of piezo-clutch.

244 BEWEET—F ORESHEE— Vo R

FTYHTIEEZ 60N, 77 v FEEOV ELLI-EXDUSMELE (235
km)Kﬂ?é@%ﬁE‘FW7@ﬁ%F@2Mxﬂﬁ}_@E%ﬁr—FW
7 BITERMTH Y, USM EBLEICH L COHTBEI L7, ZofRLY, &
TR W TILFA PRI FTRECTH 0, ELFHE D B JE R I I R T
&)}:) L %‘fﬁﬁmu Lfio

WIZ7 T v FEREICELY PRENDEZZLI T & EORIFEEE — V27 FEED
wm%ﬁotﬁ%%ngzmzﬁﬁo::? VI EE 112 NIZREL, 3
BT —Z OFFBEEE —E & Lz, BEORER, AR L CEAAICZEL
ﬁéﬁT%@ﬂ%Ehtoit,77/%ﬁE®ﬁm Zxf L CHEZ L O =
WAL LTz, 20X 9 72RpElE, EEO SHIERE RN O TH Y, B
%&%~&@%E%ﬁiﬁ&% 2 ORBEHIE R T X D, mEeERNT
JERIENC & 0 BT — & & R 61 - JSHDRARETH D LB X D,

Fig. 2.16 IZAT AT A THWTW D BT — ¥ O EMEEREOAMFHE &
BT — X OAREEZ R L2 b 0 &R, EREERR OB T — 2, K
WML ERICIIB ST —%, 2 OOT 7 F a2 —XZOEMENER HER T
A REBREN 72 O ARG U Tl 0 B 2 % 2 & CIAHIPH COEMEMN FEHL Al HE
bHEEZD, LnL, AR CRIELIEBERT 7 F a2 —X A7 NTE
Wt —4 L LR TIEFITEETH 5720, KB AREIEEICIZE S 2o
7=,

23



W2 NS Ty RV Fax—F AT AORERRE L OWEE

45

E 40 I_ So[vp-p] izﬁ.c:h;\gfg\?](f—B.S[kHz]
.':.Q 35 Preload :60[N]
§ 30 40[V,,]
=25
g%
*E-' 15
S 10
& 5

0 ' —1 =

0 50 100 150
Torque[mNm]
Fig. 2.14 Revolution speed vs torque controlled voltage applied to MPAs of USM.
70 , S—
60 90V (45N) Vism:40Vp-p(£=23.5[kHz])

Vuten . Variable
Preload :112[N]

120V (23N)

h
-

Revolution speed[rpm]
e
<o

30
20
10 40V(82N)
0 | | R
0 50 100 150 200

Torque[mNm]

Fig. 2.15 Revolution speed vs torque with preloads changed by applied
voltage to MPAs of piezo-clutch.
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1000 : -

—_— Vusn40Vp-p(1=23.5[kHz])

§ S Veuten . Variable

£ 800 Preload :112[N]

T

¢ 000 r

.E 400

E

g 200 USM(P=82N)

-4 /

0 4 =k . a—
0 50 100 150 200

Torque[mNm)]

Fig. 2.16 Revolution speed vs torque of EMM, USM and Hybrid.

245 B RKERIFEEE LT B

BENE— 2 ZRE S 31C, BEKE—F Ol b o —Z 2 65 N D]
YEEZ 5272, LT, VU—%2FETENL, va—FNEERT 5 E TORK
BB NV 2 E L, 77 vy TEBEORE I EZE{LI T & X ORKE
Ik V7 % Fig. 217 (1283, KT 300 mNm Ofe KR IEBEER [ L7 23384 L,
7Ty FEEICK L CEMBICED Lz, ZofELY, 77 vy FEBEICLY
B L BRI CE, DRSS LRI 2 72 b1 ) « BB OR N A]
HEL7D,

Preload :P=65[N]

0 20 60 90 120 150
Clutch voltage V g, [V]

Fig. 2.17 Holding torque vs. voltage applied to MPAs of piezo-clutch.
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25 WS
BERE—% - FE I T vF /T —BILOEMET—Z EHLE DR

ATV KTV Fax—H AT LAOHERBIOWNEEKT 7 F 22— X 0OK
PEIZ DWW TR, REEIZTEIEREICOWTUTICE LD S,

BEWE—F - EEBE I TvF /T —F « BHE—FIZLIA AT U v R
T Fax—H AT LORRZFEH LT,

BTG E U T2 BN PE KR 1L, B RANLIE 256.7 um, $EK3IE 5.23 ThH
ST, BEIGLERITIHALODIFIFTHRERY OMEREA ST,

7 F o FEMEIC L DB OISR 1.4 ms THY, JEEZ T v FidmH
WA THDZ LR TE -,

JEEZ 7 v FICHINTHELRICEIY PIEZH#ETE, MLy 71U —iREE
FREBAETHAHZ L 2R LT, Byt — 2 i) BT RE 7 xR T
EHfD 64N Th - 7=,

0—XZOEHEHEB L ORAE MY 2BERE—X £I3EEY 7 v F~
FInd 2EERE SICLVHIEFRTRECTH o 72, LovL, ZNLHEKEEAE ORI
PESCEEE ORI LV EHEHEEB L ORE NV NREE LD 2 & w2
LT,

BEWT 7 F ax—Z ORAMREE, EFUHE OB HIE R & OSSR
PRI 28 CThoTe, o, "A TV RT7 7 Faxz—F T AT A
OAMFEITER T — % - BERT— X ORMERET X TLEEZL LN
TE %,

FRHIE ML 2 RS T o FICHINT 2 BIEIC L 0 HETETHY, #®
VB L7235 O KT ERFOEF IEEEER h V7 13 300 MNm Th - 7=,

APEE Ll 2 LR - F L7 B XU KRB N 4 [EFEE M
ELTWAZ & aMER LT,

AKETHIELIENA TV Yy RT7 IV Fax—2 T A7 AOHREHO—EL IO

PHANTOM Premium1.5 (SensAble Technologies, Inc.) & @ Ltk % Table 2.4 |Z7~7,
RARFEETNI KT DD, e 3 A TR OVERE 2 EBL L 72,

26



W2 NS Ty RV Fax—F AT AORERRE L OWEE

Table 2.4 Performance comparison of PHANTOM and Hybrid AS.

PHANTOM Premium1.5(Standard) Hybrid AS

Workspace 381Wx267Hx191D mm 360 deg
Footprint 330Wx254D mm 150Wx100D mm
Range of motion Lower arm movement pivoting at Axis

elbow
Nominal position resolution | 0.03 mm 0.045 deg
Maximum exertable force 85N 4 N(using brake)
(nominal position) ' 2 N(using USM)
Continuous exertable force 14N 4 N(using brake)
(nominal position) ' 2 N(using USM)
Force feedback XY, Z TX
Position sensing X, Y, Z (roll, pitch, yaw optional) X (roll)
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3.1 ¥E

PR OBEW T — 213, BREVEEE R - A EaER L L THkx 722
FEERNRE S TWAEEINL L UL, FESZEBER LT HH1EIE, Bk
T—HERENTOPEEFENRNES TlERW=d, ZHE THRaNIEN T ero
72

AWET, BB LIENA TV RT7 7 F a2z —F A7 NFTHEEHE—X -
JEE 7 T v F L EE— X A bE s Z & T, BEIZERMIC T %
T L EME—F LBHERE—Z 20 EX THEITLZ DN TH D,

ARETIE, 7, BENRT 7T a=—FHOREGEE S IO L7 Hl#Ez o
WTHRETT 5, WRICEME—Z LBERT 7 Faxz—XIZLH A7 v REE
ORI HONT LR 5,

3.2 T RT LEE

Fig. 3.1 Il 27 LOWE L RT, KT AT AE, % 7 MR T
g—H )z a—ZnhbHTENZNLAR, PCHDOT —ZINER— K

(DAQ "—F) (NI PCI-6221, National Instruments Corp.) (A1 &b, £7-,
LR—IZO T OTHRT =527 ) v URy 7 AR L, B0 AHE
FZEV VY7 bOOTHERE LT DAQ A— RICAN&ENS, PC LT
77 I (MATLAB/Simulink) (X > Ca—% U a—ZOH )6 g E
Z, OTHRTF—=VOHING V7 2RkDD, TnbOfEzatlEs L, B
BEoligs s EITRESNTZZ 7 v T ELEE DAQ A— Koo 35,
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EMM
>
|  Piezo-clutch
Matlab/Simulink
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Fig. 3.1 Control system of hybrid actuator system.
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Fig. 3.2 Resulting torque, clutch voltage, lever angle and rotation speed at dynamic

friction torque control.
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Fig. 3.3 Revolution speed of USM without control.
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Fig. 3.4 Revolution speed of USM with PID control.
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Fig. 3.5 Experiment method of measurement of load characteristics.
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Fig. 3.6 Revolution speed and torque of USM without preload control.
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Fig. 3.7 Revolution speed and torque of USM with preload control by piezo-clutch.
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Fig. 3.8 Time chart of preload control drive.
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Fig. 3.9 Measured transient responses of revolution speed at starting USM with or
without preload control.
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Fig. 3.10 Method of operation hybrid drive: (a)Clutch on (b) Clutch off.
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Fig. 3.11 Time chart of hybrid drive.
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Fig. 3.12 Transient responses of revolution speed.
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Fig. 3.16 Error angle vs. rotation speed.
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(a) State of torque free. (b) State of holding. (c) State of reaction.

Fig. 4.1 Main states required in force-feedback device.

BEBRBEINTWD NRET NA AT EICEME—XZ2HEHL TW\5H, Table
41T E DI, BEEE—ZITZIND 3 oDIREEETESX AT D ON/OFF THIE
THIENTED, £, BEE—XIZ b7 7 U —fREEZAFL, ML il#E
LETH D, O, " 7V —IREE L OB IR AIRBOHIE RS T
HY, FIZEXONWEMOFIIENDS, LirL, BRE—XIIANNIHT D
ISR B E DL N2, ARFEMIR O RE N EARCHL VE R O R BLIX N #E T H
5, b L, WEEHLSTAHEDICV AT LDT — KX 774 2 280
BEME LA IG5, 74— Ry 7 VAT LNIREEICRD, S BIT,
BT — MM EBEERFFT DT DICKRERENEHET D,

—7, BEHET—XIIEH e —ZORT A X OEEIINC L > THEE)
TAHD, BEHINETHD, b0, BEEE—XIMEBLEETH7-DICK
XRBENEZHEE L2V, ZTO7), BERE—ZIRAEMED Y T /L7218 V&
f-ALVVEAR O FELIC RO T D EE 2 bND, EREEZ T TFE=EHTDH
BT VF 2o — R 2T LOEBRICELY, T L—3RHE, #FKRe—28)

41



HAE NRETRA~DIEH

TEIRREDMIZ, 27 7 U —fREENFEBTE, Table 41 I R-T O b7

U—, HihBE, KIESIFEED 3 ODRENFHIHTETH 5,

PLEXY, BELIENA TV KTV Fax—H AT AX, BHE—H
CHBEWE—Z 2O0DT 7V F ax—FZOENEENTZ ET, HEEVHFE
P & ml RIS E N FEB AR TH H, AETIE, "M TV KT 7 Faxz—X
VAT LERWTORBERICHEZZ O BRE L, O HAMEIZ DN TR
%6

Table 4.1 Operating statuses of EMM, USM and ultrasonic actuator with clutch under electrical
driving conditions.

Device EMM USM Ultrasonic actuator
Status
Torque free OFF Unable | Clutch OFF
Holding ON OFF OFF
Reaction ON ON ON
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Fig. 4.2 The scene of use of force-feedback disply system.
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Fig. 4.3 Overview of force-feedback display system.
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Fig. 4.4 Block diagram of force-feedback program in Matlab/Simulink.
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Table 4.2 Combination method of force-feedback display.

Haptic USM | EMM Brake

Wall O

Friction O

Projections O

Spring O (Clutch/Brake)
O O
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Fig. 4.5 Virtual block on display.
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Fig. 4.6 Charts of reaction force, clutch voltage, and angle in the representation of friction force.
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Fig. 4.7 Virtual spring on display.
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Fig. 4.8 Charts of reaction force, clutch voltage, and angle in the representation of the elastic
reaction force by the USM.
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Fig. 4.9 Charts of reaction force, clutch voltage, and angle in the representation of the elastic
reaction force by the EMM.
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Fig. 4.10 2-DOF hybrid actuator system: Hybrid AS unit, (b) combined system containing Units A
and B, (c) photograph of constructed device.

4.8 HRAEHIPH

NERRZAT OB, EEOBRIFEHFZEL CWHIRLERDH L, £ TT A
TOT IV F ax—XEFFEtT, BIERO L AN—Z2@nd 2 L2k REFEO
BERTRERPH 2 E Lo, #MEHEPHIE, 2 o0 =y FOENIERY (1T 7o e—

51



HAE NRETRA~DIEH

V4

ZYxra—FERWTEEEAEZHE L, TIENOMEI D B A BRI A
L TRz, HIE L72#if % Fig. 411127,

WAL E X RPN R T K OIZE Y VIV DR EWICEAZR L TWDHIRETH D,
HIEORER, BRTHEELI0 mm O ERIT S LB nhoT-, £, FXFD
FEE - BRI BRI OSME A R LTS, LasL, MRS FI3ERETH Y,
KU TERYNDREERBPARAREE D, £, ERB LTIV 777 F
2T —Zon— A NETHZ LT, TN EOBENRRATREL 72D,

200

Maximumrange

150

—_

00

50

Y axis[mm|

-50

-100 ' ‘ ' '

-200  -150 -100 -30 0 50 100
X axis[mm]

Fig. 4.11 Operational area outlined by solid and broken lines.
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Fig. 4.12 Dependence of maximum thrust on voltage applied to USM.
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Fig. 4.13 Dependence of static friction force on voltage applied to piezo-clutch
functioning as a brake.
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Fig. 4.14 Balance of force: (a) Tracing on flat surface, (b)Tracing by virtual reality.
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Fig. 4.15 Trajectory by brake control.
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Fig. 4.16 Experimental environment of tracing a wall.
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Fig. 4.17 Trajectory by tracing a wall.
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Fig. 4.18 Trajectory by tracing a wall.
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Fig. 4.19 Trajectory by tracing a wall with piezo-clutch.
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Fig. 4.20 Balance of force: (a) x<0, (b) x>0.
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Fig. 4.21 Trajectory by tracing a wall with piezo-clutch and USM.

412 Tuay 7 BEIORR

— R COER &[RRI BICEE LT a7 2 REmIR E L TREL,
2 HHENA TV v K7 7 F a2 —H I AT ATOT 0y 7 BENT L 5 EEEK
fROIETREAT 572, ARERTIE, FIEEEICOWUIEZEYT, BEERED
HEtEm L, BEISMIE x#E 0 60° HUFZEAIRE L, BEEOKRE I
3N, FEAFMIIBEEL EICEE L7, Fig. 4.22 (2 L N— 0O & BEH O
N%, Fig. 423 12/ J1, 7T v FEILEIZOWTDOX A LF ¥ —hERT, T2
TIELAR—ZfFT L2 NZIEE L TELDL, ZORRTIET vy 7 OBENR
Re L HmEHRaE D 2 IRENIFET 5, LA FICENENOREIZ DWW TEB T
o

® Tyl DOBERKEE (Ti~T,, To~Ts)

LR—IZHHREOHEZMZDZ Ty 7 BENREL 725, B3k
YEE DIMZ % J1DMExHiEZ,  PID #ili#lZ W T—@EIZHIE L7z, 7734 R
b5 N OMRHMEZHIEE S 5 2 & T, BITHBEIRN G2 EEREL EH LT,
® SyliREE (Ty, T Ta)

70y OBEMRERINbL S 28 2 N LMozl &, W7 7 v T ELEE
oVeEL, 7TL—XfRfEE LT,

FEROFER, EITHMZT0 2N ORI —ERRNAIEETHDHZ L&
MR LTz, FEEBRTIIERNOFRZEE L0, 2=y MR ZiHl#H
FTHZ LTI FEAEFEE L S>>, LAA—EENRTRETH DL 2 & bRERL
2o 72720, LN—OBH) - FinAEZ 2L ST D EHIEIRGEIRE L 72 5
ZENHDBTED, TANEIREDRENMLETH D,

59



HAE NRETRA~DIEH

6'0 T T 1 1 1
a4
— 40 T, i
E ’ A 2
.E. 20 | -s."’ \ ] g
2 oF 4 pd T B8 o 3
o T, ™ 3 5
%’-20 - - ) L
o]
&40 -
-4
-60 1 1 1 1 1
-60  -40 -20 0 20 40 60

Position x [mm]
Fig. 4.22 Trajectory in the representation of friction force.
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Fig. 4.23 Charts of reaction force and clutch voltage in the representation of friction

force.
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Fig. 4.24 Trajectory in the representation of spring.
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Table 4.3 Performance comparison of PHANTOM and Hybrid AS.

PHANTOM Premium1.5 2-DOF hybrid AS

(Standard type)
Workspace 381Wx267Hx191D mm 58Wx0Hx58D mm
Footprint 330Wx254D mm 180Wx160D mm
Maximum exertable force 85N 18N(using brake)
(nominal position) ' 7N(using USM)
Continuous exertable force 14N 18N (using brake)
(nominal position) ' 7N (‘using USM)
Force feedback X, Y, Z X,y
Position sensing XYz g[())tlil(’)r?;tlgh’ yaw X,y(yaw)
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Fig. C.1 Measurements of displacement at point A, B, and O.
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Fig. C.2 Measured displacement at each point plotted against applied voltage.
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Table C.1 Result of displacement

Analysis [um] | Measure [um] | error [%]
A 33.9 245 -27.73
B 33.9 24.6 -27.43
A+B 67.8 49.1 -27.58
) 351 256.7 -26.87
magnification 5.18 5.23 0.99
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Fig. C.3 Displacement measured at point O.
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Fig. C.4 Response time of displacement measured at point O immediately after input
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Fig. C.5 Measurement of contact force.
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Fig. D.2 Block diagram of automatic PID controller.
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Fig. E.1 Block diagram of EMM simulation.

Table E.1 Parameter of simulation.

R 2.41 L | 0238x10° | kt | 235x10°
J 5x10° D 23x10° Kv 1/406
Load | 135x10° | V1 14.08 V2 1.6
30 )
_ 3( Load:13.2[mNm] 16
70 1 14
i EMMsimulation(V=14 [V](t<0.052) ) ~N O
%60 V=1.6[V](t=0.052)) 12 M‘
$50 | 1 10
—_ -
Z40 t 18 =
S 4 S— EMM(V=1.6[V]) 8
=30 1 6 7
% 20 | /Applied voltage at simulation | 4 4‘;
=
210 I
0 ' ' : 0
0 0.2 0.4 0.6 0.8
Time|[s]

Fig. E.2 Transient responses of EMM.
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Fig. F.1 Virtual wall on display
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Fig. F.2 Charts of reaction force, clutch voltage, angle, and revolution speed for wall
representation.
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Fig. F.3 Virtual asperity on display.
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Table G.1 Combination method of force-feedback display.

Haptic USM | EMM Brake
A Wall O
B Block + Friction O
C Projections O
. O (Clutch/Brake)
D Sprin
pring O O

G.2B Mt DA & B IR FHRR

WEREI2IE, R T2 NROIEEZM LT, RSN HARE#ET5E
BRAE T Tz, SREOFEBRTERR LIENROIARILT 72 v 7 B#j—> R
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(@) Wall (b) Block + Friction  (c) Projections (d) Spring

Fig. G.1 Represented feeling of force-feed-back.
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Fig. G.2 Percentage of correct identification of the force-feedback display.
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ZEROFHA EZRICH L TENIERLS - TZRKNE LT, 7 L—%7
PIEDICREL TNV, TAAT LA NBELNLER L e DR —F
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Correct answer rate[%]

Table G.2 Survey results of the force-feedback display.

Block + . Spring
Wall Eriction Asperities USM | EMM
4.6 4.2 4.3 4.0 4.2
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