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1.1 HERER

UTAE, BASHA THeWZERIN, 1l 2 13/ IMRAE BN 72 EI2B W T A NCBREh X % pE
Yo~ A7maRy hRROENTNWS 1D, ZRiL, A7 aaRy MIF
D/INE S ZJED U TEERMICRB T 5L, 77 e —F BRGSO 5
AT FURIZHE L TWDENLTHD. FET T ML TE, MRl o
B BRIEPEIC BT B 5, AT AR EOFEET, RIEEHN Foa x|,
ZRMOBUS CHEFICEETHLIN, ANHOEXENFHTENLLEZITIICH
7o o TRl OB 245 1 SBEVE 72 E AR U CHEEA24T H BN DY, {E
EH~DEREZFED . TR L, BREER~A 7 eaRy F2HWTA T
FUREITOGE, R EORETICEONTEA LT ATE L0, AV
T AWM OERME, 2 A NEIEE & HICEEE OREMAEN R TE 5.

FROL I RMENA T F o ARO~YA 7 muRy MIE, K 1.1 1ZRT
£ 97 3 WM AV MATEHIENZ BHRIZEITL, 2 OEEZIT O 2D
L B ONE « B AT 570D KRE MR Z2RESED20, &5
WA 7y R EOBEMEGOT-DIZ, @NXT—D/NET J Fax—F%
SHEH UL HAET 7V F 2o —F L AT ANRROLND. & SITHIEN
EOBNEMTIEET DI~ A 7Ry MIVA ZHREAT D20,
BHT DT 7 F a2 —F VAT MIFE WY —EERERIND. DFED, &
N —EEEHTHA IO T VT 2T —H AT LAPRLELEIND.

EZAT, EBOEEOLEICBWTEWRY—EELGS DT 7/ Fax—
HUATNE, WET 7V F2a2—H L AT LO—FECTHAHMET 7 F a2 —H
VAT ATHD. 6T, K121 X9 ICHRIE, §#E, B, EER SO
T 7 F 2 =— % ORUIMEE O BERGRIBS NMThh, 727 F 2o —20RFE
& 10um 705 10mm DEEIC B W CREZ L ZFIH LI-BREIBIRIE T 7 F
2T —Z DN —EEORIZBIT DEANENRINTWD O LT 7 F 2o —
BYAT EDOEVNT —EEERIAT 5 2 ERTENE, MERNZBEICEE
LAEEZEITHINU T NIe~vA 7 anRy NOEBNAEE L D0, BUTOME
ROV AT DEHHII A XX T35 2 LIFIEFICE LV, Zhg,
OIKIES 2T KO ASIVT D~ A 7 v lhs K
@~ A 7 ubiC X HHRIEREERIC T 53T —H KD K
MNERBEE 722006 ThHD. ZLH OFBEIT, FEREMEIRIA & 2WRIE T % iz
TARHE Y 27 A EISATUL, Rk TE 552605,
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Fig. 1.1 Schematic of in-pipe working microrobot using hydraulic power
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Fig. 1.2 Comparison of characteristics of miniaturization

1.2 #EERE

MEBEMEIRIR S IXBE RO AR EZHINT 2 Z LI XV FEAOMEEL BT 5
WIRTHY, EBRAAIMCE Y ZOE0T OREN A HAIZZE{LT 5 ERF

(Electro Rheological Fluid, ER jif&), BEHAIINIC LY ERF & RIERICH A
b33 44 25 MRF  (Magneto Rheological Fluid, MR &), EHREIINC XY
Vv MiENFEAT S ECF (Electro Conjugate Fluid, ERILZEGRK) 72 ED3
D V. T OHEREMEIRIRIZ X o TRIKEREN O X7 LD~ A 7 nfb3mRE & 72
v, B 21X MRF O8G0 65 OEVINO 2 X - THRARRIEN T2 5720, &
N — LT HIRES AT LNFEBLTE 5.

1.1 i TR~ OIE, ERF Zz@ifRfA L L THWE~A 7m0 72 Xk
S>THRTES. ERF AT HEFENNCT IV Z0R0T ORI KT 5
BAAMLTHREHIEZAFRETH D GEMIZ 2 mTihR%). £, MERE%x
HEH L7 WGE, I EmE R E L CitEi 72 ERF ICERANT 572100 T
FEAR Y T BN U CUIRHIAH S FTRE & 72 5. BRI FTENE 3 22U T2 oD, G
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[Fl-EOBEEER, BERE/ ENFEETLE LEEERHIf X, 2oy Ttk
IZ MEMS (Micro Electro Mechanical Systems) #4772 & 0 F- LA A3 i OGN
TICE DV AT LOBEIZBWTCIEFIZAR LD, b OENT-HUIMEFE
MZFA L7 ERF 281k & T 0E~A /0T 7 Fax—F AT L Th
HER~A 70T 7 Fax—F AT ANBEE TITHEX RS TE 7z 810,

1.3 ZRENZRAWEREESH R T L

BEOT 7 Fax—2 2 HEH L TEZHRELZAT LV AT LOHBEDIZDIZ,
BERF W2 ERIET VT a2 — X VAT ARSI TWD,. FE L
TR LT DN INTE Y, TOIXREED RO ZELIEENIC &
S TMSLICBPAT 252 B L TR Y, EHROBEEEEA WD Z & TER LA
BOZEIE SV T & VML L CHIBEIRTEE CTH D, 26 OFFZE TIXESAD
MNARER/NEDWART 7 F ax—H L AT ANERHINTEY, ZXIEHO
X O RRMENERHND Z & TIREBREI S AT AN o3 X7 MZ
FEERRETHHLZ LA RLTWAS. L2 L, FREOZERET V Fax—H AT
ATIEEHIHE EIEACIZEEBARA R H 0, 7T Z W T2 R0 712 K 2 iR BEE)
VAT LOWENEE L.

1.2 fi TR/ L 91T, MEREMIRIK ERF 2 lWwbd b~A a7/ Fao—4
VAT LAOEBUCARN TH L0, ZHBREBENFRR~A 7Ry ha~d
WHEZRDE 1.1 §IOQDO/NNT—HBRPME L 72D, ERO T AT LA TIXEME
WK ERF #~A 7 a0l 7 TCRESENE, EHEET 7 Fax—2 IG5
L., Z0LE, WET 7 Faxz—5% 1 HI EIZEERIEOHHE &R HoE
BEN 2 RTOUNELRL., T, #EOT /7 Fax—22EH LT1-£H
HER~A 7Ry MZBWTIE, WEEEOSETHEENPE RO L
G, EBI, WET VFa2ax—H L AT LD~A 7 afbdi= DI HEREM TR IR
ERF %42 & aniE, %I ERF 13K & L TEMEAL AT 5720,
BLET CONT—HBENRERLD LS.

PLEDZ Ent, <A 7 vkl LNY — 8K 21K S 2 FranfEJR Bl oA
RIKEREI O~ A 7 a7 7 F a2 —H L AT LINRKOHND.

1.4 AHEDOEHB

ABFFETIE, B> &9 el R A B E A T, 1 ADHRERE O TEER
KOS - RV 3 A[RE T, IERLEM & 7 7 F = = — Z Mo EER A %2 K & ERF
TENENGEEL TN — R AR S ¥ 2 ZREAFEZ B HE ER ~ 1 7
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Ny Far—F AT NERE, BRL, MUNECIEEXEIT ) ZAHE~Y A
IRV AT AT L EEEET D,

F9, HEMERBEOMRIET 7 F 2= — X VAT LAERE L, HER BRI %
119, WIZ, ZKMIENBEER ~A 7 0T 7 F ax—H 2 A7 AOBEFRIRGE
AT . JREMRGEA & U CRERDOBEMUN T. & FAEREIC X DAL TIZ L W #E
LT =T NV EHWTHEEERZITS. 618, v 7 A XTOT AT
LHER DT MEMS £ 2 W28 E7 m v 2 2425, BR¥ET 5. R L
FUETm AL VRIELZZPDMS 7 7 Faxz—XE L 2 U a3 RGN TIZ
IVEELT ER ~A4 7 e V726351 HHE ER Blth Y 7 Faxz—2
AT DS L TR ORMEZ T 2. &2, ~ A 7 v AZRE R %
EH L7 2 HHE ER Bl 77 Fa=—% 0 A7 L& 1E L CERMICEEZ
FHE L, RETDLVAT LAORYMEEFALNITS.

1.5 FEIXDIERK

AELIE 6 EL VBRI TS, 7e—F vy — b&K 1.3 1TR7.

1 TR TIE, ABFEOREE & BE KOG Cof Rk E2 ik < T\ 5.

%2 % [MENFREFENZ HHE ER ~( 707/ Fax—4 U AT LD
%] TiX, ERF, ER ~A 7 u V7, BXONER ~A /07 /7 F a2 —H|T>D
WCRRIA L, fERDOAE L REIC W CRLR L, &E /B EN % H HE ER ~ A
JaT I Faz—F AT AOIRE L BRI AT .

F3E [T—UET ML D2EMERBURGE] TiX, B2 ETRELIZVAT
LDO—FETHDHRZMENE ER EHhi7 7 Fax—4 2T LOMEERL,
DY AT AOENEFREZ BREICHEIFT 5. BEFEBEEO OIS 2T A
DOENER THHRZMENR, WET 7 Fax—4, ER~A 70T DT —
VETNEEROEWIN T 2HWTRIET S, BIELET7—YET A EHNT
WRIET 7 F 22— X VAT LOEBRREMHE UREEBR AT, ZOBEREE
EERT D,

% 4 % IMEMS #1liz = 1 BHE ER B 7 7 F 2 =— % ORIE & Rk
FEER ] T, 3 ECREMEE AT o -8 ESEE) ER JRth T 7 F o —X
VAT LADA I aY A X TOERRDIZHIZ, MEMS Hifia HAvwWz 1 HHE
ER BT 7 F 2= — 2 ORE LAE, P 21T, £, v~( 7 v v X7
LT % ERF OREDTZOOFEFERAZ1TH. 1HHREEREHTY 7 F o<
— VAT ADEZTHDH PDMS B Y 7 F a2 —FEH L ER~A 7 /N )L
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1.9mm @ 2 HHEE PDMS 7 7 Fao— 2 2R 1EL, ZXERBRICXY
FD 2 HHEBEAZ R T H. £7-, XMEIHEE ER~A 27 a7 % 1 F
v 7 BT L ) a ViR T o TERIEL, O~ A 7 v RHiE RO
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Fig. 1.3 Flow chart of this paper
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FPOFAI—3RATLORER @
2.1 #E

BV —BELHL, E¥XH~A7veaRy bADOISHANELETH HIRIE
AT I FaT—H AT AOEREET,

O SV T D~ A 7 vtk

@~ A 7 vk &2 A BRI D RERLE HTO/NY — K DIKHK
D2HRThD.

D 2 S ORI DT, REETIIMEENETRIA ERF & W 7 BB
HORE~SA 70T 7 Fax—F L AT AOWREZITH . £, etk ERF
CLTHEATARYT 4 v ZIREIT O T OREE &L MEREMERIA & L COREELC
DWTHARERZIZ, 3~ T 1 v 7 RS EEERE & LIZHlE L7 Th D ER ~
A7 BNV TIZONTHEROBFIRIZ 5 F 2 THHT 5. 2L T, #ko ER
AT I F a2 —F AT HMIOWTCHH LZOESEZHS N L%
12, BETIHIZMENEFE ER ~A /07 7 Fax—F U AT AOBERHE L
RS, ST T V7 Ea AW BERIENT RS RO\ TR R 5.

2.2 ERF

ERF (Electro-Rheological Fluid: FEXUEMEFEMA, ER k) &%, HUNERIZ
X0 BT OREE ZHIE T X DFIRT, MEEREO —fTH D, EROHIN
IZ L5 ERF O¥MEDOZEIGIX ER R L MEEN 5. ERF 1ZIRIA T O 5 Hok 1o
AIIZEY, BETH DI FICHOIRL 7 & 5 8 S & CHRB I & FF 7o B 7o b1
538Gk ERF & Uik B S 3 e EZ A3 2 %) —% ERF LTS S DD 2 FEHH
ICRELSEEIND. W& SHMESRCKS UTRENT ORENRENT 5 &
WO MEEIZFRICTH DD, FiEECDOIBLD A I = X LPHAMEIZER 2D Z LT
FEONWTEDOREIZTEN R H 5.
2.2.1 HiF57E%R ERF

K153 15% ERF (%, #agME ORI ERHum~100um OF BRI %%
B EETBEBK TH D, V) a—r A sy ) R 245 S 8- %
HRITHI 738Gk ERF O—fITH 2. EEEMmEORF5HR ERF IZER 4 H]
425 2 & CTHEE O ERLF OFFES I X0 PR 23384 L, FFF A
B < HBXRINC I - THEE R > THOBRL T3 BLH T 5 Z &I X » T
21@IZ AT X5 e SUIREE N EM LTRSS, ZRIC LY, EmE O
6
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2% U CURIRIRII 2N 54 L CRT ORENZT 5. EHRAINRFIZ I CIEH
MM 2 KR ERF 235 72 0121%, 2 O8I E D —H 2 W4 5
VERHY, M. 2.2@)0 X 5 RAVNMERFREIC X > TRIKIGO D ET D
T LFRE OB 2=, BREINC & > THE U 5 BIRIE I DIFAEIC L - T, BIR
IS T OFREFICB DTSRI EN ZE LI L 2 N TE L. R
% ERF 1%, ¥J—% ERF L L TLITHY, REVIELRNHEOND &
WA Y EBRHDH. ED—FT, 7 AU v & LTHFOWFEPRL+HE B X
ORI KD BMEDBEFED RGN H D = &, T2, b1 & IRIROEE Rk
MEIRDZ ENRLREDORELZZ TR T W ENETOND. RKE~YA 71
TV FaT—H AT AOBHERK L L TRI700% ERF 2 055460, H
£& 1mm PL N 23EE S 415 PO 7 i 1 e R 100pm 72 8 D 43 Bk 1 23 jiidr 5 2
EAZ72 Y, BRI K DN DR ZEFEOWE OAZEORN R H D, DI
W, KETERETLIHMERBORE~A 7 a7 7 Fax—X T A7 AOEE
iR L U TR F 50 B0% ERF (308 S 720,

222 YM—RERFELTORITA VI KRR

¥#)—3% ERF IZI3iKdR, =T A M~ —8K, 201 FRRERH LD, HPTH
TR IR EE LA R E <, AR EDINE R CIREMEE < 3 E 3B R 5 2
EMBEL DR SN TS, ER IR ZRELT 2K 130T ORINZ L -
TAATT A v VRBER~T 4 v 7R LB END. WG R—ES
FHCHEEIR L WS EIRHEE L 22 o TWD A AT T 4 v VG ED K E WY
— A LOWETH VD IEFITRNTE AW T3 E 72 B < SHIR T L 2akE 2 b3 5%
LUV W 2kt Loy T O R —E T HIcHi > TW 2 RIS L &
FTREEGANICAHBICO TREIK 2 ENTEX DR T 4 v 7 RSITFEE RGN
R & < HRJEREFE DS LR N T2 00, TG 70 M BL S TR IS B W CTEREI R & LT
AWz & ZTHEZR LN K E < BT — RN NS L, WE~A 7 a7
JF a2z =BT AT LAOENERKE L TOISHPEIRFTE 5.

AT 4 v 7T, E38 am, EY 7 nm &V o EXMmE— A 2 R
EROMEWERRO S I ORI, S FORFH W EZIICEE RN
CTHEERNBRIFERIEEAT . K 2.10IRENT D3 ~T 1 v 7K~
BREM L 72 & & DIREED TOIEORXX 2 ~d . ERNE REE Tl %
WAV DR G 113, WG OFEITER LTRSS 7 O Bl AL 7 ikt L
TYATE 725 X OBV T 5. I, MRk T RIS TICE A L CiREh 5%
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WRED BRIV K U CHE R FANZERZRIINT 2 2 L1280, KEmFI25H
BT L CTER L LA~ AR T 5. 207, B EoRv i
WOWAL G T RBERPFAUTKT L TOETN D IEEA & ZDORBNEL SN D20,
FLNT ORSEREINT 5 & E&ivd. ZOMMEOZRITER LT, &R % 5 % 5 [H
EBMHE COETRICMENZALT D720, IEHEEEE LTORAT5 2
ENHERE R D,

X 2.3 23T L9 REET AR FICEREHNT 55T Vv 252 5. |
LK DI, R=T 4 v ZHREO LT OREZRRILE DR WERIR S Ot
R ORE, SOF VKD OB E OZIZERK T 5. ks O E IXEnIC
@< 2 FEO MDD HWICLVRED & IH, RN OHFIEICE
KL THF2RE & FATICRR L E S ET2HAMIGCICLD by b, S8
BERICE VS FE2RBEEEICEMLEL Y ET5FESBICLD Ly TH
58, ZOFT ML > TH—% ERF OEEMEEHIHT L 2 L nTE 5. [X.
2. 20T T L DI, HAMWTEE AN S WVEEIE Cld= = — b U iR R &
AL, FAWEENKE <702 EMENREIZIERIZ L 72 5. Zhud, E AW
DI E b2 > THFITFE L EARIS AN L, ARG HICE D b
V7 DEBLEINZ 72 ) TRNFEE DML D MR L THpIcREL 2D &,
S OEE G E~OERBRRND 720, fERE L TRERORELL & TX
bl tBELILNS.

#)—3% ERF & LTOXRYT 4 v 7 HREIIHF21R ERF (Bl 21XV 22—
CHAANMTT N DRIAE ST b O) (TS T E TR RN (R A
B/ hEL, FRBRIENZB LRV OMEEFERICA Ny 752 LR T
XRNWEWVWIT AU ERH L. LavL, HEAROEINE RS ER 232 %
BTE, b +2 5 £ TIRS TR EOMEIZ LD BT ok EE(bE
FHAEIE LD, HBRLFIC K DIRNO RN EZET), JREEOMZE, BRSO ERE
EWVS TZEMNAE U D AREMER 2. L3> T, IR tum BEDO~ A 7 1 i
BETHEMEREE LTHWDZ ENTE S, 61T, w4 7 2 fiig THEIEREE
EW ) Z e ITEMMRE /NS LTTREEEELEBR T2 2 & bAalfgkeic®,
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B)—F%ERF THLIXR~T 4 v 7B ER WD Z L eT5. F, UBEOIXHT

ZIN

FrZHE LG E, ERF ¥R ERF 2K T 56D LT 5.

|:| :Insulating liquid
Dispersed particles % Electrodes Electrodes Liquid crystal molecule

\
) o =

Without electric field Without electric field
e | PR |
s N ) —
With electric field With electric field
(a) Particle type (b) Homogeneous type
Fig. 2.1 ER effect mechanisms
E': Large
% @
= L
@ ]
73] »n
0
Shear rate Shear rate
(a) Particle-type ERFs (b) Homogeneous ERFs

Fig. 2.2 Typical characteristics of two types of ERFs

Torque by shear

Torque by
dielectric polarization

Fig. 2.3 Torques acting on a nematic liquid crystal molecule
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23 ER<TA4 o ANILT

2.2 HiCak_7= X 512 ERF ORFRIZAHNERIC L o TRMT OREZZ S
HLHIENTELHILETHY, MBICEMERTIZIETOY TV IREETY
A7 aARHIENAIREL 72 5. D ERF OFfEE~A 7 0\ V7 InALEE S
D% ER~A 7L 18'21)2:@)3%‘ 4 2.4\ DO ZRT. ER v A7 =
PV, VR & OPREE D —EIZER T T2 ESREIINO 72 O [E E EAR D & AL
=Nnb. ()ILE& WIZEX T B _ﬁfﬁfﬁ AL 5d ERF X, BT U723tk B & D
Ktz Lo, EREZEHINT 52 212Xk 0 /e i@*ﬁﬁ%t%buéﬁé EWTE
6.%@k@ﬁ#ﬁ%@%#K£me,WM% DRI ERT B AT B
@Lﬁ?ﬁ%@%E%ﬁ@#é’kﬁﬁ%?%é LﬁM&TmM@#E?%
DIRFEEAP L EME O EETE Q DR E H b b RHlEEFEIL, X 25
DEIICRD. K251FK220) T HHLDOTHS.
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-H'LH- 0
—>
YV
_71% E ‘ & Ll
Electrode

Fig. 2.4 Configuration of ER microvalve

Flow rate Q

—

Differential pressure AP

0

Fig. 2.5 Control of flow rate and differential pressure in ER microvalve
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72, K26 1R & O ICRGTEWETTE 2 &> 10T 5 72 2 Ehik
XfAHER LTS E, BMBH AL S e Q I L TAE L L EEAP 1L, RIGEW
EDENEIANEA (21) OEHIICEKFT LR TED.

|||—<

64L, u(E)

AP BRI Q =R, (E (2.1)
5 H % = (ERQ

/1=E—10254‘ Her tanh 7Beq +i3tanh 37Ber Feeenn (2.2)
3 T Ber 2H ¢ 2H g

7272 L, Ber: BEHBIE, Ler : BME S, Her : BENE, «E) : ERHE E TE
D BT OREEE, 1 REHIE ORI CEE DT A= Thd. ZORXIT L
ST, HUMESRTRE E 1C X REWE)Z T2 2 & T, JEEIEHT Rer(E) 1321
L, i Q \ZHT DA ZHIHIT 5 Z ENRFRETH L Z bbb, £z,
[F]— i B Q IV THEEAP DM fHIZ 22T 270, 0 (2.3) IZRT L O RAH»
T D KA pimax & &S IEFINIRE D FEJECRE E min DL TR E D, 2D L& E Dxer
# ER R OREX S LR LI2T 5.

_ Hiax
Ker

- 2.3
/umin ( )

ER ~A 7 v L7280, ERF BN iAT 5 Bl = #4a A — bk, 75
T Z AR — ~ & MRS WRIRIC 1 MHOEMmIT AR T 272D ER v 7/ =
SNV, R EHEH O 2 HOR— OB EFT DD 28— ER A/ 1

11



W2E RENEHEIER v~ 7 a7 7 Fax—F AT LAOIRE

PIVTERES, ZD 2R — N ER~A 7 a7 2ESNC 2 EBHE LT, DR
Z3HEDOAR— K& LTHIIAR— N2 IT2b D% 34— ER v4 7 m/3L

T LS. K2.712 38— ER~A 7 0 )07 O EREE L ORI % 5~

F. HIEVERE Qe 23 0 Th 456 Ofl#EIE S PcidxX (24) oL HickEn s,

P — RER(ED) Ps

i RER(EU )+ RER(ED) (24)

7272 L, Eu : EU A EMEINE SR, Ep : Tt ERREIINE A58 B Rer(Eu) : H

INE SR Eu \IRAF T 2 Bt O BERRES O it HLHT, Rer(Ep) = FIINE S 58F Ep
\ZARAF T 5 PO EBRE OB TH 5.

Upstream side

electrodes
(Electric field

strength E;)) ﬁ +o
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(a) Hydraulic circuit (b) Equivalent circuit

Fig. 2.7 Configuration of 3-port ER microvalve
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Fig. 2.8 Control pressure range for ER effect index
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Flow -

Fig. 2.9 Schematics of 2-port ER microvalve
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Fig. 2.10 Cross-section of ER microvalve flow channel
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- ER microactuator . - -~ - - ,

Micropump |_I | | Bellows actuator

I

]

I

]

]

- ]

]

I

: , |
Pipes for ERF [ -Il-"T'A ER microvalves :

(a) Schematic of ER microactuator system

Contraction

[
! H

'||"/; E,: Low Expansion
— VAVAN

4 Ep: High _||.TED: Low

(b) Expansion (c) Contraction

Fig. 2.11 Working principle of ER microactuator system using 3-port ER microvalve
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Fig. 2.12 Conventional multi-DOF ER microactuator system
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m
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(@) Alternating- pressure system

Alternating-
Presswe source

;i I, .

Water” “ERF }./T L

Hydraulic

s mlcrovalves microactuator

(b) ERF/water hybrid system

- -|ER bending actuator | ________,
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K B I-a/ hydraulic ajtuator :
H | transmitter .
. 1
! T 1
Water ERF |"/ :
i I
L L L . T . s
———ﬁ =

(c) Multi-DOF ER bending actuator system

Fig. 2.13 Proposed ER microactuator systems driven by alternating pressure
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(b) Inflow period

Fig. 2.14 Working principle of new ER microactuator system
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Fig. 2.15 Schematics of a transformer
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Fig. 2.16 Proposed ER bending actuator system
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F, (2.15)

ps() -

1—%(0 I_ F; x(f)
< b3
Foplii=y

Alternating- ER microvalve Hydraulic
pressure source microactuator

Fig. 2.17 Analytical model of ER micro actuator system using alternating pressure
source

£
: Average velocity v,
S
o 7 7—Reduction of displacement
2] %/— by inflow period of
g’. // alternating-pressure source
A —P

0 0.57 i 1.5T 2

Time ¢

(a) Time history of displacement x(t) under no-load and

(ke-D)P: A

XKI:RA R

Average velocity v

P
0 2(kp-1)AP,
Load force F; Mot
ER

(b) Load characteristics.
Fig. 2.18 Analysis results of the ER microactuator system using an alternating
pressuresource
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(2.16)
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___________________
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s iz
VER2 ‘
% hr e
B _||.C/OJ P2

......................................

Fig. 2.19 analytical model of ER micro actuator system using alternating-pressure
source

Ps = lerilh + P1 = Ter2l2 + P2 (2.19)

Apl + Kaxl = Apz - Kaxz = Kb 2%

(2.20)
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K.P 2K, + K, 2.24
- Do 2S 2 3a02 zw 2+X1(0)S+ s 1( )+ Xz(o) ( )
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E O po1EX(2.17), K(2.25)D L 5 ICHHIXE & & HicE LT 5.
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Fig. 2.20 Analysis results of the ER bending actuator system using an alternating
pressure source
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3.1 #E

85 2 BECIIAIE ) v AT A& A UREMETR R ERF 2 fFBhjifk & L THW
HZET, NU—HBERERB IS~ A 7 oY X CRELTREZ TN ERE O
BT 7 Faxz—F2 T AT LATHDLIRMENEE) ER ~( 707 7 Fax—F
AT AERBE LT ARBETIIREB LIV AT L0 Th 50T 15 E) ER JH
W77 Fax—F AT LOT7—VETNVERWEL, FEERAZITHYI Z LICK
HENMERFEORBEEAZ B E T 5. REL-LMENEE) ER Eih 7 7 F2o——
B AT AORERZETHHRMEIR, ERASVT, WET 7 Fax—2D7
—UET NE NC TAEHMIC X 28N TIC L - THRYWET 5. AA AaA1%E
— X ZBRENR & U7 W IR S kS S AL D AU ) A R ER LT
WX > TREIEGE L, "EE S 10mm O ) a—r I A8 ERth 7 7 F =
T—X I IEL 2 LICL D ZORMEERIEL, BRELZV AT LAOIER
HOZ UM A MEET 5.

3.2 RERIEAS—SETIORE

%2 ECIRE LML IBRE) ER Hh T 7 T 2 =— & o A7 A OEMEREE
DIRFED 7= O1Z, RETIIK 3.1 1R T & 9 22 & 16KE) ER 7 7 = =
— B AT ADT—TVETINEMEET L. BERBEGEH O Y AT NIRRT
HIRE 2D ER JEHT 7 F 22 —H D7 —VFT /I L > TR, 77
T o= —ZIENEEHR E ER SV 7 SR AAEND.

Alternating pressure
source

S | /

ER microvalves Fluidic actuator

Eh bending actuator !

ER valves

Alternating pressure source

Fig. 3.1 Proposed ER bending actuator system
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T —UETNAORGHEHE LT, IETHESN TS ER 77 Fa=x
— B VAT N 192D ESET L CEERBRRGEIC & > THYB LD L 51T
PUITFDOXHICEE L.

IR D> & HRME 100kPa, J&E K 10Hz O E5LEK O ) % fitha
i OEREISRIEICB W THENLE 10mm OWRERIE T 7 F 2o — 2 Jeulinz
DR SITH LT 30%LL oA R H 202 1s OFIZH )

321 RBEARZI—TETILORE

FERERGEH O RIE IR T — VT VO L EEICEIELZ b0 %
X 8.2 |\Z/RT . RENFIZHRA RAaf VE—X I ZX Y EEEE T Uy &L
T 8.3 DEHIIHEBSEDL Z LK > CTERERRIENERAESEDL LD
Thd. RAAIANE—ZFTERNCLY a/ V2 EEESHIEL ROV
=TE—HZTHY, BERAL—XTHESNRE TH L DINEMENE L, |
BN EANEEID B D 7O TME IR 2T 5 & S ICHEMEDN RS TH D
7=, ﬁﬁfﬁ%?~9%?»ﬂ%bé%@%kLfﬁﬂf%é £, FDH
NI E BRI BT D78, BB Lie A E N A 35 2 LA
RETHDH.

TV OFEEEC L > TR 72T OB, dih & fihsz o BEhE Tl
KFIWDEZ DD INE T —NTHLERDD. L, HHTLIRA AaA
NE—HDFEETNI/NS WD, =L > TRA AaA LT —F DR
FEEED RO NE D ICTOMNENR DD, £ZTH34DEHIT, By
Va—raAhFa—T7 THEED ZLIZXVEIMERKTHLZKDOY — 7 21k
L, YUa—rIrFa—7 Ll OROBENZKEL, BIERREHIET 2
T2 DIIERE D/ E g a A VTR E oS ICEE L.

A R AANE— 2L, ZZGEIPERIE 100kPa, 8 10Hz O 1E%E+E
NEFDITHEINTE D X HIEEL, AVM20-10-C6.3 (Akribis Systems, T
#:772.18N, 2 h=r—7 10mm, H/JE$ 2.00 N/A, HEWRFELS Tms) 8 H L
7-.

TV DEREE 24mm LT 5 L, RENRT —VETANBHIITED
ARPEE SO EIRMEAEIX 0.4 MPa 2 & 720, [ENIRNSLT 7 F 22 —F £ TO
ﬁE%%?Eﬁﬁ%ﬁéuf,&%éhé&ﬁﬁ¥%ﬁﬁ%#é’k%ﬁﬁb
TH, ER 77 F 2 =— X IZIRME 0.1MPa LL_EOIEFEIKTE 77 % 43 HE4a AT
ﬁé.ik,&ﬁ&ﬁﬁ?~9%?w%%&§1Mh,xbu~ﬁ1mmnf%
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EEET- L X, MEOEMEIZB LZE 700mmds & 720, Bk 5k E Rl 2
Fax—X S50+ EE 2D, RRENIRT —VET v

DFEMRERFHI W TR A IZFER LTV 5.
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Linear Bush

Os0

Voice Coil Motor PDMS Tube
1215

(a) Drawing (b)Photocopy
Fig.3.2 Schematics of alternating-pressure source

Contraction  PDMS tube
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Linear Bush oy ¢ EEEERETRNINY
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Voice coil motor \
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/

7
Reciprocating motion
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)
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Fig. 3.3 Schematic of alternating pumping Fig. 3.4 States of reciprocating motion

3.22 ER/NILITDEE

EFRERAED 72D D ER BT 7/ F a2 —H VAT LT —VET /LTI
ERF & LTRSS %~ T « v 7 ik MLC-6457-000 (Merck Ltd., Japan, J&JE
¥ 23 mPa-s) AT 52 L &35, LRIOHEICBW T Y 2 ER <A
7 vV 7 % Tz MLC-6457-000 OFEFEERATHONTHE Y, ER ZIROK
X X ker=7, NV NiE 20Hz LA ETHD Z ERFER I TN D 20, = OEERFER
2ZIZLTCER BT 7 Fax—FT7 =TT )WTHAIAT ER 73V O
WESEZDE LTz, ER 2NV 7 ORGHIRBWTIE, ZHED 100kPa @ & X |(Z
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ERF O FLJECKE (23mPa-s)IlZ BT Dt E 4% 120 mm3/s & L CHIE A GE/2 iR &
120 X (ker-1)/ xker =100 mm3/s & 72 5 X S5 P& O <1k % B IE Her=
150um, JilE Ber=700um, iR Legr=8mm & L7z,

ER NV T7 OMEXZK 3.5 1T7-T. #RTHVAT LT —VETVITHND
ER 7SV 73BN TIZ L - TRYE L, EMREBICHE, A—HIZR ) =—7F L
A IR FART v bR ARy aPyp Rk UL-1000) & W T, =R F
VHEEEANC K o TliF 245 L AN Tz, BYYEL72 ER NV T OFEE X
3.6 [T~ g . BAELTZ 28D ER SV~ (ERV1, ERV2) Dt o i il & WK
BECHIE L CHIE LIRS -TEZ R 31 ICE L O TRT.

Spacers Electrodes Upper flow channel

Lower flow channel

Fig. 3.5 Schematics of ER valve

(a) Overall view
Fig. 3.6 Photocopy of ER valve
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Table 3.1 Measured size of flow channels

Upper flow channel Lower flow channel
Front side Back side Front side Back side
Height Width Height Width Height | Width | Height Width
[nm] [pm] [pm] [pm] [pm] [um] | [pm] [pm]
ERV1 138 687 174 687 146 664 145 660
ERV2 165 671 165 692 158 643 165 673

BUYEL 7 ER NV T & W, SRR 21T o 72, FREERO FIEICSWT
PLNITRT.

ER 73V 7 Fi R SR

TR E OB X 2 X 8.7 127, FRMEERRZ1T 5 B, Al & L CRidZ it
BRI S RWE D IZT 2 7eDICEERROEES 22 Lctk, MKEEERE
ERF THli &8/, Wiz, 7R 7125V ERF 2R S8, £7 LMok
D3 (V1) THoRMEEE N 250 LTctk, Fiflilok 5 (V2) TER NV 7 %
HIET AR EL R L. BRI, SEERE AW T ER VL
T OEMMICERZEHML, ZOEOFEmIEE L FAEELZRE Lz, il
MEITE T RO L > THEMEEM S 72 0 I T 28 B2 R ORI
BL, AEEIENECVYOMAEEE A rRAa—AIZIVEIIL, JEhE
Y ORIEAE 2 W CJEMEIC R L.

ERV1 & ERV2 OFMEEERICIIAR > 7l & SV T ROF ' o HiZiEENE
NEBi#lo KH15 (Range: 0~1MPa (7R > 7ll), 0~0.5MPa (ER ~~/L 7))
Tz, 45 ER 7SV 7 OFRRHEEBRGE R4 £ E ORI OV T 3.8 [T
T TNTNDOEBRMERICBWTHFMEL OERH LN L DFKE LT
AR TENICAHE L TR E RO T LE o722 &, BMERERICHESERINAT
HEITDHIEIWLESTER BRMET LI e RERnELLNS. BEL 2 #
® ER 7NV TIEENE OB THRENE T 272208, EMEREEOMR
REZAT O ik & L i EmL & b s.
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Fig. 3.7 Experimental apparatus for static characteristics
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Fig. 3.8 Static characteristics of ER valves
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323 EREM7ZIF1AI—4E25—CETILORE

3.9 IZEMEFRBRRGED 72D ER JEMT 7 F a2 —X T — VT LV OME
#, M 3.10 120 FEArT. ERE#MT 7 Fax—4T7—UF7 VL ER A
NT, WRIERE T 7 F a2 —& LR ERIC L > TR S A, LR Cig, &
Ja—r a3 KE1316 (b TEWR) 2MEE Ll Edh 7y 7 F 2o —
2 L FEIMRERORIEIZ DWW TR T 5.

PV a—r I ARIERE Y 7 F a2 — 2 OMEMEZK 3.11 1IZRT. Rt
IR % 10Hz TEESE7- & 20D E 700 mm3/s IZXf LT, 77/ Fa2x—

DJEHENEICEA L THAREFENROND L OICT 7 Fax—F DRESE
D~EIEL 3X4X10 mm3 & L7z, F£7o, WHERIIKHZT 7 F o= —Z A EEH O
kA Mz CHREEL SRR HMNT 5720127 7 2 RilfEGENT 2 2 7’1
IR, 77 ) —T)eT IV Faz—HANFERIBENTRER L, v a—r
T LAEERERI L TEWR, KE2TD 25 ST 7 Nif#s 7 7 F 2=
—ZNEEIZBEZ DT TR IA 4 —72CT90C, 90min AL TT 7 Fax—
H E A S LT BB EEIIEE S 0.5mm O Y 22— 3 4 KE1316 O
= MW

FYELTZ ER 2NV, RIKER T 7 F = =— # 1% PEI (polyetherimide) & o &5 5
EIARFUEEANCLVEE SN, RUICE-THEEREBET D Lick-
CTEREMT 7V Fax—2T7 =T ANMALTHNS. ER 2NV T ~DER
HBEEGE D 7= DI 3.12 1T X 912 PEI #bICi% T 7= &M L THNEL & o
KRR EIT, £, 77 F a2 —2 N~ ERF ZEMAIREK % 2 H721F T
AV

Bending Rubber tube

Nipple Base Cover Aramid fibers

Fig. 3.9 Schematics of ER bending actuator large model
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Fluid chamber

Fig. 3.10 Fabricated actuator large model Fig. 3.11 Hydraulic bending actuator part

Hole for ERF fulfillment

v,
>
COM
° O O
GNDo

Fig. 3.12 Terminals of ER actuator large model

3.3 S—CETIICK DEMNRER

% 3.2 i CIIRWIE RS ER T 7 Fam—% VAT AOHERERTH
HAFEINR, ER SV TBEIORER BT 7 Fax—2 07 —UFT LORIE
BT, AETIEZEND 2 AW THEBET 2 RME/E ER Rl 7 7 F =
TR VAT LT —VETINERNT, KR AT LOMEFREOKGE & 200 R
PERCEREN S I DWW T EBREIT S .

AETIEX 813 IR 2MDOT 7/ Fax—& T —F T V& L TR
EBRAEITO. BI2HITBWTHRIELZ 2> ER 2NV, ERV1 & ERV2,
ERAWTHERE LT VT axz—F T —VETINEZTNENT 7T 2T —H A,

T Faxz—F BLEMELZLE LTS,

F, TVETAERAVE/EERICBTOEELET VTN LET I T o
TR T —VEFIADEFHIMZONWTH 314 1ZR-T. TV Faxz—FTF7—
VETNDOGND A IEL LT, ViR FIZEHIN L7V K E S OEFEL Vay
%, COM & IZ2RE Vav O H R ELEZEINT 5 2 & T, ER 7VL 7 O
BEA~DBREINETT S .
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1)
» aab

Actuator A

Fig. 3.14 Electrical connections of ER actuator large model

3.15 I B DORHEFEER 21T S B D, FEEILE REOWMEX TH SH. T OFf
PSR CILE - A # 21T O BREN R > & AZWE RO RA A a A )VE—H
~OFEIINER vem & € OIRMEZ lo, BRI b, FEEAE LT L&

lyem = 1o sin24f + 1, (4.1)
ELTHEZTWS., F£72, ER 7SV T7 ~NTERKENEE 5kV/imm 725 K H1Z
FEIET D R EIE VAR LTz, Z20E 1R~ DOEIINET lvem & ER
ISIVT ~DITEEE Vi PC LOBE 7w 77 M Lo THIEE S LS. BXE)
Bl & \EIET 7Tt LT PC D DIA B LT-BI L2 A5 2 & TR
JEIPREA~OEINEE I HeB] U 72 5+ 7] Pin & ER 2NV 7 ~OEINEE Vi [F]
WMEXHTEREMT 7 Fax—FT7—VETLEEIESES.

EBROFiMEHE LTV Faxn—X AT AT —FT VINOREIZENMENR
REFHELRIEEZE IRV E D ICT H7DICEERROREZEG| X 2175 . FTo,
ERJEHN T 27 F a2 —2 T —UF TV & AWIE IR OHERITITPEE 2.5 mm, S4E
Amm, EXF600mm DF A v Fa—TEHW BERIK L 725 ERF 13K
DFAXT 4 > 7 e MLC-6457-000, 233iH 170 b OHEFE T 77 Pin 21
ETDHENE T ERGFH KHIS (AEL Y 0~1MPa) % HW\ -,
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Fig. 3.15 Experimental apparatus for verification of motion
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T Faxz—4 B EHOCTRGESE ER Bl 7 7 F oz —2 2T L%
BIE ST & E OHIINEGE lvem, 0TS Pin EHIINEE VORIEREZX 3.16
2, 77 Fax—273—VFT NVOEROKRTFZM31TIIRT. ZoLE, &
FRIEFTRA~DOHINEFRE Ivem & 10=0.372A, 1,=0.372A, f=10Hz 3% Z & T,
2RI 110 kPa OZREHZ 4 L, ER 237D COM i+~ A114 % i
B EEO2ER Vavix, EEE E=5kV/mm % it 5 & Her=150pm @ ER 3
VTN EZ D712 Vav=EXHegr= 750V & L7=. ZZWE ST Pin IXEHIINESE lvem

ZxF L’C?E:F@LL*H@Lﬂ EWDENE L T D PEMERBERGE I IZ R E 72
ihiﬁw.it,%3w@:méh5;9:77%1i~&7—v%%wm
IINA T RAEDPMZ BN TNWDTD, NATAENELOGAEDT 7 Fax
— X AEEO2R 11mm (Z%F LT 30kPa FRED /A 7 R LS % M Z T2 IRAET
% 16.4mm FREEIZHET 5.
EIROGIFEORHEFERIC LY, 2EIE 110 kPa ORZRIESIO FTT 7/ Fa=x
— & T —=UET MIEOFEPOEO ETRICWE S MEMEHTIL, ORKE
X, 317 R T LD, FANZ Tmm, EANZ 10mm &72o72. F7=, 77
F 2T —H T =TT NAREOEN x & AZFIE ) & ¥ EE O 2 O R
A%z 3.18 12T, ER 7L T ~DOBEREINE 23s & 68s DI S THAHZ K
HRSHCTEY, X3.18 TIEZN o DR TR G Kind 52 LRSI T
W5, DFE D, RS & EBREINOMAZL S5 2 & TEMOH A0
BADZENARTHD Z ENMHERIND. REERRERNZ O CHRE E R
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10Hz UL EoksMFEER b 1T =723, 20Hz L EOEEE I 7T 7 Fax—4 5%
SO S E N R A A IS DI LN VEL b Z RSN, 2
UL ER 7SV 7 & AZGIE IR O AR ESEME OB LB bivd.

Fm, T7Fax—4% BERAWEV AT AEEROT 7 F 22— 2 DRAS
IZDOWTHMEER 1T o 7. FEAEDPEDTZHIZ, K319 IR T LI ICEFK
izt LT ER (7 7 Fa=— 2 OREELZIT o 7o, REBR T IRE SR~
DATIEDE lvem DHIENE lo & JEREE f 2 2L I TT 7 Fax=—2OFRAET %W
ETDH. TV Fax—FEE T HIZEE S 208AT] Fer ORIER T
R 3.20 5 &, EIE 1o 2% 0.12A £ TIERAENTEBR T2 BIKRES
DOEEINZ B LTV D23, £ 0.1IN THig A fafn LT\, £72, HlE LR K
FHAEINIFI0.1IN THD.

X 3.18 ITAEL7Z ER h 7 7 F a2 =— 4% T — T VOt EZ R~ T 7 7
TTHDHN, MHERYREE 208 FREL 72> TEY 7 —VFT VOB DOISE
WENRFIEFITBENZ Enbnd. it ER 2NV T7 ~OERANINC R 5 72T
DINEREBN. EBINVY a—r I AREERE T 7 F 2 = — 2 ORI
SHEREOENR LYY TR LD LY KEL< Ko Z ENFEK L Bbis.
LU, ERJEH#T 7 F 22— OIREMEIL ER V7 O~ HEZ T 5 2
LT, BGIZRLKTHZENARETH S, #lz1E, ER 7L T Okl %
INKTHZEICEST, WMWEIT 7 Faz—F~OiEEEMEIEDHZ L0
TE, Fhick gl frbinsd.
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Fig. 3.16 Measured supply pressure
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(@) Initial position

53

7 —UFT VT K D EEERRE

(b) Upward motion

(c) Downward motion
Bending motion of the ER bending actuator large model

Fig. 3.17
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Fig. 3.18 Measured tip displacement of the ER actuator large model
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Fig. 3.20 Force curve at each frequency
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AJTEGE Ivem, ZZHRIES) Pin ERIINEIE VORIEHEREZX 3.24 12, 77 F =2
T—% ABZNETND ER "NV T ~OHNELEDOMNARZEZFIE L T AT L%
ESE/L&D ER 77U v NOEMELZ 3.25 I & O TRT. AFERIZE
ST, ERZV vy NICHAWE2OT 7 Fax—4% A, Bix, KEDOMET
T4 ER AT ~OBEBRAIIOMMABZHIET S5 Z &I X > TENALIVML L T
BERRETH D Z LR TE, DFE VIRET HRWIESIBEE) ER JEdh 7T 7 7
2T —H VAT ANSHBEV AT AIHEHATE D 2 ENFEIESNT-. 3.26
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Clamping with M2 bolts
Actuator A

40 mm

Fig. 3.21 Schematics of ER gripper
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Fig. 3.23 Experimental apparatus for verification of motion
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Fig. 3.24 Measured time variations of supply pressure, current and voltage

Fig. 3.25 Motions of fabricated ER gripper with actuators A and B
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(c) Lifting (d) Release
Fig.3.26 Gripping motion of the ER gripper
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ARETIE, 52 BCRELCRMEIRE ER 7 7 Faxz—F 27 A
DT —VETNEDAMEL, FEFERAITI 2 LI XV EERBEORGEZ T > 72,
BRI HMENEE ER R 7 7 F 2o —4 L AT AOWRER TH HAE
FIEAIR, ER 2NV 7, ER BT 7/ F 22 —2 D7 —VET /L% NC TIVEHM
IR DN TIC > TEYE L. BIEL7Z ER ST T, fEko ER
~A a7 ERIEOFREE AT D 2 L AR EERRIC LV fERR L7z,
AELTE T —VET A2 HOWTEIMERBMGEZ T2, A A3 LE—F
ZERENR & U 72 28 PR D B AR S 5 2 EE 110kPa DA )1 & ER /31
T ~OEREEE 750V O S ELEFMEFRP TS Licky, ETES
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BA4E MEMSEifZAWN- 1 EHEERBH7Z IV FaI—4e
41 #E

53 T CIX, A XN RET DT BB ER i Y 7 F a2 — & U AT L
OEWEFREENHEMIN TIZ X > TRIESN T 7 — VT T LD FHEFES L2,
EEE 10mm LI N OMEN TIEERRER~ A 7 v uRy NEBIOTZDIZIIEEH O
~A 7 ufbxE RE L T 5 RAEHIT N LE L 72 5 7-®, MEMS(Micro Electro
Mechanical Systems)HGHIIN THEAINOMEANEZ TH DH. FEEIZ, ER w1 7 a2
TIEIMEMS N CoO—FCTh iV ar~Afr/a~vr=r Il L) EEE
NTN 5 182022 Zxii I 1Bl ER JRih 7 7 F 2= — 4% 2 27 AT ER JR#h 7 7
Faz—H ERMWMEIPIUC L > THER S, ERJEHT 27 F 2 = — X [XiRTEH #h
T Faxz—HEH, ER~A 7 a7 EIETMGESN LA D THHN, ~A
smaYr A XD ER JEH T 7/ F 2= — X ZWT HDWRER T 7 T 2 = — X 0
IMBEEE D MEMS HAT12 X 25 EIX W E 72 Tt Tz,

ARETIL MEMS 74 W20 DBRE) 1 B ER BT 7 F o= —%
ERIET D, Wi~ 1 BHEMEZHEHRT D ERJE#MT 7 F 2= —X DEH
DT=HIZ, 3 PDMS HOWLEIRMT 7 F 2 = — X EMORIEEITH . Fiz, #)
TERToH D ERF OREZE(To 2%, vV arv~Agrua~vr=v 7 HiER
WTCTHWEESNLD ER v A 7 a "\ VT L ERiER = 2N EniAEL 1 BB ER
JREEY 7 F a2z — 2 AHEST L. I HIT, HE LT MEMS X—2® ER JRih 7
JF a2z —HEROTERREZBEL TEREITV, TOREZHALMNIT 5.

42 HEBBT7IFo1rT—2EBOREE

RIESIERE) ER fith 7 7 F 2 =— X 2 R F A TIE, RiEIZER~A 7 1
SV TR L CIRIER# T 7 F o2 = — X M ORIE RIS EE 2 34 S8
52 L TREEMNHE I END. ER~A 7 a3 L7 Z AW 280IE S D&
KXo TAHELDELEEZFRMIC ER BT 7 F o= — X O L CREN,
EREEA EBT H -0, 77 F 2 — 2T I E LT <,
BHFMITIIELIZSWVEE L TA20ERD Y, £, ZOFMITITTLOL
VX TRO/INSNVEDEHNDZ EREE LV, B 3ETHEHK 4.10)I2RT
EORE 1lmm oY) a—r I L-EHT 7 F 22— 2 OMmZT 7 I R
WEHEZ FIEE CTREMIT THEESE D Z LT X - TRIFIH~DREE Z M L T
TGS Tmm BL B A FBEL L7z, LarL, FlxIERE S 1 mm fRE
DINEDT 7 Fax—F~OFAEEIZL DT 7 I RillHEDOB X (T ITIEFICH
HEIMEEL ) T — VT LORMEICH W ERTFIEII~ A 7 a TV F a2 —
ZOBUWERFEE LTl IR, 20700, WRERMT 7 F 2 — 2 Mok
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ZORYET B A b ED T A 7 LICHAT D LENDH 5.

~A 7 el LT ER R 7 27 T 2 =— 2 OB OV TR 4.1(b) iR T
PRI HREETIL, WHNT 2 BE A 7RI W O HR T 28 NI AR EE 2 2 [HIIRLC
BEERT D Z LK > TRIERIZENEZHN LI & EOT 7 F 2= — Z 5 lHE O
MR % & DRTIGRIZ Lo THHI L, KEAL, @EfENFEBLIN D, KflinsiE
IZITEFEOREFZFTTHY, WEEND ERF Ol E LT\%. ER 7T 7
F 2T —H OA[EE SIZOW T, 7—YF T /ATl 1l mm ThH - 7253, MEMS
RN TIC X 5REIC L »T16mm &2 D Ko7~ A 7 vafbz4T 5.
INEDRIKT 7 Faxz—4, FHZEIET 7 Fax—2FY 7 NIV ITTT
A M EAWEREET e AL > THESBBR I TS B3 Zh 6o/
R T 7 F o = —Z OFEMITITWAM I 2 — o OEEEHREICENRS Y a2 —
v A LD—FETH 5 PDMS (poly(dimethylsiloxane))73% < Vb s, #ET 5
WRIERE Y 7 F 2 = — 2P AT 5B OMMEBEIIZ DE ST om0
AT MM KREL, EHITHRESEN 2 IR R TRIRE R D720
PDMS D7 A7 N 3D #ERAZ B UWET 2 BN HH. LirL, ZTHETIZ
V7 NIV TTT 4B EANTEREES N TEWMET 7 Faz—2DIFE A
EOLEIZBNT, @7 A7 MNEMEEZH 3 2% PDMS #EERIZEBL S LT
V. ZZTARETIE, &7 AT MNukEEEZAT 5 PDMS O~ 1 7 1 3D f#
EEROEBLDOTZDIZT7 + N LYV A RO~ A 7 vz =8 L\ PDMS %E
Tuv AR TS.

Alternating- ER valves : Flow channel size is

Pressure source 150 pm X 700 pm X 8 mm
( Diaphragm Aramid fibers

__________

ER microfinger large model

(a) Large model

Through-hole., T e
\ ______ [ E Electrodes  Pyrexglass i

| E | 600
/ 200

Epoxy adhesive 500 T
| 1600 |

ER microvalves PDMS bending part

[Unit : pm]

(b) Proposed micro actuator system
Fig. 4.1 Comparison of ER bending actuator systems using alternating pressure source
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42.1 FEMBITICEDSWRERHRT7 Y FaIT—425F

MEMS N TAZ & - TEYET 2R IEIR 7 7 F 2 =— Z ORIz D
WT FEM EATIC RS E S 2179 . A2l —varTiEK 42 17T X9
T 7 F o — X OB O U TRITET L E Lic. mEE
FRIT O E ) HIREENBED el £ TORE &% 900um THEE LT, KEiD%
AIHEENRT A—2 L LTRSS EOMMENMN L DBRE Y I 2L —
g KUk EROWRIEEIZ 50kPa, I OiE)EEIZ-50kPa % Il 2 Tk
FE[# T 100kPa DZEE L 2D KO ICHMEN #RET S, £/, 77 Fax—X
HOMEIZPDMS 75D THDLIN, KRV 2 b— a3 TiEvPr 7305 MPa,
ATV M 0.49, FEE 1000 kg/im® OFFEFMEMELEEL T, Y Ialb—T =
> 7 k7 =7 COMSOL Multiphysics & W CTHENT 21T > T\ 5.

Number of rooms : n

JLZ th
|
TR | [
- =L :).C_ —cococoooc — . === . - tc
UL | i
900 um ] b,
‘Displacement < b

Fig. 4.2 Simulation model of finger part
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SHTCNE, ANz EORBRERD D, EDIENDO/RT A—=RITONTIFEE
41 DEDITHRET DH. K 4.3 OFRIRHTHE RO ZNENOHEE n 12O\ T
SRENL 7 OWMENFAE L CTWD Z &, E 72 5 Jein A O MIE O ffseH i L =
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= R 2 VN2 PDMS BB 36 1T 2 BERUALEL 0D BB 2 5 9~ % & PDMS ffi s &
RAT 4774 b LV A MFRIEIGFICREP LI L 720, WEEOBREN L
H DTN S D & ATHIFRBEDIE S WM S 72 57, AHTREE D FR L Ol
DOEREHENIZ8 5. n=8DY I 2L —2 3 2B NT =35 ym D& =
EALDORESIPI]RKE72D3, K 44177F K DI 1p=35 um D & Z (XKL =11
ORI =70 um L T2 L RER B D LR ->TEY, T/ Faz—FEHITA
ComRI—EBRAIENTIKASIZRT X D IZENZ410.73 MPa, 0.43 MPa & 72 > T
FREEDE INRKELSRDIFERRI — BRGNP NSNS, LLEND,
AR EIESIOW G E=EE L n=8, [,=68um LFXET .
Table 4.1 Parameters for simulations

parameters I h b bp hp th th tc I
value [um] | 5~80 | 200 | 440 | 150 | 100 | 30 | 30 | 100 | 100
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Fig. 4.3 Simulated diplacement for n and I,
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(@) lp=35um (b) Ip =70 um
Fig. 4.4 Simulated displacement of finger part atn =8
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Fig. 4.5 Simulated Von Mises stress for Ip
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Table 4.2 Parameters for simulations from case 1 to case 8

Parameters | I, h b bp hp to th te I
Units pum
140 to
Case 1 68 440 150 100 30 30 100 100
300
300 to
Case 2 68 200 150 100 30 30 100 100
600
Case 3 68 200 440 | 60 to 300 100 30 30 100 100
Case 4 68 200 440 150 | 50 to 150 30 30 100 100
10 to
Case 5 68 200 440 150 100 50 30 100 100
10 to
Case 6 68 200 440 150 100 30 50 100 100
Case 7 68 200 440 150 100 30 30 | 20to 140 100
Case 8 68 200 440 150 100 30 30 100 | 40 to 160

Displacement

Fig. 4.6 Measurement point of simulation
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20 um ([ZB W THIRAEMLREE & 5 2 &, IESE b 2S5 2 & Tl
ML D Z &, MEENREEOME by, &S hp 2D S5 2 L ThmZk
NN 5 Z ENbho7-. X 4812 Case57°5 Case 8 IOV TDY I = L
— v a ViR AT, Case 5~8 Tid, RIEEINEEDE X th DN EITHK S KE
WEHEE B 2 TV 5.

DEDORES t 2528, F72,

RISy

Vi H]

THMENZEMSEL LN TELZ Enbhrol.
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Fig. 4.7 Simulated displacement for case 1 ~ case 4
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Fig. 4.8 Simulated displacement for case 5 ~ case 8

H A o Jat 280 B (RT BN & D 30%LL E)DER D=0 X 49 D X 52T 7
Faxz—ZHO LTINS RIEZFT TEMOEREXS. #HOES hy LiE
lg DZEACIZKET 27 7 F o =—Z A 2 4.10 [T, ZO/RRED,
WhRTHZ LIk TEBA2 RIGICHIME L 2 L NAHETHLZ L Nb
MhH., ZHHDMEREZEEL T he=25um, lg=20 um £ RETH.
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Fig. 4.9 Grooves for large displacement

Displacement [um]
Displacement [um]

5 1o 15 2 25 35 35 40 45 S5 55 a0 5 10 15 20 25 30 35 40 45
Height of grooves [um] Width of grooves [um]

(a) Parameter hy (at Ig = 20 um) (b) Parameter I (at hg =35 pum)
Fig. 4.10 Simulated displacement for hy and Iq

CZETOYVIab—a N7V F a2 —FEERD DK T S PN EE D JE
FTOEES%Z 900um & EE LT A2 HOTWER, EEICRET 2 i 7
JFax—ZHORERTE X 1.6mm EREIND. VI ab—T a3 URERM
DFOLNTNT A —=ZEM LS BN SIOMEE Y 7 NY Y 7T 7 ¢ Hiffic
Ko THUWEEATOBRD T T4 A2 MEED 2 S&BE LT, £ 1.6 mm Ok
JRHE 7 7 F 2 = — 2 ORMICIK E K 43 12T L) ITRET 5.

F A3 TR E LT MEIROET NV EHWIEZFEM V2 2 L— 3 URERZ K
A111RT. 2OV 2ab—varTlEv 7R 20MPa, R7 Y 049, %
J¥ 1000 kg/m® DI MM B & E LT, £ FORERITH LT 100kPa /XA
TAENRHIMENTWD & UTHEITZ1T- 72, fEFTHE S X 0 25/ 200kPa,
AT OIRFET 580 um DIEHEM DI E O D Z EREND BT, 7o, ZEIE
200kPa Z FIIN L THesn 20 A R T 2 /B2 BW T, 71y F 27 J) 1.2mN 73
WETDHZ LEbEND BT,
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Table 4.3 Designed parameters for finger part

Parameters Iy h b by hp ty th tc le n
Value [um] | 68 | 165 | 440 | 150 90 50 35 100 | 100 13

A 567

500

400

300

200

100

0

¥ -595

(a) Bending profile at applied differential pressure of 200 kPa with bias pressure of 100

kPa
600 :
|
500
[ ]
E 400
=
= ]
(U]
£ 300
@
S
2 [ ]
& 200
o
100 n
0 40 80 120 160 200

Applied differential pressure [kPa]

(b) Vertical displacement vs. applied differential pressure
Fig. 4.11 Simulation of the PDMS bending actuator part with optimized geometry
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A22 RERBH 7V FarI—42H0O&EETOER

AIET %5 PDMS BUEIEIE# T 7 F o = — Z HMOME 2 X 4.12 1IZR-T. 1L
FE1%, PDMS SEEIRIE Y 7 F 2= —Z % PDMS 7/ F 2 = —Z i L FES T
LT D, @mT AT M 3D MEA AT D PDMS 77 Faz— 2, R
T4 T T ML PR MDA 7 R Ko TR, TRE, FEso 3 HOH
INTTTRIES N, RICENENE 0 7T A~IC L DR HIEE VTS
THZETETF Y U NEMBEPEKR SIS, £7-, PDMS 7/ Faxz—4 {0 1
KOWERICK LT ER ~A 7 0307 & OMRBOEER 21T 5 - DIEE
RETBENT 7 Fax—4 %®ﬁﬁH‘Z%T%MTW5 AEITIE, X 413
2R T L H 128 x8x0.5mm3 DIEFRO LI ATEITRE < 1.6 mm @ PDMS 7 27 F
2T —HEIEREL-ZbDE 1T v E LTHEHREIA T, EX0.6mmoD
W T AHM EIZPDMS 77 F 2 = — X i i ET 5.

BT-IZ_ET D PDMS (iE 7 XL, A 7 agfloiX Bl TARIZB W T
Ve BN O T A WD Z L TR T A7 kb PDMS M RS K
HZ R IBEOND L EMET D, PDMS 77 F a2 —XHORET 0t
A %K 414 12T, LLFICEWET 0 A4 TROFHH 2R 5

Inlet holes
v

[unit : pm] E’H& 7 'j

Fig. 4.12 Schematics of a PDMS bending actuator part

“ Threle actuator parts
[unit : mm]
Fig. 4.13 Schematics of designed finger part
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(a) LEB, HEs, TESPDMS #E KO AT 4 77 FL YR MM EZZN
Zlty NIRRT+ N V7T 7 ¢ Hiffie FAVTH T AHMR I 8UE
T5H. xHT 477+ b A KE LT SU-8 3025 (Microchem Corp.) % VT
0, BT AFEKREICHTEDESD SU-8 # A a— |k LEY, BigasirH> L
IZE S THRRT AR N3 DOWEEZ AT H~A 7 n A HBET L. KO
BWET 0 v A% 44 DR ATITRT.

(b) BHAUCHFIEEE & L TRY v =17 /L =—,(polybinyl alcohol, PVA), 7 /L4
nh—Ry, RIT 47 LA (S1805, Shipley Co. LLC)Z kfEd 5. PVA Dfk
FEIE R & R EROIER & rh g R | 2k LT 2wit% D PVA KRR & 85I A 7
a— kL, MET D2 LIk ->TIT D 3. S1805 O sl H I sR AL % L T A
vy a— hEHWTITY, 74 a b —R BT EE, FEO/ER 2% LT CHF;3
WA % W= RIE AWERIZ - C 50W, 225 mTorr, 40scem, 10min O 544 TREd %
(€) BUEL =K% VT T 74 A v M &R L-2>D PDMS % IIEE(L Xt 5.
i3 2% PDMS 1XEA, w{bAlOE L% 15:1 ([Z5R% L 7= SIM-260 (F#i(b= T
¥MR) &L, SEEAIC PDMS % 340 LEF 4 Eia A oE 2 B 22208 % 35min
1T TEHR OB N~ PDMS Zi2i% S, gk OKIaDIEZBL 1T 5.

(d) #E{k L 7= PDMS 7> 588 % RIS 5. PVA I3KIZEE T S %ﬁ#ét
BB, FEAESE ARSI WO TR A KIS RIE S RIS T S T &
RPRIZ L - T PVA Z I SE 5. Z O gLt _mzfﬁmébﬁtﬁ7x%
WO D C L% A LTI O I TEE 72 /) 2 iz 5 Z &
THA O HBENHL)NIATDOH, PDMS OE T ALY b SRR KIET S Z &
72BN D. BRIEREX 20min 2 ToH 553, PDMS ATERFD PDMS D54 &
73 S0 TR BRI 9 5. RS (R B Cix, R L 72 S1805
X7 & N ATERET DD, PVA IR L 72 & 5 B %2 VT S1805 % Al L
TeH 2T N AR CHEE R & B I ORI Z I TWIB R RIBE S E 5.
() THAEIEIR & hau & A OV T, B & B L CEEH L 7= PDMS (2%t
LTRIE®EZHANT 077 AL D REWXEZITH P, FRHE LHAKIL
L7 PDMS £HlA L2774 A Mt O RBOEEFEIEDLEITEY
PDMS-PDMS #2562 1Thot 5. 5 121TKZ Tl E R U 21 70 A e g il
D PVA 5% sfift S8 C A 2 BT 5.

() Oy 7T X~ Z AN RHLE I & » T LEEEIAR L, T8, TRESES L
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K& (R D PDMS-PDMS #4217 9. PDMS-PDMS #:4 2 #& 2 1%\, Z/vA4ah

—ARUMEDPDMS & DEE ORI ZFH L TEHUNSPDMS 7 7 F 2= — X
2D

ARAE L7 FENEE & 1.6 mm @ PDMS 7 7 F = =— ¥ ¥ % Fig. 4.15 (2”7,
HBEAZR5E, PDMS ® 3D v A 7 oG RN EBTETND Z ERbhs.

Lower part Center part Upper part
SU-E :

Male mold T ] m e [HHHH

[ ]
Glass substrxate i
Female mold | se0s = _I:I_III_| i ’I:I—I—I—I—A—D'

(@) Mold fabrication

Pvafilm H

Fluorocarbon film

51830

Mo B b nm Pl 0

(b) Release layer formation

FDMS

‘E—r (WA

(c) Casting of PDMS

HZO Acetone

(O =0 o (pevig)

(d) Separation by combination of dissolving of releases layer and ultrasonication

Separation by PVA dissolving with
Bonding with alignment ultrasonication 1.

Ozplasmal l I I l. 5 E 5
NERY »

(e) Bonding with O plasma surface activation

R 4
Baonding with alignment
0; plasma s
RN R %
¥

(f) Bonding and final release

Fig. 4.14 Schematics of fabrication process of PDMS actuator part
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(a) Over all view

(b) Enlarged view
Fig. 4.15 Fabricated PDMS actuator part

Table 4.4 Fabrication process of male mold of lower part

1| Spin coat 300rpm/10s - 550rpm/10s - 1140 rpm/40s

2 | Softhake 95°C/10 min —65°C/5 min

3 | Exposure 35s

A PER 65C/1 min —95°C/5 mirl —Room temperture/
10min

5| Spin coat 300rpm/10s = 550rpm/10s = 1300 rpm/40s

6 [ Softhake 95°C/10 min —65°C/5 min

7| Exposure 55s

8 PEB 65°C/1 min —95°C/5 min

9 | Developing 25 min
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Table 4.5 Fabrication process of female mold of lower and upper parts

1 Spin coat 300rpm/10s - 550rpm/10s ->2900 rpm/40s
2 Softbake 95°C/10 min —65°C/5 min
3 Exposure 35s
65°C/1 min —95°C/3 min —Room temperture/
4 PEB )
10min
5 Spin coat 300rpm/10s - 550rpm/10s - 1520 rpm/40s
95°C/6 min —65°C/3 min —Room temperture/
6 Softbake .
10min
7 Spin coat 300rpm/10s - 550rpm/10s - 1520 rpm/40s
8 Softbake 95°C/8 min —65°C/4 min
9 Exposure 55s
10 PEB 65°C/1 min —95°C/5 min
11| Developing 30 min

Table 4.6 Fabrication process of male mold of upper part

1 | Spin coat 300rpm/10s = 550rpm/10s = 1140 rpm/40s

2 | Softbake 95°C/10 min —65°C/5 min

3 | Exposure 35s

A PER 65°C/1 min —95°C/5 mih —Room temperture/
10min

5 | Spin coat 300rpm/10s = 550rpm/10s = 1300 rpm/40s

6 | Softbake 95°C/10 min —65°C/5 min

7 | Exposure 55s

g PER 65°C/1 min —95°C/5 mih —Room temperture/
10min

9 | Spin coat 300rpm/10s - 550rpm/10s ->4200 rpm/40s

10 | Softhake 95°C/8 min —65°C/3 min

11| Exposure 60s

12 PEB 65°C/1 min —95°C/5 min

13 | Developing 30 min
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Table 4.7 Fabrication process of male and female mold of center part

1| Spincoat 300rpm/10s - 550rpm/10s ->2000 rpm/40s

2 | Softbake 95°C/10 min —65°C/5 min

3 | Exposure 35s

A PER 65°C/1 min —95°C/4 mir.1 —Room temperture/
10min

5| Spin coat 300rpm/10s = 550rpm/10s = 2400 rpm/40s

6 | Softbake 95°C/8 min —65°C/4 min

7 | Exposure 40s

8 PEB 65°C/1 min —95°C/5 min

9 | Developing 15 min
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Fig. 4.16 Photocopy of a silicon ER microvalve for characteristic measurement
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Fig. 4.17 Static characteristic of JD-5034XX Fig. 4.18 Step response of JD-5034XX
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(@) Large height valve (b) Small height valve
Fig. 4.19 Static characteristic of JD-5036XX

JD-5036XX DENFEM: D FEERIZ 1T i S Her = 168 um, JiiiE R S Ler = 1.3 mm,
VEHEIE Ber = 1.2 mm &, JiEi&mE & Her =52.3 um, ViR & Ler = 1.9 mm, Jic & bE
Ber=1.2mm ® 2 F¥HD ER ~ A 7 13L& 7=, ID-5036XX DO EEFEIZ S
W, Her = 168 um O FEBRFE R % [X] 4.20 12, Her = 52.3 um O FEERFE R 4 X 4.21
IZ7R9. Her = 168 um (2B W CIE, 2B ER Y IERICOWTIE T —YE T LT
fii H L Cu 7= ERF(MLC-6457-000, .5 L7230 IEf 20ms Rijf%) & Heig LT b
JD-5036XX MEIL TN 5.
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JD-5036XXT= 23°C, ;‘_EP: 1.3 mm JD-5036XX7T=23°C, :‘.ER= 1.3 mm
6H  H.,=168um, 35 kV/mm e Heg = 168um, 3.5 kV/mm
2 mm’ /s 5mm’ /s 2mm’ /s 5mm’ /s

Diffrential pressure [kPal
Diffrential pressure [kPa)

bl s Ty
50 Pye 100 1 110 G 9 195 200 205 210
Time [s] Time [s]

(@) Step up (b) Step down
Fig. 4.20 Step responses of JD-5036XX using ER microvalve with large electrode gap

JD-5036XX . Step 5.0 kV/mm
0 7=23°C, H, =523 pm, L, =19 mm
: Experimental ——: Fitted curve

0 T=23°C, H.=523 um, L =19 mm

JD-5036XX , Step 5.0 kV/mm
: Experimental —— : Fitted curve

Diffrential pressure [kPa]

Diffrential pressure [kPa]
H o =4
'l ﬁ A

L L . L
0.4 05 06 07 08 10 11 12
Time [s] Time [s]

(@) Step up (b) Step down
Fig. 4.21 Step responses of JD-5036XX using ER microvalve with small electrode gap

Her = 52.3 pm OEBRFERTIX, b BV 2344 ms, S2H T30 K2 29 ms
L0, ZOMFIZIHWT Her = 168 pm OEERFER & LN TELS 2> TEY,
MR S 2L T2 2 LI Lo TURBEWENMET T2 2 LR I .
JD-5036XX DFFFM: & BRFE A £ 4.8 12F & O TRT. Her = 52.3 um O EER
FERIZBWTRENE, ERZDIEORKE S L HIT Her=168 um O H D & Tl
L7722, ZNTHE, 1RENNEZIRE L TR LD /N RIRIXE/IHN
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JD-5036XX ZEifFiiiflk & LTREMT 5.
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Table 4.8 Comparison of two experiments

i i Risetimeat | Rise time at Magnitude of
Height of ER microvalve
step-up [ms] | step-down [ms] ER effect
Her =52.3 um 44 29 3.3
Her = 168 um 12 14 4
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THIZELDT X =y NaebEds-dlz, YVarmyFyxr b
TMAH (2 A & M7 (Polyoxyethylene(10) Octylphenyl Ether, Fntfliiik e 4t)
% 0.1 vol%¥sin L T\ 5 ¥ AEIOFKMIZE N T v F 2 7 L— K 0.3 um/min

Lipol.
OFPRSOOLB i i ¢ ¢ ¢ ¢
si0,

-—;/Si
_________ B

(a) Apply a OFPRE0OLB and patterning. (b} Remove a Si0Q, and photoresist with RIE.

Alignment hole

25 % TMAH with surfactant added ‘ ‘ -_-—‘

(c) Si anisotropic etching in 25 wi% TMAH {d) Forming holes, diaphragm and channel by repeating (a) to (¢).
+ surfactant.

Fig. 4.22 Process of anisotropic silicon etching

Fig. 4.23 Fabricated silicon microchannels, holes and diaphragms

BRI N, Ly 7 AT T AT EIZ Cr BL N Au 2785 STtk I0/3 %
—= 7% L TCEYWELZ., BYEL Si i e EfMfi a2 4 A v 7 Li-b D%
424 \ZoR"T. Fio, EREEO T T X EMRIZ ERF B O 72 6D D ¢620um o H i
REFKR LTZ., S5, FA VT Ll e EmEsaET 74 A ML CH
RE OB S 2 TWEWVE L7 ER ~4 Z 0 3L 7 %K 4.25 |ZR3. v =
VIR L A N — = T LT A Ly VAT T ARy NS L— K ET
540°C, 20 min INEA L 7212122V a3 V& 2 1B, A Ly 7 A H T A G
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& LT 500V OFEERINC X » THhifmiEa 21772, BYELIZER ~ A 7 v 3L
TP = & Her = 47 um, (R E & Ler =2 mm, Jii&iE Ber=0.1mm & 72> T
BY, BEEORKES EERFHEL OMICEND DD, FrEFERZIT 5 IIZME
L B, £72K4.25 @R T L 9IS, ER~A 27 a3 07280 T
BiBdE & DT Z CWRWEITAGFIET D03, ZHUIT T ADO RGBT EITo7- &
EOH T AR ORBENERIIIBRETE T o LItk 2bDEE XD
o, Fiz, BBEONOAEN T TNDE, ZIUIRHITO L EITHWE
U DORUYERREICLI D LD EEZ DN, VI OREEORE & EMIZITO 2
& TCHENIAD D.

(a) Electrode part (b) Flow channel part
Fig. 4.24 Diced electrode part and Si flow channel part

(a)  Over all view (b) Enlarged view of microvalve part
Fig. 4.25 Fabricated ER microvalves
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* Pressure Transmitter
(Silicon diaphragm)
Thickness : 24 mm
Diameter : 6.0 mm

(

‘ Anodic bonding
* ER microvalves

Height Heg : 47 mm
Width Bgg : 100 mm €

Length Lgq: 2.0 mm \* \

‘ PDMS-Si0; bonding
* PDMS actuator part
1.6 mm length

Fig. 4.26 Dimensions of fabricated 1DOF ER bending actuators

Anaodic bonding

m Microchannels for g
ERF fullfilment ;

ER microvalve Silicon diaphragm for

pressure transmitter

(@) Schematic of bonding (b) Phtocop of pressue
transmitter

Fig. 4.27 Anodic bonding between ER microvalve and pressure transmitter

Fig. 4.28 PDMS-SiO; bonding sing O2 plasma treatment
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Holes for ERF fullfillment
4P, Silicon diaphragm

= 6mm long bendiﬁg'actuators :

(b) Enlarged iew of finger part
Fig. 4.29 Fabricated MEMS based ER microfinger

442 1EHEEREMT7IFa1I—32DHH4EER
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hEFREBEBENETNRENH D ENS. ZHREDTIED Y THRIEL, 77
F 2T —X OEEIZZOME N DB AT TR LBl 2T+ 25 2 Lick-
TEDIRIREN DK E S LIS OWTHIET S, £ ARRMEER TIIAS
FIEAIED SHE SN D RZFHIES & ER 2SIV 7 ~OHNEEL FE#/E TR E
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RILEHRS VLT HEDICEERROEZES 217, /=, 1 AHE
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HENE I REHAER KHIS UEL Y 0~IMPa) &2+ 2. 1 HHE
ERIEH 7 7 F 2= — 4 DETEICTITHEHAOT VIS4~ =hR— /L RZHW5.
EBROBEF 2K 43110187, 728, FrthERRIT=IR 22°C, {WE 60% DBREE TfT

S77.

v | W iy
maall| Kol
= = | %ir}[

0 |
Pressure | oot
oo “— ER microvalve A
P ’ e i-\‘
& ) | Ir .I
(‘ : ( ER microvalve B Lyt
Alternating Pressure f _
pressure source Transmitter Camera ER bending actuator

Fig. 4.30 Experimental apparatus for characterization of ER bending actuator

Fig. 4.31 Photocopy of 1DOF actuator fixed on aluminum base using manifold

ZETRIE AT & G & 2 HRIE 160 kPa D IESLIEE /1 & ER~ A 27 1 /L7~
DOYRENE 175V O EE AR SETCLIHHEEREM 7 7/ Fao—2 v 257
AEEMESETRER, X 432 (R Lo I AR ENH I ST, hiG
JE ) L HUNEEDOHMZ L &K 433 IOR"T. ZOERICE-T, ETFIcEnT
#11070 um & 1050 pm DOEEEZENL & il 22 877 (=48 1.2mm) 23R S
7-.
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500 pm

1070 pm

200 pm

1050 um

)

1

500 pm

(b) Downward motion (c) Upward motion
Fig. 4.32 Experimental setting of ER microfinger

Pressure
400+ |l Voltage V, || 400

...............................

AN N A N AR E

2000 iV i\ iV i | Ha00

Supply pressure [kPa]

100 - | \f d100

Applied voltage V, [V]

0 ah 4= e - - - L - 3 0
0.00 0.05 0.10 015 0.20 025
Time [s]

Fig. 4.33 Supply pressure and applied voltage to the ER microvalve A

WIZ, ERJEMT 7 F 2 —X DFIENM E ER ~A 7 v/ )L T ~OHINNEE
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Fig. 4.34 Static tip displacement vs. voltage  Fig. 4.35 Step-up responses of the actuator

1000 _ T . : .
Pressure amplitude: 90 kPa
Voltage amplitude: 150 V
— 500 F
E
r
-
o Voltage: ON
5 0
[$]
=
o
1]
(=]
-500 - /

, Voltage: OFF

Phase of voltage V,: 0° | 180°, 0° 180" ©°

S
_‘I UDO | 1 1 1 1 1
0 5 10 15 20 25
Time [s]

Fig. 4.36 Step responses when switching the bending direction by phase inversion
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Fig. 5.1 2DOF ER bending actuator system driven by alternating pressure
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Fig. 5.2 Schematic of a 2DOF actuator part Fig. 5.3 Schematic of a 1DOF actuator part
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(a)Vertical deflection of a 1DOF actuator (b)Vertical deflection of a 2DOF actuator
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(c) Lateral deflection of a 2DOF actuator ~ (d) Diagonal deflection of a 2DOF actuator
Fig. 5.4 Comparison between 1DOF actuator part and 2DOF actuator part
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Fig. 5.5 Schematic of a 2DOF PDMS actuator part

(b) Enlarged bird’s-eye view (c) Enlarged side view
Fig. 5.6 Fabricated 2DOF PDMS actuator parts
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(a) Face (b) Back
Fig. 5.7 Fabricated experimental device for air pressure test

Fig. 5.8 Experimental set up of air pressure test
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(c) Vertically opposed motion (d) Oblique motion
Fig. 5.9 Air pressure tests of a pair of two-DOF PDMS actuator parts

Fig. 5.10 Force measurement
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SU-8 covered by fluorocarbon

o

Glass substrate
(a) SU-8 molds covered by fluorocarbon (b) Flat center part is bonded to other parts
with additional parts < Fig. 4.14 (a)&(b) using O, plasma activation < Fig. 4.14 (e)

Fig. 5.11 Changed parts of proposed PDMS fabrication process
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1500 )L 400

Side view A-A’ section [Unt-#ml

Fig. 5.12 Schematics of 2DOF PDMS actuator part with narrow cross section

81



58 2HHMEEREMT VFao—F T AT A

Fig. 5.13 Fabricated 2DOF PDMS actuator parts with narrow cross section
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Fig. 5.14 Schematic of ER microfluidic chip
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Fig. 5.15 Free deflection of piezo disc actuator
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Fig. 5.16 Model for simulation of deflection of silicon diaphragm
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Fig. 5.19 Deflection on radius of diaphragm
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Fig. 5.22 2D view of deflection in variation of ta and Ey
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Fig.5.24 Displacement of center point under no pressure
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Fig. 5.25 Geometry of the simulation  Fig. 5.26 Motion of the pressurized diaphragm
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Fig. 5.27 Displacement due to pressure vs. thickness and diameter of diaphragm
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Fig. 5.28 2D view of deflection with Rq:1.64 mm, tq:60 pum, ta:0.5 um, Ey:1 GPa
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@Conductive glueing ! ' @ Anodic bonding
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'y T
! 3Bonding by epoxy glue

Fig. 5.29 Bonding methods used for fabrication of ER microfluidic chips

Piezo actator
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Fig. 5.30 Anodic bonded silicon fluidic chip with glass having electrodes
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Aluminum arm
Piezo disc actuator

Epoxy adhesive

Pressing Conductive epoxy

Laser measurement

Fig. 5.32 Laser displacement measurement of single diaphragm driven by piezo disc
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Fig. 5.33 Photocopy of stamping-bonding result

53.3 ¥4V OXREARDFAE & 4F1EER
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T LDESMEELIZB N T 1%L FOJESEK LD T B b TEY, 4lH
BYELTEAA T 77 LESICOVWTIRIERF EB VI T TR, A
YLV arFy T EACTEYE L~ A 7 v ZRE IR %X 5.36 (28T

(c) Enlarged view of the face (d) Enlarged view of the back
Fig. 5.34 Anisotropic etched silicon wafer for micro alternating pressure source
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Fig.5.35 Measured values of silicon structures

Fig. 5.36 Fabricated micro alternating pressure source
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3D printed parts
i ——

Silicone sheet with holes Needle array

Aluminum base Connector part

Fig. 5.37 Schematics of seal system

Target device Target device

(@) Open state (b) Cutoff state
Fig. 5.38 Sealing actions of 3D printed stop valves
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(c) Test device
Fig. 5.39 Seal system for micro device
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94



5% 2HHMEEREMT V7 Faz—X AT A

(~10Hz) & tbiE U T m W B BUG B & 7o 7. BHIIRED ) A X b —HF
BEALFHOREME IO — %A 7 4 VX EREORMR L, &8 o IE w7231
EFAREREE 2 A2 ECIIREEZ L Bbns. £72, N2 NIEDAOFRAELE
TR E LW o T2 RFEIZH & M 72 > TR W T2 DR TIE O a2 L 5
Thsb. ZO~A 7 aRXMENFOFERTIL, EHEL32mm OJEET 7 F 2x—
2O E1lum FREOWUIMRE) 2 it B A U CIEJMBEET 2 @ C CRIDALIE D &
AT 7T LERETHZ LTI LT

Silicon -

Water

Diaphragm
for measurement

Micro alternating
pressure source

Microfluidic chip /—w[
for measurement

35 um x 25 pm x 8 mm
Fig. 5.40 Schematic of experiments of the pressure source

(a) With sealing unit (b) Top view (c) Back side
Fig.5.41 Fabricated micro alternating pressure source

Fig. 5.42 Measurement of deflection of micro-diaphragm by laser displacement meter
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Fig. 5.43 Displacements of silicon diaphragm for measurement vs. time
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Fig. 5.44 Gain characteristic curve of experimental device of micro alternating pressure
source

5.3.4ER YA ¥ ORAKF v TDHAE

ER ~A 7 vitihT v 7OFREDT=DIZ, FH4EO 1 BHERIET 7 F 2o —
X OEBERAZHUEL L CER ~A 7 B LT OFE~HEDZRE 2179 . 343 L
TAEGRHE S Her, TSR S Ler, TRESHE Ber, 727 F 2= —Z ONLH LAY I
W(HARE S 0.3MPa)) &% 5.1 (2 F & ORT. RO H B3 0 BRI LB
MOLRIZE > THRHLTWAD., & S1X40um & 30um 725 KoL, £
TUZPEV R R S 28 LTz,

Table 5.1 Design values for new ER microvalves

Rise time of

Her Ler Ber actuator
No. Note

[um]  [um] [um] (JD5036XX)

[s]

1 47 2000 100 1.1 Reference (1DOF actuator)
2 40 1200 100 0.55 Estimated values (2DOF actuator)
3 40 800 100 0.37 Estimated values (2DOF actuator)
4 30 1200 100 1.27 Estimated values (2DOF actuator)
5 30 800 100 0.846 Estimated values (2DOF actuator)
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(a) Face part (b) Back part
Fig.5.45 Fabricated silicon wafer
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AN T E2 T 7cv ) 2y %545 TR 7. 2O Y argxo
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(R B OEEZRETPIRIEZEE RS tt7 /13y 7, DEKTAK) Tl
LTRSS, g S Her: 30um Z HEEE & L TEYEL 72 7 =2 oW T, I
B & 3l um, XA T 7T LEE 5.6 pm(IESMRERR), 34 um(~ A 7 v ZZFIE S
JERH)E 720, VR R S Her: 40um % HEEE & L CTRYEL 72 7 =N 22T,
S 4l um, XA 7 77 AEE 3.1 pum (ESMEER), 31um (71 7 2585
JEIRA) & 72 o 7. A RIOREMITRGHE & DD DOFRZEITH 2 D3 FEER O HIC
B L CHRIENFET D H O TR,

BT E T T AT FIEPYyrex ¥ 7 A LI/ bt &awEL, "\ —=7
BTV, A7 45 2 TRIELZ. M SAT IXBMMNE T T AF v T L
U a kT v 72 GmEA LD TH D, Z 2 TiHE LD PDMS-SIO, #
ADT=DIT, HEEIC CVDIZ L - T 200 nm ERED SiO, ZifiE L T\ 5. JEE
T Faxz—RE)arvFAT 7T LhEOEEHEEL, V) arigkTy 7
THEHTADAL & T X DHEFE IOV IR OMF® TRk 3 5.

Fig. 5.46 Silicon chip for ER microfluidic chip
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Pyrex glass chip
with electrodes

(@) Face

SiO, covered silicon chip

(b) Back surface with SiO deposition
Fig. 5.47 Fabricated ER microfluidic chip for 2DOF ER bending actuator system
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54 2EHEERBH7 7 F1I—% DFIERER

VAT AOFFEFHMIC AW D E BT AN, ZAORIEO =D, 1 F v 7 EIIR
FRIEIERE) 2 B E ER BHI T 7 F a2 — % VAT LEHE S 5. 53 HiDktk
2k 7= %] 5.47 OFET > 72kt LT, QXA T 77 L~OMREIEET 7 F
2T — A DHE, QAL LTI LDTF v TEE~D/NIVY H T ADREE, @
0 7T A~ & HW=REEMALIZE D ER ~vA 7 il F v 7 & PDMS 7 7 F
2 T —HERD PDMS-SiO #4547 7-. L EO TREEZR CREL-2 HHE ER
JEH T 7 Fax—F U AT L%[X 548 [T, @QO8EE TRICBW T, Fig.
5.48(e) IR SN TUVND & 91T, A ENCZER N LD AV IA A TV D WK EMEA
ebihvd Z it Bbivd. ER~A 7 a0 73S & Her =41 um, it
M X Ler=1.2mm, I Ber=0.1mm ZAG LTHEY, ZOEBRHAT A 2%
ERTNAAA LS L LT 5.

2DOF PDMS
on. actuator part P
.

(c) Back

(e) Sealed part using stamping
Fig. 5.48 Fabricated 2DOF ER actuator system (ER device A)
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ER T /31 A AL, H4ZETRELZPDMS 7 nr A clilfEshiz 2 B
HEEPDMS 77 F o —Z A AW THEE L. ER 7314 X A2z T, T
BO—#aLH Lz PDMS fE 7 mt A (X 5.11) TRYEE 1172 2 HHE PDMS
T Fax—2EERWEERT SA 2O THRIEETo 72, RIELER
WESEE 2 HHE ER Bth T 7 Fa=— 2 2 257 L% [4 549 [ZRT. BINT
RIELTZEBRT AN, ZXER T AL A A LEARTEDPDMS 77 F 2= —FE
WA HEN NS 2o THBY, ZOFERT NA A% ER T/3 A B LIESZ &
EL, ER¥A 7YV 7 3 m S Her =41 um, (i E S Ler = 0.8 mm, il
WBer=01mm=aE=HLTWD. £/, AIELTZ 2 EDOFEERT A 2 |ZITBEMD
THEE L TR URBIRIC LD IMEABGRD > — NV EEET 7 Fax—F ~D
BlARZ1T - 7=,

(a) Face

(b) Enlarged view of the actuator part (c) Back
Fig. 5.49 Fabricated 2DOF ER actuator system (ER device B)
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L, ER =427\ L7 0O ERICHE LI~ A 7 rn X a—7 RSty —xo
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JERE 2Hz T~ A 7 a RURIE IR ZBRE) L= & X O ERF OyiEh % [¥ 552 O
B EIZRT . ERF & L THWTWAS RV T 1 v 7 HkalE, 00 fHEED
ML RAAL UTERERICERR L TRIZE LT & SRR T =038 g,
A [8lD ERF JiENIZE D/RE — L OB MR T HZ LI > TITH. M5521C
AT X, BICEIWEREEYEL LTl OEREZRD L - R3BE L
TWAHZENbND. ZhIZL Y ERF OREINER ST,

Pure water Microscope (15fps)

ERF (JD5036xX) Loov
ZI&@? S

High voltage
PC |« Amp 1

. 3.2
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Fig. 5.50 Experimental apparatus for confirming flow of ERF induced by micro vibration

of piezo actuator

Fig. 5.51 Photocopy of the experiment for confirming ERF flow
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Fig. 5.52 Confirmed ERF flow in a channel of ER microvalve
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Table 6.1 Summary of ER bending actuators driven by alternating pressure

Name Fabrication Size of actuator part [mm] Stroke Note
(with side silhouette)

Large model of Conventional = The Working principle
1-DOF ER machining 4 . = of the ER bending
bending e 3 actuator system was
actuator 4 ~ <2 G2 13k
17mm with
7.6x4.6x11 working fluid of ERF
1-DOF ER MEMS Miniaturization using
bending fabrication MEMS fabrication was
actuator - realized.
2.2 mm with
0.5x0.54x1.6 working fluid of ERF
2-DOF ER MEMS S Multi-DOF actuator
bending fabrication - motion was realized.
actuator

0.38x0.42x1.9  Ll4mmwith

working fluid of air
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Fig. A.1 Schematics of alternating-pressure source
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Fig. A.2 Schematics of voice coil motor AVM20-10-C6.3

Table A.1 Voice coil motor AVM20-10-C6.3 property

Parameters Units Value
Stroke mm 10
Force sensitivity(at mid stroke) N/A 2.00
Continuous force (at 100°C) N 1.56
Continuous force (at 155°C) N 2.18
Peak force N 7.6
Continuous current (at 100°C) A 0.78
Resistance Q 3.5
Inductance mH 0.40
Continuous current (at 155°C) A 1.09
Peak current A 3.8
Electrical time constant ms 0.1
Mechanical time constant ms 7.7
Power at peak force W 50.5
Max coil temperature °C 155
Coil assembly mass g 8.8
Core assembly mass g 30.3
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Fig. A.3 Schematics of PDMS tube Fig. A.4 Apparatus for molding PDMS tube
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(@) Overall view (b) Cross section
Fig. A.5 Photocopy of PDMS tube
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Fig. A.6 Assembly of PDMS tube
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