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1.1 U ® &

O (BRELEBEBIRWREKITEEICIIGEELRZVWHITT
HU.EAEIIERICESENINBVWREKESWHIZ D ENTES,
VPO B TIIFBRERAEND) KEBLZ2E5Z 5 &, HANT
WCHRETIBEINRNICKORLEEREZFIER T END 5,
BRI BN THBRIERAER TS 2 WIiE 2 RFENDNFEET 284 %
BRI T1# (Electrohydrodynamic, WL C EHD) Zh8E &R,

mMEBRICBITHWAO EHD WENCEL Tid, WRREZ<ES R
FERABRIZ D W T BN RIZEN R I N TV BN, BE OB BIERMAEIC
BILEAATZZALCODNWTRERHEOFLSHENINTNS &IF
BLEHWRATH S, TNETOMRICELSD &, @B OFRHETIX EHD
OIRITERE cm 25 10cm BEESHbNTWS, LML, bihtb
NI, HEEOBABICERDORBZZEMNT 572 TER m TV
v NERMAFEETSHZEEZRAWVHLE, 2ZOXSREEDOT v MY
MEINETRDENTNAAN XA TIIEENICHHATS Z &N
TERWN, BEEREICESBBEMNTAZTTRETS2HOTD
D, ZOTOEARRBNWTREBL LRIV F—NEEWITHRADOEE) T
RNF—LCEBLINTNWBEZEERLTWS, LERST, Py b
ERETRICHBETESL LD TR L, HLLWEEE, Tx)VF—K
DONWITEETFERE L TRAREBRICEHTES EEZ NS, N
X TOMETHNI RS FEEREMI, HAR v FRENRE Z 5
TZZOIWII AR DHEBER ERERN D BHIFHICA > TWRTNIER SR
WENWSZETHD, ZO2DNXERF EHERIND, KL,
EHD MEB LT v NEFROFEA N AL & OHEIEEZ L.
FRIRFAETNA R ZHRT 20 ORGHEH Z2HET 22 2HN
ETDHHDTHD, ZOKMOEREZELEDEZONRNK 1-1 THD. K
HROFEA & U TRBENRRBNZI N DD TH B,
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2. AHFOREE L2 DE R ETNETORE

2. 1 BEE—%—ICBET 505
2. 1. 1 HEREKE—F—DOHARFHE

M OMICEREBR EANT 5 &, +E@MS I1ms™L D EOY
v MREMREH L TWA ZEZRWH L, Z0OEE EHD i 2 6l
THIEILKD, FEBRAKE—FY—ZBFELE [1]. M 2-1 38/E
LizE——0OEAKTH 2, EiGEidmd THET, ¥—R (C). 8
& OPEDDOO—F— (V). 2HMOEM (E), {E8kAk (L) »
L ENTVNS, r—RX&0—4¥—R@F70 8 TH0, BMIIM
MNBTETNS, APFETIE, F—ADBES LT —F—DRKE (30
mm) WEUTHEENERS 2HOE—F —Z2EL. TESkA &
L TIRBIBRD XD ICW DONOFBIRAENEG TH 5, 1EEITHRAE
3O —4% —OPMENE2ILD I —AZFHwEEINTWS, B
WX — XD 45° OAEZTHFIC/RD XD ICHEESN. +HIICE
WMEBEZHML, —fZYy—X &L,

M 2-2 1. EERkEL T > *@9‘7“?)&2%%037‘:%*—&»—@”
DWT, BRBEZAMULZEZOBELAEEEOBERTH 5,
FERTmWEEIX, BnEZE A EHERICHEEEESNIBEED, COEE
D—&~M%ﬁﬁﬁt@%ﬁ% WiE 2 W29 % & [RlR G [ B T 7R

. AEEOBEREEICRAIETRD S NARN, AREETEEE
t%Lﬁmb FCBETHRKTZE, O—F—2/NS W N EHEE
925, LOL, WIFNIEBWTHEFRRNRMEEH 2L ZT2DI
WHLBAMEL LOBENKEERDNS, BRABEII/NO—F-T
3.0KkV, RO—4%—T 45kV TH0. BEREBEICBIT24HEITD
= —DOHA X EBHT, 1FF0.251Qrpm)TH o7z, BENER
BEXOERWEES, BEEMOBREICO—4% —73% 30~40 ERERE T
S, TRBERHBZEI U TCERMEICRESTHIETS, &8
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JEICBTBREEEIIREL, X, 5.0kV TI/hO—F—0DHF
HE 0.16 m1 b7z, EALNIVOE—F—ITENDDEEZ
bND, ZOEEXOEWITIEM 1IHAYKD 2.8pA, RSB, E—F—
ERELTOBEEEBNT 28mW ThHo . ABBHAET—F—ITH
WTIE, EERET Z2BRMENTNSD Z EITRED, MO THEET
HBH, BEEEANZEAEREIS T EREIESHNFRT LI &
MR I NIz,

BRIRNF—NOEB TR F—ANOLHRRZHET L0,
NV RIEZEF TS 72, EHD B—4% — 0% X N L A L F A —4% (Haake
Rheo-Stress RS 100) Ola#zifiicEe L. AEE 15.7 s (AEE
0.16 ms™1 ) OEEEHZHBELZEEDOMNVIIIX, AO—F—T 7
X10™® Nm TH-o>7z. LN ->T, 5.0 kKVIZBWTiE 1.1 mW O
L F— N EIEEB AR I N TN 2 E1TR D, TORIIR 4%
Thol, LML, ZNEFE—F—E L TIIEBAHRERICHSET S,
BRHERTORE @EHHFEE LTI HE 282 T R)IVF— 0%
R) ZROEEZA, AEHEE 10 s71 T 2X10°5 Nm O MLV HRMES
Nz, EIX 0.73% TH 5, T—F— L TOFRBILL/NT —IH
BROBEAN, KEZNSILSTHEPENEREIENDOME>TE. T
B, FHENE U TRENMIINTWEYA 7O 2B TH/ND
HZ0FIRA I OE—F—~NRATELDDEEZ SN S,

2. 1. 2 HEREKOYELE—F—IEREE DBIfR

TO YA TE—F —THWAEEIREKIIT I > B TFINTH
B, WY v RBEITHEOHENRKEL FHH>TVWBIXT T
Hb, FZT. BEYELEE—FY—DOELES & OBRERNT B
D, (EERAZEEZ TEREZTo T2, AIWRIEIKIZ T Z VB AF)),
TEINBISTFI, FINVBISAIFIV, VA B TFI. I
VRS TFIVIR ER S OFEOBEBREATH S, M 2-1 ITRLIENE
20 mm D/PNE—F—ZHWNWT 5.0~6.0 kV OBEZHMLEEZED
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BEREZIRARD & &bz, BEME 2.0 KVmm 1 ITB T 5ERIE
BE o CRIE n Z2HE Lz, HIEX 25C T2 20, T XRTORMK
NEAWEEN 100 s1 YU EToa— oWk THo2, E—F—
PERBICEE T 2 ERMERZ X 2-3 1TRT, ZZTid. 5.0 KV ZHINUL
EE1sL (810 rpm) PUETE—F—ZEEHRITDZIENTES
BRZEEBNNEENRAK W L7z, EBHREZEIMLZBREICZNLLTO
HRETHEREZBEO2DDOBH 2. TOXIBREEOEHE, T<ICH
HIHEENHAD U Tk TUEY, EFEEERICIIES ok, KIRFH
CH7z > TEE RS T 2ATIT T X TEEEEIX 1 71 Bk
Thol, £/, BHZHNML THORAICTETHEEZ 5 XA THE
BHEERIZIINWEST, EHMEELTLELEZDDODH o, 2-3
W FEIREE L TOBEEZRAEYIEOBEBEL TRLEBDTH
5o MEEHAVREEE, BEINBEERTHO, EHERAEEL TE—F—ITA
NEEEMRLEZDDZEO, EEREICESRN DD EXTRL
7o EHD £—4%—& U THEZRIERIT 3 ADERR TH ENZHIHKICH
L5 EMOMNS, §RbHB. n>5X1074 Pas. 0>5%X10710 Sm1,
no<1.5X10710 PasSm-1 O&MH:ZFHET 2HAEN EHD £—4%—
DEEREE L TAERITH D ENWA 5,

SC, AMAETHRLEZT—Y—IEXBTIIEEL o7z, Lz
Mo T, FEEZXET 2abEERRFIIRAOEERE BN
%, EMESD THRETICELKEENE Z 220 ICIXHHEMALET
bhB, TOREFRRELTIRREL2DDOEENEZEZ SN, —DIX
TR FOMBETHO ., MO—DIXBMN S DBEFREATH S, A
FETHWE 50 BEOREKICDONWTEOE BB ZMHL THEDIT
THEHZNWDT, FoEFVEENYBZEIIRETHS, UL, K 2-
3DF—FEHHITTHE, BEHBBIIR > THEBRIMEEZTO
B THEERGZR T A ENTES LHRINS,
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2. 2 ERZIRICET M5
2. 2. 1 MWEEWCZIXS ERYHEORE

WEBHOA > —F 7 IRE L TRED L 0 D — M EE NI H
LT EHLZ2TL 7 ol 40P —% %2 (Electrorheological
Effect. ER #REMKT) &0, TOXDRMEREEEZ AT HiHAkEZTL
ryrolbFAoo—iik (ER WA EKT) WS, ER AKX KU
TRTFAMREBBERETATEND, RTFAHHRIEEBSICLOT )V
LU, BRI HLL R TIIdEEAE Uik %> (2. 3], 23Ul
BTN A M E S U SBE M ICBER B E Nk S N5 2 EITRERT
5, MERITIBVWTIE., FRDHHMAICERM LU RAA EEZ &
STHY, BHITED KA VEAEMER ORAIC X0 REER A
% [4, 5], BEASNTVS ER HEIIWTNOEEERATDH
5o LU, N—=INWFOTIVFIVE ) AR BREODHEKT v =
L& YB ¥R TIXES S T EHD ICERT B H A R EERIRN T
AL, TNEHNEH S OREIT AW & OMHEERORER. RERM
NEHENZZE2RWHILE (6], ¥H—o#EEMTS EHD K
MAFERIN, H—BHLOAE-BHRICBWTHEFIIRS Z LM
LNTNW5, LEN>T, Yy MNERBIXOZNITERT 2 ERT
BARE—BYTHULLBD2bDEEZILSND, TYvERSHRD ER
2T AR EEICT S &, AR SREI AR EZTTNER
NIZBWTHEEIZ EHD MRNRAET B &, F—N—F— )D& EL
THEMNT ORSE REHESD BN ENS &HfFEND, £I T,
REE/: BHD Yz v hEFA RS0, HEBHEHWTES NI
BT BRI OREEE I OVWTHRA L [7].

M 2-4 13, BRO#ELEZEANCTRLEZDBOTHS, HllZ, K&
37=2—)b (17 um) DL —3 HkHEZER 35 mm O&FERD LI
WEML LT UAEEBETHD. — ATV L AERTHS. ZORIC
BRI Z B A DY, SEDRIBRIC bIRANEZEN TS, 22T
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X 2-4 HEEEMORE

. 7 — AIER & MR D L & DIRAED AT I NEBR T
THRENEZ2ERELTLAOS—82E L., HWERMEI,
HWIEEEIM (HEX—/S—N1 RO 32) ThHhd, BEOHEE T
2B 2 BOSEAR B DM A % A TS 2 Fn U COREE BN 2§l
ETHEVNIHETHERTS, ZOMMEMEKICITIRER ER #hRITER
DHHNIRN, 2B, TRTOHESRMET. HBREOBRBEEILS
WACM2 A R TH o 7=,

LAOD—HEIIEA NV AL F A—%— (Haake # RS100) %
ER AICHE L., BF E 210~4.0 kV (EJR) O&H TERT AW
EBLOEEHEZHIE Uz, BIEREIZ. 25CTHS., 2B, T
NRTOHEESRMT, MAOERBEILX S50 mAm=—=2 BLFTHo 7k,

X 2-5 1%, RS Imm OMEEEMmEZ AL, BB 0.5 mm T
BOWTHEXHCRIZTESREOZEEFARNLERTHD, BHE
HGAZRWHE, BEAEPBEEFRMEDO -2 —F iRfAESEHEN
% (0.5 mm Fx v TOFTERTEEOREHEZ L EEEMAT
). ZCNICEBHZE5 X% EHEE ABEES CREEINE Z 50,
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(B AWHEEF BRI A X<, shear thinning RE1ER 5, KT
&Aiﬁ“mﬁﬁﬁtﬁf%;ﬂifﬂbMTméERﬁ@@iDE
MENZEENBIN S,

M 2-6 1%, R Z 0.5 mm &L T, 3.0 kV OBHZZHIINLE
EZEDREXHNIKFTTBHMER I OZEERHRIMERTH D, BEWME
EZ—ZITLTW5DT, BHEBEIEENESRDELEHKRT S,
BHRENZO ER XFHERELTWHET D E, BHENEL 221
E, RENEART S EHFEINDD, ERISFOBENELNTNSD,
EEBMICKDEER ER IR EHRHFAIE 501X 0.5~1.0 mm
DIFHENDHETH O, FEEHEOFBRICIFEET 2 A OZED ER %)
RICEBICEEL TWS Z EMfalbin s,

2. 2. 2 WEEBBMWIIBITS ERIEEEEYMEE ORIR

B TIE, HE OAHETIE ER IR ZRIIRWTRAT LR O Eik
HEEELBMET, BEREESZEINT 2 & EERRSEEINNE
ZBHZEERUE, 2L ERERZHAWRS THI AT LELUTER
SRERBTEDLIEEZEKRLTVWS, LML, TRTOREITBN
TZDOFENREZ DT TIIRN, T TR, RAE—BHITHTS ER
XEE R T AHAMEICOWTRHM LU [81,
Az, >va—2>F1I. JINVEBISHIFIV. B
U UIRE 23 BEOAFAMINTHD, IRTZa— b RAETH
%, PWIEITIX. A MV AV A A—F— (Haake & RS100) % fly, 2.0
KV OEFEET ER #8ZE2HFH /=, BEIX25CTH S, +HIEMIL,
L—3 R B T U 2SBRTH 0. — I ERBRTH 5.,
HMED R X1 1 mm, FOHEX 1lcm?2 472 0K 7000 ATH 3. H
MESCUE & 7 — A B & OFRBHERRIZ 0.5 mm TH 2. &fIC. FEEN
IRV BMTESZEHMUZD, TRTOWKIZHB N THEHETRREE
BN snizho . |

12
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Viscosity
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2-7 13, MKDOBEEREZDORAZIEEEMITHA TE AKITRE
2HZFIWC 2.0 kV OBEZHMULZEZOBEREOEBRTH D, K
BT, EPREBMIIBOWTTHEINSBRMETHO., HEN1 @[ﬁﬁ Z
2%, LML, 7Oy MIEEIZ 0.78 OBERER> T, KEBRD
BERIZBWTIE, @BERZZNXDIZZNITHBROK WM THE
LZIZehbsd, BRIBBNLT Ao TWBHENWDS T EERL
T, HEEMTITHT DERMEEAEOBER & OMITHRTZER
ABRAL U TR &N S HERIT, SRMEE e TIIRBREERE FAE
D, BENEEIARAE—THEIEEZRBTEHDTH S,

X 2-8 1%, MEORLDSEEDI Y I—2F1IWZDWT ER %)
REBEUERTH D, MENIBHETIIR ORE Npr Z2REBL OR
E Np TElSZHMBETH S, BHEZEINT 5 &REENKIEIZEM
T 5, KT AWHEE T EREEREIN=RII KR E <, BH#FE R shear thinning
MEN 725, MIEEIIEBS TORENMIVIEZESN, Ua—>
1IN DEERH 2~5X10-11 Sm~! OHPFTIIF -ETHB L%
ERT DL, ER IR AN ORBENESBEFRL THWSE Z E0flH
N5, FRiZ, BEEOTAINICBT 2 MENHHFRIIEZ N — 1 OER
TEMTZES, Z3UL, BANEEBEIIXS TR IIN—ETHBHI L%
Bkl TW3,

bbb, e IIVICEES 25X 5 &, NS 1ms]
POy NENKREHL TWBZEZRVWHL, ZThZ2FHFLT
FEERAEE—Y—ZHAE L, WAy MIEHD 21RO LA
bbb, BABREZRANWT, ZOE—Y—OHEEFANZET A,
MEEEMT THER ERRZFHRELTA2WMAIFE, SERETSIE
MWhhol, DED, AKX THRELL ERFRZREL THEHD
BN SRETIRERS 2y FTHDEEZASND, HEBMICH
WT B RHETLH & 7 — A B & ORICRERRNRD bz, BHICK

DFERINBHWED =y N EATENS O AW E DHEVER OREE,

14
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10"
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OCe DO O

0.0035 Pas
0.0095 Pas
0.05 Pas
0.10 Pas
0.90 Pas

100 10'
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REEINNEZ >0 THD, MHFIIFRUEEBICHEH DI DEEZ
55, LML, Vv MRNE—FDIREERZ XL Tn5 &7
U, (RREE, REBEROWKIZEEENEVWILZT TH S0, EERIC
B OB TIXE—FIIEFH LW, HEEROMER, (REBEROK
HIMEIS T TEENRINE ZT B2 ENb o7z, LWy MNi
NRELTH, BRI AHBICEE> TS, LT, J5hzh
ZTH D 2R TIRERRDNRE & N5 BIXRIZEERRIRE %TT HD
EEALND BB TIIBERIROFALIINEND D EHEERSE
BRI OBENE—F OMEREEEEEL TH O, ZOFRERM bfrﬁfl\%w
FIZEERENN T2 ETHEINS, D EOERNS, EHD X %
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Abstract

Dielectric liquids which show striking Electrorheological (ER) effect
are formulated by controlling the conductivity. Although the viscosity is
increased on the application of DC fields, the flow of electrified fluids is
Newtonian in contrast to ordinary ER fluids. In electric fields, the
convective flow is induced over the system due to the
Electrohydrodynamic(EHD) effect. The interactions between EHD
convection and external shear give rise to the additional energy dissipation and
in turn the viscosity increase. The ER effects of simple liquids are very

attractive in application to new fluid devices.

*) Submitted to Applied Physics Letter
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INTRODUCTION

A reversible and rapid change in viscosity of fluids on the application or
removal of electric fields is commonly referred to as the
electrorheological(ER) effect. Typical ER fluids are classified into two
groups; suspensions of polarizable particles dispersed in insulating oils (1, 2)
and liquid crystals including liquid crystalline polymers (3, 4). In electric
fields, the ER suspensions undergo a transition from Newtonian fluids to rigid
solids, but the liquid crystals show only the viscosity increase without
solidification. The former is explained by the chain formation of dispersed
particles in the direction parallel to the field vector and the latter by the
increase of domain interactions due to the orientation of elongated molecules.
Although the flow properties of electrified systems are quite different, it is
generally accepted that the striking ER effects are observed for structuring
fluids.

When an insulating oil is subjected to a high electric field, the
secondary motion of fluid is produced by the Coulomb force acting on a free
charge and dielectrophoretic force arising from the nonuniformity of the
dielectric constant. The secondary motion includes convection, chaos,
and turbulence, and these phenomena are known as the
electrohydrodynamic(EHD) effect(5-7). The flow patterns of EHD
convection is very complicated and strongly depends on the geometry of
vessel, electrode arrangement, field strength, and fluid properties. The
pattern of convective motion is influenced by the external shear. The
interactions or cooperative motion between EHD convection and applied shear
require the additional energy dissipation. Therefore, the viscosity of liquids
can be increased due to their combined effects. In a previous paper (8), we
have reported that an insulating oil which is sandwiched between the
electrodes with flocked fabrics shows a striking increase of viscosity in DC
fields. The flocked fabrics serve to enhance the EHD convection. In the

present paper, the ER effect of simple liquids in uniform fields between metal
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electrodes with smooth surfaces is discussed in relation to physical properties

of liquids and pattern of EHD convection.

BACKGROUND

The important findings in previous work(9, 11) are that the pure liquids
whose viscosity hardly changes in uniform fields between metal electrodes
with smooth surfaces can be ER-active when subjected to nonuniform fields.
The ER effect is attributed to the EHD convection enhanced by the use of
flocked fabrics. In electrodes with flocked fabrics, the current density is
much higher than in a uniform field. = Since the EHD convection is closely
related to the current density, the viscosity behavior in DC fields is examined
for many oils with different conductivity. The results can be summarized as
follows: (a)The parameters determining the ER effect in electrodes with
flocked fabrics are the viscosity and conductivity of oils. (b)The relative
viscosity, defined as the viscosity of oil in electric fields divided by that in the
zero field, increases with decreasing oil viscosity and conductivity.

The requirement is the flocked fabrics for appearance of striking ER of
pure oils. However, the intrinsic mechanism is the EHD convection. If the
large-scale EHD convection is induced in uniform electric fields, the pure oils
are expected to show ER effects in metal electrodes with smooth surfaces.
The experimental results imply that the candidates are the liquids with low
viscosity and conductivity. Therefore, the attention is focused on the
substantiation of the hypotheses and establishment of preparation method of
simple ER liquids.

EXPERIMENTAL

The insulating oils were mixtures of tri-n-butylamine and fluorinated oil
(FF3 manufactured by New Technology Management). The concentration of

tri-n-butylamine was in the range of 0-0.2% by weight. With increasing the
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concentrations, the electric conductivity in an electric field of 2.0 kVmm-1
increases from 2.5X 10-9 to 1.4X10-7 Sm-1.  All oils were Newtonian with
a viscosity of 4 X 10-4 Pas at 25°C. The density was 1.430X 103  kgm-3.

The steady-shear viscosity was measured in a parallel plate geometry on
a stress-controlled rheometer (Haake Rheo-Stress RS100) which was
improved for the ER experiments. The diameter of plates was 35 mm. A DC
voltage was applied by a technique of frictionless contact to the upper plate
which was insulated from the shaft. The temperature was 25C.

The convective flow generated in electric fields was observed by a
microscope. The oils in which a very small amount of silica particles were
dispersed as tracers, were contained in a thin cell consisting of two glass plates
coated with transparent ITO(indium tin oxide) electrodes. Two types of
electrode set with different surfaces were used. One is a set of plain ITO
electrodes. The other consists of negative(ground) electrode of ITO glass
with smooth surface and positive electrode whose surface is treated with
flocked fabrics. The short fibers of nylon are adhered to the ITO glass by
electrostatic flock coating. Since the flocking process is made in high
electric fields, the fibers are oriented in the direction perpendicular to the plate

surface. In both cells, the thickness of oil layer was adjusted to 1.0 mm.
RESULTS AND DISCUSSION

Figure 1 shows the time dependence of viscosity on the application of
electric fields for the fluorinated oil without tri-n-butylamine. The ordinate is
the relative viscosity Whichﬂ gives a measure of ER performance. While the
fluorinated oil was subjected to steady shear at 50 s-1, an electric field of 1.0
kVmm-1 was instantaneously applied and the field strength was increased
stepwise at intervals of about 30s. The time required for typical ER
suspensions to respond to a step increase of electric fields is reported to be

1~10 ms (9, 10). However, the viscosity increase for the fluorinated oil is
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FIG.1 Time dependence of relative viscosity on the application of electric
fields for the fluorinated oil without tri-n-butylamine. Under steady
shear at 50 s-1, an electric field of 1.0 kVmm-! was instantaneously
applied and the field strength was increased stepwise at intervals of

about 30s.
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relatively slow. The response time can be estimated to be of the order of
10 s. The relative viscosity shows approximately linear dependence on the
field strength.

Similar experiments were repeated at different shear rates. Irrespective
of field strength, the flow is Newtonian in the shear rate ranges of 10~300 s,
When dielectric fluids which are sandwiched between the electrode with
flocked fabric and plane metal electrode, are electrified in DC fields, the
viscosity is drastically increased and the flow behavior is converted from
Newtonian to shear-thinning profiles(8, 11). In the limit of zero shear rate, a
solidlike response appears and the yield stress is developed for oils with low
conductivity. However, all liquids in the present study are essentially
Newtonian fluids. Neither yield stresses nor elastic effects were observed.

Figure 2 shows the relation between the viscosity and the conductivity
at an electric field of 2.0 kVmm-1 for mixtures of fluorinated oil and tri-n-
butylamine. With increasing conductivity (concentration of tri-n-butylamine),
the viscosity increases at first, passes through a maximum, and then decreases.
The relatively low viscosity of pure fluorinated oil may be an indication that
remarkable ER effect cannot be expected for fluids with very high electric
resistance. The maximum ER effect is achieved for fluids with conductivity of
about 108 Sm-1.  Although the viscosity level in electric fields is
considerably low compared with ordinary ER fluids, the viscosity is increased
by a factor of 50.

The electrodes with flocked fabrics give rise to the shear-thinning flow
profiles, whereas the oils remain being Newtonian in plain electrodes with
smooth surfaces. Both effects arise from the same mechanism, that is, the
interactions between EHD convection and external shear. To provide more
insight into the ER mechanism induced by EHD convection, the visual
observations were carried out through a microscope for oils in transparent
electrodes. Figure 3 shows the schematic pictures of convective motion
without external shear. In electrodes with flocked fabrics, the rapid flow is

generated in parallel to the fiber direction. Since the inflow and outflow are
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FIG. 2 The relation between the viscosity and the conductivity at an electric
field of 2.0 kVmm-1 for mixtures of fluorinated oil and
tri-n-butylamine.
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FIG.3 The schematic pictures of convective motion without external shear.
(A) In electrodes with flocked fabrics, the stable circulation flow with
periodic patterns is generated. (B)In electrodes with smooth
surfaces, the injection into the oil phase are momentarily and locally
scattered. The flow patterns are unstable and rapidly fluctuated.
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arrayed alternately, the stable circulation flow with periodic patterns may
occur in the static fluid. The external shear influences the periodic
circulation. However, at very low stresses the steady flow is impossible
and the periodic patterns are held. As a result, the apparent solidification of
simple oils occurs and the electrified oil shows a plastic response in electrodes
with flocked fabrics. The periodic EHD circulation is strongly disturbed by
forced shear. The superposition of different fluid motions causes the
additional energy dissipation and the viscosity is markedly increased.
Because of progressive rupture of periodic structures with increasing shear
rate, the flow of electrified oils becomes shear-thinning.

On the other hand, it seems difficult to control the EHD convection
generated from ITO electrodes with smooth surfaces. The injection into the
oil phase possesses the components in both the perpendicular and parallel
directions to electrode surface. In addition, the velocity vectors are
momentarily and locally scattered. Therefore, the flow patterns are rapidly
fluctuated. In Figure 3, a typical picture of the unstable and oscillatory
motions of dispersed particles in parallel to electrode surface is shown. The
expansion and contraction of convective flow repeatedly takes place at a
period of about 0.5s. Although the sizes of cooperative motions are of the
order of mm, the fluid elements can migrate in a long range. The structures
resulting in solidlike responses are not developed and hence the oils are
Newtonian in electric fields. In conclusions, it must be stressed that the ER
effects of simple liquids in electrodes with smooth surfaces are very attractive

in application to new fluid devices(12).
ACKNOWLEDGMENTS
This work was supported by a Grant-in-Aid for Scientific Research from

the Ministry of Education, Science, and Culture, Japan, for which the authors

are grateful.

46



REFERENCE

1. Winslow WM (1949) Induced fibration of suspensions. J Appl Phys 20:
1137-1140.

2. Block H, Kelly JP (1988) Electrorheology. J Phys D Appl Phys 21:

1661-1677.

3. Honda T, Sasada T, Kuroiwa K (1978) The Electroviscous effect in the
MBBA liquid crystal. Jpn J Appl Phys 17: 1525-1530.

4. Yang I-K, Shine AD (1992) Electrorheology of a nematic
poly(n-hexyl isocyanate) solution. J Rheol 36: 1079-1104.

5. Orsay Liquid Crystal Group (1971) AC and DC regimes of the
electrohydrodynamic instabilities in nematic liquid crystals.
Mol Cryst Liq Cryst 12: 251-266.

6. Suzuki M (1985) Propagating transition of electroconvection.
Phys Rev A 31: 2548-2555

7. Worraker WJ, Richardson AT (1981) A nonlinear electrohydrodynamic
stability analysis of a thermally stabilized plane layer of dielectric fluid.
J Fluid Mech 109: 217-237

8. Otsubo Y, Edamura K (1998) Viscoelasticity of a dielectric fluid in
nonuniform electric fields generated by electrodes with flocked fabrics.
Rheol Acta 37:500-507.

9. Otsubo Y (1991) Electrorheological properties of barium titanate suspensions
under oscillatory shear. Colloids Surf 58:73-86.

10. Tanaka K, Koyama K, Yoshida T (1992) Transient stress response of ER
suspension. J Soc Rheol Jpn 20: 73-77.

11. Otsubo Y, Edamura K (1999) Electric effect on the rheology of insulating
oils in electrodes with flocked fabrics. Rheol. Acta, 38:137-144.

12. Yokota S, Hirata M, Kondoh Y, Suzumori K, Sadamoto A, Otsubo Y,
Edamura K (2001) Micromotor using electroconjugate fluid(Fabrication of
inner diameter 2 mm RE type ECF motor). J. Robotics Mechatronics,
13:140-145.

47



I1-2

H 2B 7 2 3R SO (C 4R
67 % 657 % (2001-5)

1619

33 No. 00-0959

HETEIZ L 2FERAEOMEIEIN A B W RES EH*
(HE ER 7SV T 01EX)

RN S STl S AR ST G - R
KPR X BN —

A Fluid Control Valve by Making Use of Viscosity Increase of
Dielectric Fluids Caused by Electrodes Planted with Hair-Like Short Fibers
(Proposition of a Fiber Planted ER Valve)
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Yasufumi OTSUBO and Kazuya EDAMURA

** Precision and Intelligence Laboratory, Tokyo Institute of Technology,
4259 Nagatsuta cho, Midori-ku, Yokohama-shi, Kanagawa, 226-8503 Japan

Recently Otsubo and Edamura reported that diclectric fluids showed striking viscosity increase
on the application of electric fields when the electrode surface was planted with hair-like short fibers.
By using the phenomenon, ER effect applications are expected without ER fluids. This study aims to
develop a fluid control valve with the new ER effect, In this paper, firstly, the fiber planted ER valve,
which have fiber planted high voltage electrode and normal surface ground electrode, is proposed.
The valve can control fluid power with applied voltage. Secondly, a 2-port fiber planted ER valve
is fabricated and the static characteristics and the dynamic characteristics are examined. Finally, as
an application of a fiber planted ER valve, a 4-port fiber planted ER valve is proposed and fabricated.
And then, it is demonstrated that a 4 port fiber planted ER valve can control a piston-cylinder.

Key Words: lydraulics. Fluid Power Systems, ER Valve, Fiber, Electrode, Experiment, Mathe-
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A Micro Motor Using Electro-Conjugate Fluids (ECFs)
[Proposition of Stator Electrode (SE)-Type Micro ECF Motors]

Shinichi YOKOTA™*®, Atsushi SADAMOTO, Yutaka KONDOH,
Yasufumi OTSUBO and Kazuya EDAMURA

** Precision and Intelligence Laboratory, Tokyo Institute of Technology,
4259, Nagatsuta-cho, Midori-ku, Yokohama, Kanagawa, 226-8503 Japan

Some kinds of dielectric fluids such as dibutyl decanedioate generate jet flow between electrodes.
One of authors names the fluids ECFs (Electro-conjugate Fluids), which are considered as smart
fluids. In this study, a micro motor by making use of ECF is proposed. On the proposed motor, some
pairs of electrodes are located inside of a cylindrical tube (stator) filled with ECF. In the stator,
rotational flow is induced by ECF jets. By taking out the rotational flow power with a rotor, micro
motors are easily realized. In this paper, fabrication of micro ECF motors having .D. #3 mm, [.D. ¢4
mm, L.D. #8 mm is described. Basic characteristics such as rotational velocity, load characteristics,
output power, efficiency are experimentally examined. Also, mathematical models of the ECF motor
are proposed and verified with experimental data. Finally, miniaturization characteristics are
examined through the fabricated ECF motors.

Key Words: Micro Actuator, Dielectric Fluid, Jet Flow, Electrostatic, Micro Motor, Power Den-

sity, ECF, Smart Fluid
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A Micro Motor Using Electro-Conjugate Fluids (ECF)
[Proposition of Rotor-Electrode (RE)-Type Micro ECF Motors]
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Yasufumi OTSUBO and Kazuya EDAMURA

** Precision and Intelligence Laboratory, Tokyo Institute of Technology,
4239, Nagatsuta-cho, Midori-ku, Yokohama, Kanagawa, 226-8503 Japan

Some kinds of dielectric fluids such as dibuty! decane-divate generate jet flow between electrodes.
One of the authors calls the fluids ECF (Electro-conjugate Fluids), which are considered as smart
fluids. The authors propose a micro motor by making use of ECF, In our previous paper, stator
electrode (SE) -type micro ECF motors have been reported. In this study, a rotor electrode (RE) -type
micro ECF motor is proposed. On the RE-type micro ECF motor, some pairs of electrodes are
lucated on the surface of a cylindrical rotor. The rotor can rotate with the reaction force caused by
ECF jets. By making use of the ECF jet's reaction force, micro motors are easily realized. Also it
is expected that RE-type ECF motors have higher power and higher efficiency than SE-type ECF
motors. In this paper, fabrication of micro ECF motors having 1. D. 3 mm, 1. D. ¢4 mm, L. D. ¢8 mm
is described. Basic characteristics such as rotational velocity, load characteristics, output power and
efficiency are experimentally examined. Also, mathematical models of the ECF motor are proposed
and verified with experimental data. Finally, miniaturization characteristics and aging characteris-
tics are examined based on the fabricated ECF motors.
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Key Words: Micro Actuator, Dielectric Fluid, Jet Flow, Electrostatic, Micro Motor, Power Den-
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1. ¥ X » &

BE, 74707y yAQICRAEEMNIE, 22 X%
EMFEED7 7 F2ax—F R KRENTHS, Ly
L, 7470y 2B TA377Fax—51C11,
ML OBENEETHL I EHNEREINZ I,
5, EAMNR A 707 2 F 22~ 3EBREXATY
TV,

—%h, FH U8 Y 7 F L (dibutyl decane-dioate,
LUEDBD bR 2 ED2HBADLEMEL LHOR
KOS, MRMETERSTELHMT 3
E EBRLMNECINRNEHO—ATH 5K
KEDRWIZENT Ve, FOBRDAAH =X AL
BEDEZ AW TR, JARELORKEL
T. 44> Py ik 5>, EHD ®H, EHD

C M2 199%F12818.

RN, R TRAEAB L LT (B 226-8503 ME TR
1{ R IRHINT 4259). .

TR L RIER (FE D WORIRAEAER).

TR L7 B8 263-8522 FRATMERIRERT 1-33).

CCHBERIT AL A2 M (85124-0023 BOAMRM XML
2-9-1-306).

E-mail : syokota@ pi.titech.ac.jp

WS 2o b®, RESMBBESATHEH, Boh 2
MEN NS ERBLI end, FEHSEEIhS
EREFACRZIFABREICLOLHFATVS,
AFRTRIBBEAC L OREREOESRATY S
rHAonBD, ZoMEr MBARGERE&
(Electro-Conjugate Fluid, ECF) ] LR U, 2 DA
DOWTHMNT 5, BEENEO—>TH 2 ECFD
FMBRREE—~FIISATII LR LD, Rk h
WYY TNEMEELE, A vF U EIRSTEY
BARRECEMTELZE-IHNRRATES,
EHEoR, T, COECF2IEALAvM4 70
F~FELT, AMABCIRMY SN RENS S x
v hNERSE e, PRBOO—-I NSy FEZTT
EET 3MED (27— RE(SEVBECF £—4 |
ERE BEL, 0Bt LTRBHICBRNL T
VA, ) .
ARXTIR, IR ECF®E—2 L LT, 0~%
Mt snRNE»SEI 2y P 2REEYE, TORN
To—gHaET 3 MED [0~ BE(RE)E ECF
-] 28X BEL, oSl L TERBRNK
KN+23, REBECF®—5i}, Yxv bREDRSN

— 275 —



3800 - MAKEMEK(ECFR) #ALATS 27 0%—2

THE o—-s 2EKEa L5 05, SEMECF =
—Zilx, B, SOESIETE B,

2. REW; ECF £E—-%0nE({E

2:1 REWECFE®—50OMERIE MEHHM
& (Electro-Conjugate Fluid, LI F ECF & M 3) 11,
BEnfkov L >THN, M1IKRT L >, ECF
KARRORE £ MA LI MMM 200+ 5 & M
FoOBE»S S =2y FHEL S (ECFRIIR), REMN
Bic &k & FRIE, ENMMECIZIZEMT 5, B2
AP THRRKT 5 RE 2 ECF & — & MR %77
1. AR NEN 2t o— % %, ECF %
B LABEBRICIEAT S, MEAMELOMT
LEMMBLSECFIBICED Y2y MWL S, &
DY zy PRECLIRNC I D O-2 13EET 2,
HEDO), EHELMNTTREXLTWV S, SEF
ECF®—-snB{EFRE AR 3R+, SEFMECF =
— 7 Tit, MAEHORB ORI SRR £ I f1 b5
Wbk Ii®BT 5. ME~MEXEMT 2L, ¢
2y MCE D EBAIK ECF OERMMTERE NS,
COBRBIDREET 20— 2iMiATEIET,
ECFORNON®EEHE LTI KT o e MTH
5, .
SEFECF®—%it, Yxv Mk 3ERMNEHMA
LTo—2%EkaETHWIDIL, REF ECF =
—SRECFHRICLD, HFEv—s 2AKIETY

ECF jet

High voltage
electrode

ECF

GND

Fig.1 Schematics of ECF effect

Rotor with electrodes

Stator (Cylindrical case)
Fig.2 Schematic diagram of a RE type ECF motor

32 Em5, SEFMECFE—# i~ B H, B2
WHOFTE 5,

2:2 AR $4mmREMECFE—-50EHE B
LARESMmMmOREHBECFE—s0BERBE %
R4RFRT, AERBEESSmm, B&I5SmmTH
5, MENKIZInEL, MERRIZETUNEL
GNDMEME~Sh e 45" 2T L5 IR EN
Twd, MEZIRRHE—AXRTZ U752 M, KL
2ERBERL TS, AMBIULS THOK PO
—Z I RMINES TRIME, MR, HERS
KEN P 2TYV S SIS R+ y 2 ULTEM®
(RYZ—F4 3 FHM 2MMALTW S,

REFECF2=—OMBTMLEV T REL IS

Stator (Cylindrical case)
with electrodes

+ GND
Fig.3 Schematic diagram of a SE type ECF motor

1
Lead wire(GND) Outputshaft
rwral H e BN
\
Rotor NE__E Electric contact
N Electrode
w B NIt B
TN ] Ballbearing
L \ Lead wire
Caslng/ == s (high yoltage)
3
$4
[ 1]
e
i,
A-A sectional view B-B sectional view
(electric contact) (rotor )

Fig.4 Structure of RE type ECF motor (1. D. ¢4 mm)

— 276 —



MARKMK(ECF) 2IEALLRA 7 0E—F 3801

12, o ME~OFERAHETH S, AMAELLT
i1,

- Ezth L AR L 250M

| oMIRICL AT
cEEMEEBRBEMLLCMIBZSAICL 50T
FRSNLH, Bl BMEOERORA»S (B
EMLEREEMILAMAESICE 0] Hkd
AT RENCRSD-> 22 ML EZEImm
DEEMEBRX 0.02mm DEREMI L - MAEEA
PAHVTWS, SREESHCIENICMUTSRIFY
ZDT. L LARHTEMEBONE LRIEEAD
MIMTHETH S, &S5 HMH, HAKKLERT
w3,

3. REFECF £—9 i

31 |MAMSM ECFIcDBD2##AL, BfEL
7: 31X 64 mmRE F4 ECF ®— 2 OHNME - BN
MM S & CEMMME - MAEMB ST L AEL
7o RREESCRT, BMR#AR T 39 ECF S
BRI L AT BB s, MEXRGEEE
UL T30, UkoMEIciz, ECF#A% 3kV R
FEENm(5 BRI, KL (20 BERD), A 3 kV MEMM
(1B¥M) L ECF 2w Twn3,

B5 & D 6kV AINERIC 200 rad/s(1 900 rpm) 4113
SNTHuEDYbh s, i, EEFIEMHEMMER
IZIZEAL THML TV 200803, ZOBEOE
EMNSEonnil, R4 7 0F-F L LTHAIGAT
ETHB LB S, 8610, EEREHENBEL
LT3 L, REBECFE—F DY —KE—2%
ELTOTHREEERLTWS, HINMEL.5kV 5o
FEEEBOTVHEIMN, CARMIBIN70EETH
5 BBV 0— S REAOAMOLH>OME

250) T Y T T T T 5
® : Rotational veloclty

200 O :Current
I : Model 14
E

150 | 13 T
g 3
2 £
[
> @
E 100 42 g
=°: (&)
]
S S0k 41
o«

0

Appllied voltage [kV]

Fig.5 Rotational velocity and current characteristics
without load

BAMBOLARELBRASONS, BRAMKE, 6kVEH
MEDOAN 7 =12, 15mW TH 3, i, HBAER

PHSITAE, SSENMMEE LT3 Z LI2THE
THD, ESCHACELIATE S,

3.2 AFMM HitcAR:®5L *oL s
OHA MV BIUHRBIMEMET 2 LT, BE
LARE d4mmREFBECF -2 0HhBMEB LU
HWEMM TS, LWL, P41 270 ECFE—5 0D
BDEVZiB uNmA—-FDRNALITHD, HEN
BTHILRMHOTEMTH S, ARXTR, NEE
MO7oRSOAKER L ERCEYT 2 vy OBRGRE
MwaFkic s, REBECFE—2 OV 2 %
MES 2,

Be6it, NE S4mmREMECF £ — % 0O HER
B WA Mot OMERRERT, £4E
FTHROOMANHD I Edbhd, M7 RIRFED
FAE FERENBOL2OHh ML IRVIET S
ZenTERL, MELLGHERCBI IRV

14 B

Output torque [uNm]
= o

200 220
(2100rpm)

0 = . =
0 100 150
Rotational velocity [rad/s)

Fig.6 Output torque characteristics (I. D. ¢4 mm)

2.0 r , .
;1.5 o -
E
S
3
d10t i
a
E]
S
=3
Oos
0.0
0 50 100 150 200 225
{2150rpem)

Rotatlonal velocity [rad/s]

Fig.7 Output power characteristics (I. D. ¢4 mm)

—277—



3802 MARIEME(ECF) 2EAILIR{ 2 0E—7

ZELTI6p Nm 288 Twa, i, B6icik, MR
|MOPMELERE & S IV EHH LEBL TRD
¥y 7OTRLTH S, LU, MEMES I, H
BETANLLOTHY, EERELATLHVL
W, IWELTER 2% EB TS, BRACHE
AMAmMmMSERECF2— 2 ORBUNR 1T TH,
REHHMSEHMOMER LEIZZ L3 T LMo,
FREL T, o—syMEMTEADEE LI BL
UBEL# RE T ECF ® — % i, SEHIC < o ~ME
MRS & L EXH L 5B, RO BB %
LikhasihmETcaszeHions,

B7iit, M6 OBREL LI s7—%2HHL
RRERERT, R7X0, MAHEHRT7—ELTIY
mWi8BohaZtdbhsd, NEsHMmmSER
ECFE— S OBBEIN0.2mW TH- I b d
REBK2o: e TTROMAEEB LI LR
3, BHhHnBonLERELTIR ECFY 2y b
ORACEVEFEO - ROIEEETHEHEHL
3,

4. REf ECFE—SH¥EFN

41 REFECFE~9HEEFILOMXEK -4
7, REFECF ®—75 Ol HFBA IR, R&kOKTD
EEEmATLL,

[a:,_—.T'_Tom_T/ .............................. (1)
ERB, T, Iio—SEEE—AV N, 0 A
B T,.ECFYxy bR EIDBEETZ V7,
Tow - HBHYNV2, T,  BEYLVITHS,

RONFDECFY = v bk DREFT S by
To DEFNMLICEBWT,

Qou—%it, Y2 NREORNIC L DEEL, o—
IMZIFBERAE, BOICY 2y b IELRRIC MR
52 50 mEic L0 RET S EHL, Y2y b
DFEHMB D= Ric BT 5,

QECFHRBICINRETE Y2y POEYRA
(ECFHRI L 3HAOHAS RME AL,
o— S EEREICEHLTHEIT S,

@u—s LEB LUTEHOMERESRT 5,

ERETHELE, ECFY2y bR EDRETEH NS

Ty 1,

T,=nk,.pr/(kyV— e 77) AERCIE TR T PITPPPRITS (2)
ERYED, L,

n BEXRH

r.o—%Mx

l:o—%%&

V. EINRE

kre : RIIER
bl BERN
p . BHEE
TH5,
g, R(1)FTOEM L7 T, 42, BERKEIC L
sY—EEHET S,
MUELD, MARREOEIESY - ThnREMM T
2EFNIL, .

=k /___1_,_7 ........................
w="y 4 nkeepr’! (3)

Enn, w7 HH L7 - EEMIIMG R E 7
i,

Tout = nkpeprl(kvV — rw)t= Tyeoreeeensneees (4)
ki3,
12 RBEREONE SXTIPSHNST
Fh, R BEUR(1) DRLMELRIET 52 bE

250 T T T Y
(1340rpm)| ® :¢8 (experiment)
nw=d -
r=3.6mm
@ 2007 fatemm N
© I,=0 [}
© 4
= m 143 (experiment ]
o " B ) ]
£ n
o r=11mm
% J=4mm ®
> | T,20.95uNm ° .
E 100 1 o PY
S " )
s "y
o S50 : model
o =
o , - 1 el . L
0 1 2 3 4 5 (] 7

Applied voltage (kV/mm]

Fig.8 Static characteristics between rotational veloc-
ity and applied voltage (1.D. 48 mm, L.D. 43
mm)

35 T T
experiment @ 8kV
30 L4 [=I A
= o N 4kv
E 2
o v |
é 25 4‘ model ~———
o
& 20 .
g
e
5 15 .
e .
=4
O 10 b
[ ]
s -
[ ]
v [ ]
0 A °
0 50 100 150
(1430rpe)

Rotational velocity [rad/s)

Fig.9 Static characteristics between output torque and
rotational velocity (I. D. 8 mm)

— 278 —



MANIEHIK(ECF) 2EALLT4 2025 3803

BER-OLEETF- X, BGRERS S L U6IIR
. BOALERBOMIRDEBNTH S,

kre=9.3%X10""m

kv=5.7%x10"*m/sV

T,=3.1%10""Nm
BN, ERERLEBN—RT M 2RATY
3, LRl O—SER y BLIUO—FHE [ RRKE
LIECF=A4 70— ORMHEANTHS, &
PMBEE o A-HDF— s 2 HALTHwS, A
AL MIZRDEBDTH S,

n=4

r=1.6x10"m

/1=6.0%x10""m

p=0.94x10* kg/m"
HEOHICEciE, ZRERL 7oy P LTH S,
22RL, CITHRELTWBIECFE~-2OREET
Mizit, i3 5 ECF RIS & 28Tz H
STl

16 T T T

experiment @ 8V L

-
»
T

— O sv
E U n av
i 12 a v
o 10

F]

g

S s

5

Fo ]

=1

(o]

oL
) 50 100 150 200 250
Rotational velocity [rad/s]  (2390pm)

Fig. 10 Static characteristics between output torque
and rotational velocity (1. D. ¢3 mm)

-
€
2
£
@
c
U]
°
€
; . -
3
2
3 i
fabriceted SE type ECF motes
® experimental data of O o
' fabricated RE type ECF motdrs
10, 24 at0 40

Inner diameter of motor [mm)

Fig. 11 Miniaturization characteristics of ECF motors
for power density

5. REFRZECF E—S Rttt LU
SE % ECF £—% £ OB

5:1 NE48mm, 43mmECFE— %K 1{F

RE % ECF &= — 2 ORM/IMERHE 2 AT 520, 2
BmMmBIUAESSmMMOECFE—2 2REL
fo. MEREXVCAR Mdmm ERILTH S, K8,
91z, B ¢8mmREF ECF £— 2 O AR OH
EXE - MEMNSES L UHA MYy - BEH
EEMMESNRRERERS, 2ES, 101K}, BT
#3mmREMECF £ — 2 DRBERERT, 272,
rhrholcid, X(I)BLT(4)O¥EEFLY
Tab—-varBROLRLTHSE, B, YIav—
YarisuT, {REM, o—-SHEEr 0—%
B& ey T, U3 XTRE ¢4 mm L[E

UEMWTW S,

BEBRF—SEviav—varBEREEKET 2
EBERK A, RARK ke ERE ddmm LRIL
HEAVTLIIL b6 Y, KRR L—EER
LTwaLHLs, COBEO—EMNBsSANEL &
HEFD ECF £— 4 HNHEHERML D CERTH 5.

5.2 BuMEsEtE 6, 9 100ERERED L
2, #ECF £—s oMU DD Hh v —%
FIHL, BUMESE 2 2 L D BRER 1 IKFR T,
M R A v, 11 KIS 410 mm MU E
ORELLECFE—2DF -5 b7y b LTH
5, 111D, RKEIRTRET 5 ECF £ -2 12/
LT3R EENBELAELETE L ttbhd, =4 2
DE—FIHLARBEEELTWA I Latbh 3, &
DR SEFRECF =-S5 LEILBETH 2, £ 70,
Bl dic, BEE—-7 2MBAELL L 2OHA
T-ERORMLERLTHS, Thit, TREAT .
LBNERBME-F OB TERTHIEHLONE S

(6210rpm)850 r v — v 10
600 - —m— rotatlonaf veloclty
— —o0— current s
7 500 b 4¢ Povrs
38 .
[
&=
—
; e 3
€
[]
> ¢ g
= -]
g 1o .
2
3 .
3 .
@ 2
0 A 0

" A
20 30 40 S0

"
0 10
Total running time (hour]

Fig. 12 Aging characteristics of ECF motors

—279 —



3804

MANIME(ECF) 2RALTA(70%~7F

DNHZ QT F—FN BRI LTRHBILLDOTH
3, BHCLALNEREE- S OHERO—F 2R+
E.K2 B H4.8%X16mm, MAU /T 19mW, AR
EER A 1570 rad/s(15 000 rpm), $hE825%TH 5,
#XTIREFMECFE—~FIISEREAMICE 5
DT Ltk MB~( 70— L DN
RI—BEOBVA 70T —FOEREMMBT2
5,

5:3 SEMECFE—5 DR B 11 iR
+SEF & REBECF € — 7 Df/MuE it 2 s+
2&, REEDIIIMSERLND/IFLI: L&D
T—EEALENKEOI EMbS DL, Bl A, MR
BB LI s DM E TR, SETZ, BEH /10400
BENT—BERICBIC DR L, REFEIL 10¢

B d, REBIO -2 ADAMOLHBEBAL .

SLETHB 0D, M EORFRIEH B0, 7~
BORTHRECF Yy b REDRDEFRAT B L
N, ORDEWICHOTHE I Latbns,

6. ECF E—~SHitnizesmit

HIEL o M1IX ¢4 mm RE ¥ ECF & — % OERT{L
ERMELL, MEERER 12107, MEHEIL 5
BEMID 3 kV HBLENNN & kit % MR U, S8 A AT A
BEBLUBROELEMELA, £2L, BN S
LURBOMEREAMME 6LV IS L THMTL T
3.

R12 k0, MELSREMOTMETTS & BERE S
JUBMBRAETT 5, 208, Kkib28TH
CERT 5L EERE, BN bIimT s s
LI edbind, MECTE KRBT LickD
ECFiZBE%2 45, ECF -2 OEEHE, BN
MET B Lotbs, i, KIERM L AERE,
MMOMIMAEMMAR IR S oz, @12 DM
RTIRREEIND ~ 50 BRI o FAERT 0 NSA T 1%
LD 2fEBEALET S Latb B,

IOBROAHZ XL, TE STV, BN
| AL EEEEMCHERRESAS L Eh s, WS
FM e kikic & D ECF OMM¥EZL ¥ OY ML
LTWu3DTRZUMLTFRENRS, BEGHR Lkt
KE2YPBMOTLE D, ECF £— ¥y Bt 0K
BTDOAH =X LAMBREZOREE LY, £/,
BERTLORER, i BORETT V2SS ICHER
BT FAMCT B LI ORNBEEL S,

7. H r M &
KRX T, MIESEREO—>TH 23 ECF 2 Hw

T, o—-F MMM MHEREML, ECF ¥z v M RE
OEHICEDo—F 2EEEE S, FLOMERRD
v{270%—~5(RE¥74 7 0ECF £— %) %i8%
L7, &5, AEMSmm, ddmm, 48mm @ RE
B4 70ECF=—2 2 RIELIXRNMNE 21T
fe. BoNLBOLLMBRUTOLBDTHS,

(1) BELAREWMECFE—20RAMHSOR
EHE, W7 —, SHEERE(RE 44 mm 200
rad/s, max 1.4 mW, max12%) L, i# X+ 3 RE®
ECFE—s 74 7 0%—45 & LTRARAMELHN
BETHBZ L EM LML,

(2) REFMECFE=—sONBUHXEEIVER
XL, EIREREOLKICED, TORNSELRDL
AR

(3) REWECF®—2%it, SEFL DRUNMEICE
b7 —HmENKEL LAMMIEHD, <4
7o -F MU IRERELTWA I L 2R,

(4) AH=X AL TIREZ VY, ECFIZIE
B L A5 HEEsd D, AMeKEOBELIZ L
DECFE—-s0RBiEMNAETIHMEIL I L ER
L,

SHOMPELTHE, 27, BFROBAKELHOK
MEEPRIT22E, BLUSA 7 omTEN 2R
L. 26583 ECFE—20M/MER I DB/ T—
TILOMKERL 2 £, RO BN 21T
THOBMEESIKHEALMIT I I &, BLURRKE
kDA S =X LFIANET SN S,

X n

KEPEX  HH—3, BRE&E— 7 OME, B4 EY
Fov-HRaMmEBL, (1996), 210-213.

Otsubo, Y. and Edamura, K., Dielectric Fluid motors,
Apply. Phys. Lett., 71-3 (1997), 318-320.

LHRK - RMgR . LAK, YV o—~rildhicsits
HMTHMA 4 OB, MALLMXIE 103-1, A
(1983), 47-52.

Haga, M., 121 7 £, Effect of Electric Field on Maran.
goni Convection under Microgravity, /. Jpn. Soc.
Microgravity Appl., 12-1 (1995), 19-26.

Yabe, A. and Maki, H., Augmentation of convective
and boiling heat transfer by applying an electro-
hydrodynamical liquid jet, Inl J. Heat Mass Transfer.
31-2 (1988), 407-417. '
MER— - RN < EMR - KRR - K3 1
FABME(ECF) 2IEMALI T4 202 —F (R 3 —5
ME(SE)M <A 70 ECF =—~20ORX), A, 66-642,
C(2000), 627-633.

WAHMERR, BAHNH S 07, 7-1(1998), 26-41.

(1
(2)

(3)

(4)

(5)

(6)

(7)

— 280 —

69



Yokota, S., et al.

Paper:

III-3 Micromotor Using Electroconjugate Fluid
(Fabrication of Inner Diameter 2mm RE type ECF Motor)

Shinichi Yokota', Masakazu Hirata', Yutaka Kondoh', Koichi Suzumori

Atsushi Sadamoto , Yasufumi Otsubo  and Kazuya Edamura

o kokk

* Tokyo Institute of Technology
4259 Nagatsuta-cho Midori-ku Yokohama 226-8503
E-mail: syokota@pi.titech.ac.jp
**Okayama University
3-1-1 Tsushima-naka, Okayama-city, Okayama 700-8530, Japan
***Toshiba Corp.
| Komukai Toshiba cho Saiwai-ku Kawasaki 212-8582, Japan
**** Chiba University, 1-33 Yayoi-cho Inage-ku Chiba,263-8522, Japan
**xxx New Technology Management, 2-9-1-306b Higashi -Shinkoiwa Katsushika-ku Tokyo 124-0023, Japan
[Received October 2, 2000; accepted November 7, 2000]

Some kinds of dielectric fluids as dibutyl decannedioate

generate jet flow between electrodes. One of the authors

calls the fluids ECf(Electro-conjugate Fluids), which are
considered as smart fluids. The authors propose a mi-
cro motor by making use of ECF. In our previous
paper, a rotor electrode(RE)-type micro ECF motor
have been reported. In the paper, fabrication of micro
ECF motors having I.D. ¢3mm, I.D.¢4mm, .D.¢8mm
is described. On the RE-type micro ECF motor, some
pairs of electrodes are located on the surface of a cylin-
drical rotor. The rotor can rotates with the reaction
force caused by ECF jets. By making use of the ECF
jet’s reaction force, micro motors are easily realized. In
this paper, fabrication of a micro ECF motor having
I.D. $2mm is described. Also, Basic characteristics such
as rotational velocity are experimentally examined.

Keywords: Micro actuator, Dielectric fluid, Jet flow,
Electrostatic, Micro motor, ECF, Smart fluid

1. Introduction

Development of actuators based on various actuation
principles has been proposed in recent years for applying
them to micromachines. Practical actuators applicable to
the above-mentioned purpose, however, have not been
developed yet, since actuators used for driving microma-
chines are required to be small in size and high in output
power density.

We observed a phenomenon in which a jet flow is
generated when high DC voltage is applied by a rod type
electrode to non-conductive liquid having a specific
chemical structure, such as dibutyl decanedioate (DBD)."
The mechanism of this phenomenon has not been clari-
fied yet. As for phenomena that resemble this phenome-
non, a number of reports have been issued in relation to
such subjects as an EHD stream by ion drag,® EHD con-
vection,” or EHD liquid jet.” The flow velocity obtained
according to this phenomenon is higher than those ob-
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electrode

ECF jet

ECF,
GND

Fig. 1 Schematics of ECF effect

tained according to similar phenomena, so we have pre-
sumed that this phenomenon is based on a principle ba-
sically different from the principles related to the other
phenomenon. It is considered in this paper that certain
characteristics peculiar to the fluid are caused to appear
by the effect of an electrostatic field. Accordingly, this
fluid is called “electroconjugate fluid (ECF)”, the prac-
tical application of which is to be examined here. With
ECF (a functional fluid) applied to a motor, it is possible
to realize a novel motor that is simple in structure, re-
quires no switching circuit, and can be driven by DC
voltage.

We previously proposed and produced “a stator-elec-
trode (SE) type ECF” motor and “a rotor electrode (RE)
type ECF motor” as micro ECF motors. Thus we have
succeeded in fabricating a micromotor having an inner
diameter of 1.D.@p3mm.59

To realize another type of micromotor that is smaller
than the one described above, an L.D.p2mm RE-type ECF
motor is tabricated with a novel motor production method
and an electrical contact to be devised. Furthermore,the
characteristics of this motor are experimentally exam-
ined.

2. Electroconjugate Fluid (ECF)

2.1. Relationship with Fluid Physical Property
The electroconjugate fluid (ECF) is a functional fluid.

Journal of Robotics and Mechatronics Vol.13 No.2, 2001
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As shown in Fig. 1, when high DC voltage is applied to
a rod-type electrode inserted in ECF, jet flow is generated
forcefully out of the high voltage electrode (EFF effect).
Although the mechanism of the ECF effect has not been
clarified yet, the fluid that generates the ECF effect is put
in order for Fig. 2 according to its viscosity and conduc-
tivity. In Fig. 2, the fluid that generates the ECF effect is
marked with a circle; the fluid that does not, with a cross.
It can be seen from Fig. 2 that the ECF effect-generating
fluid, showing a very interesting tendency, is closely re-
lated to viscosity and conductivity.

2.2 ECF Effect

Figure. 3 shows the rclationship between changes in
the voltage applied to the rod-type electrode and the flow
velocity. The ECF used here is DBD. The distance be-
tween the high-voltage electrode and the GND electrode
varies from 2mm to Imm and 0.5mm, and the point of
measurement is set on the line connecting these elec-
trodes. When the distance between the electrodes is 2mm
or Imm, the point of measurement is set to the position
0.5mm away from the high-voltage electrode; when the
distance between the electrodes is 0.5mm, the point of
measurement is set to the position 0.25mm away from
the high-voltage electrode. Figure 3 shows that the flow
velocity is nearly proportional to the applied voltage, ir-
respective of the distance between the electrodes. Figure
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Fig.5 Schematic diagram of an ECF-RE type Motor

4 shows the relation between applied voltage and electric
current, measured simultaneously with the measurement
shown in Fig. 3. It can be seen from Fig. 4 that the
smaller the distance between the electrodes, the larger the
consumed electric current. The results indicated in Figs.
3 and 4 show that there is no correlation between the
consumed current and the flow velocity, and that the pres-
ence of an electron moving path can be considered in
addition to the movement of electrons due to the effect
of jets.

3. Actuation Principle of Rotor Electrode
(RE) type ECF Motor

Figure 5 shows the actuation principle of the rotor
electrode (RE) type ECF motor proposed by our study.
A rotor with pairs of rod-type electrodes located on the
surface is inserted in a cylindrical vessel. When high
voltage is applied to electrodes, jets flow is generated out
of the electrodes due to the ECF effect. The reaction
generated as a result causes the rotor to rotate. For com-
parison, the actuation principle of the SE type ECF motor
we have previously proposed is shown in Fig. 6. In the
case of the SE type ECF motor, Pairs of high voltage and
GND rod-type electrodes are located on the inner surface
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Fig.8 Schematics of 2mm RE type ECF motor

of a cylindrical vessel. When high voltage is applied to
the electrodes, a circular flow is produced in the vessel
due to the effect of ECF. When a rotor having vanes is
put in the vessel, the force generated by the ECF flow
can be taken out as torque.

Compared with the SE type ECF motor, in which the
rotor is rotated by the circular flow based on the effect
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Fig.9 Photocopy of ECF motor (left) and rotor (right)

of ECF. the RE type ECF motor rotates its rotor directly
by the ECF cffect. Consequently, it can be expected for
the latter motor to achicve higher output power and
higher efficiency than the former one.

Figure 7 shows the output power calculated per unit
volume and the miniaturization characteristics of each
fabricated ECF motor . It can be seen from Fig. 7 that
the more the ECF motor is miniaturized, the more the
output power density is improved, and that the ECF mo-
tor is characteristically suitable when used as a micromo-
tor. Shown in the same figure for comparison is the
prospect of the output power density obtained with ref-
erence to the catalogues of commercially available micro
electromagnetic motors” of high quality on the assump-
tion that the electromagnetic motors are miniaturized. As
an example, the specifications of one of the micro elec-
tromagnetic motors are shown as follows: ¢4.8 x 16mm,
maximum output of 19mW, no load rotational velocity of
1570rad/s(15000rpm), and efficiency of 25%. By mini-
aturizing the inner diameter of the ECF motors to less
than @3mm, it can be expected to realize a micromotor
whose output power density is higher than that of the
electromagnetic micromotors.

4. Fabrication of RE-type ECF Motor of
g2mm in Inner Diameter

Figurc 8 shows the structure of an fabricated
L.D.@2mm RE type ECF motor fabricatedl. Fig.9 shows
the rotor and the micromotor, the rotor being made of
machineable ceramic. Commercially available bearings
are too large in size to be applied to this rotor, so eleven
0.3mm stecl balls are located as bearings to each of the
upper and lower sides on the shoulder of the rotor. The
RE type ECF motors have electrodes on their rotor side,
and this involves a problem to be solved in relation to
electrical contact with the rotor. In the case of the micro-
motor, however, voltage is applied from the brass cap on
the upper and lower sides of the motor housing to the
rotor by means of thep3mm steel balls (which have re-
placed commercially available bearings as mentioned

Journal of Robotics and Mechatronics Vol.13 No.2, 2001
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above) used as a electrical contact. The electrical contact
based on this method, therefore, is lower in friction and
more stable than the method with the use of brushes. The
‘cylindrical rotor housing is made from engineering plas-
tic (polyether-imide polymer), and ECF is put into the
housing through an opening in the housing. Little ECF
leaks out from the motor owing to the effect of surface
tension.

Figure 10 shows the fabrication process of the rotor.
The rotor is machined, plated with nickel, and ablated by
an EHG-YAG laser machining system to impose pattern-
ing work on the electrodes. Figure 11 shows the arrange-
ments of electrodes for the rotor, in which the electrode
gap is 60° Each electrode is 0.15mm wide and 4.8mm
long.

5. No Load Characteristics

Figure 12 shows the no load characteristics of the fab-
ricated ECF motor (2 pairs of electrodes, electrode gap
of 60°). ECF used here is DBD. When the applied voltage
is 3.5kV, the maximum rotational velocity is
120rad/s(1200rpm) and the consumed current is 0.46u A.
1.7mW is estimated in consumed electrical power. The
rotor starts with the applied voltage of 1.6kV. Below this,
it does not rotate probably because of the effect of friction
around the bearings. Above 3.8kV, a discharge phenome-
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non occurs, and it becomes impossible to apply voltage
to the electrode gap. The introduction of a suitable meas-
ure against the discharge phenomenon will make it. pos-
sible to realize a rotational motion with higher velocity.

Figure 13 shows the no load characteristics FF-1
(Fluoride Fluid 1) as ECF. The rotor starts with the ap-
plied voltage of 4.1kV. When the applied voltage is
5.2kV, the maximum rotational velocity is 380rad/s
(3600rpm) and the consumed current is 2uA. 10mW is
estimated in consumed electrical power. The use of FF-1
instead of ECF makes it possible to realize a higher ro-
tational velocity as compared with DBD. On the other
hand, it can be seen from the same figure that the rotate-
staring voltage is higher and the consumed current (con-
sumed electrical power) is larger. This is probably
because of the lubrication property and conductivity of
FF-1.

As described in Chapter 2, the existence of a number
of fluids that function as ECFs has so far been shown
definitely. As the characteristics of each motor vary with
the type of ECEF, it is necessary from now on to select a
ECF suitable for a micro ECF motor by investigating the
characteristics of ECF.
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6. Conclusions

We have fabricated an I.D.¢2Zmm RE-type ECF motor
. In the process of miniaturization, there arc problems to
be solved in relation to the fabrication of rotor electrodes
and to the ‘electrical contact to the rotor. These problems
have been solved by fabricating electrodes through laser
application and by using I.D.p0.3mm steel balls as bear-
ings and as an electrical contact.

The no load characteristics of the fabricated I.D. 2mm
ECF motor have been experimentally examined. As a
result, the maximum rotational velocity of 380rad/s
(3600rpm) has been obtained. It can be expected to
achieve a higher rotational velocity by taking a suitable
measure against electrical discharge. The major subjects
to deal with in the future are to devise a method for
measuring microscopic torque blow uNm and to investi-
gate the output power characteristics of the fabricated

I.D.¢2Zmm RE-type ECF motor.
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III-4 A Micro Motor Using Electroconjugate

Fluids (ECFs) *
(Proposition of Stator Electrode Type (SE-type)
Micro ECF Motors)

Shinichi YOKOTA**, Atsushi SADAMOTO***,
Yutaka KONDOH**, Yasufumi OTSUBO****
and Kazuya EDAMURA*****

Some dielectric fluids such as dibutyl decanedioate generate jet flow between a
pair of electrodes. One of authors discovered electroconjugate fluid (ECF hereafter),
which is considered to be a kind of functional fluid. In this study, a micro motor that
utilizes ECF is proposed. In the proposed motor, are pairs of electrodes located inside
a cylindrical tube (stator) filled with ECF. In the stator, rotational flow is induced by
ECF jets. By extracting the rotational flow power with a rotor, micro motors are
easily realized. In this paper, the fabrication of micro ECF motors having an L.D. of
$3 mm, ¢4 mm or ¢8 mm is described. Basic characteristics such as rotational veloc-
ity, load characteristics, output power and efficiency are experimentally examined.
Also, mathematical models of the ECF motors are proposed and verified with experi-
mental data. Finally, miniaturization characteristics arc examined using the fabricat-
ed ECF motors.

Key Words: Actuator, Micro Machine, Jet, Dielectric [Fluid, Jet Flow, Electrostatic,

Micro Motor, Power Density, ECF, Smart Fluid, Functional Fluid,

New Actuator

1. Introduction

To drive practical micromachines, actuators are
desired as they generate sufficient power even with the
decrease in dimensions. However, to the best of our
knowledge, no such actuators have been devcloped
thus far. Under such circumstances, we propose a
micro motor driven by a new principle. In this study,
a motor using a kind of dielectric fluid jet flow is
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proposed and investigated experimentally.

Dielectric fluids such as dibutyl decanedioate
(DBD) generate jet flow between electrodes. One of
us discovered electroconjugate fluid (ECF hereafter),
which is considered to be a kind of functional fluid.

Similar phenomenon has been reported, such as
an EHD (Electro Hydro Dynamic) stream by ion
drag, an EHD convection and an EHD liquid jet)-®.
However, the calculated flow velocity by ion drag
hased on ionic mobility is far lower than our results.
Also, the reported flow velocity of EHD convection®
is very low. The reported EHD liquid jet® has flow
velocity lower than our results. It is now considered
that the phenomenon found by one of us is not the
same as that of the EHD stream.

In this study, since we consider that the potential
property of the fluid is appeared by the applied
electrostatic field, the fluid is called electroconjugate
fluid (ECF). It is may be valid to apply ECF to micro
motors with a simple structure and a simple DC power
supply.

Using the phenomenon, there is potential to

JSME International Journajl



create micro motors based on a new principle. In this
study, we proposed stator electrode type (SE-type)
ECF motors, in which the rotor shaft with vanes is
rotated by a propulsion force due to jet flow injected
from stator electrodes.

Basic characteristics such as rotational velocity,
load characteristics, output power and cfficiency
are experimentally examined. Also, mathematical
models of the ECF motors are proposed and verified
with experimental data. Finally, miniaturization
characteristics are examined using the fabricated
ECF motors.

2. Property of ECF

2.1 Electroconjugate fluid (ECF)

As shown in Fig. 1, when a cylinder is filled with
a kind of dielectric fluid (called ECF in this paper)
such as DBD (concentration: 1009%), and high DC
voltage is applied between a pair of rod-type clec-
trodes located around the cylinder, jet flows as shown
by arrows are produced between the electrodes (ECF
effect). Although the mechanism yet remains to be
clarified, the following characteristics were elucidated
by us. Figure 2 indicates the relationship between
viscosity and conductivity of different dielectric fluids
whose molecular structures are similar to DBD. In
Fig. 2, fluids that exhibit the ECF effect are represent-
ed by circles, and those that do not exhibit this effect
are represented by crosses. It is obvious that in the

ECF ECF jet
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Fig. 2 Distribution of ECF and non-ECF
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fluids that exhibit the ECF effect, there is good corre-
lation between viscosity and conductivity.
2.2 Current and velocity of ECF jet

When high voltage is applied to ECF with a pair
of rod-type electrodes, jet flow is injected from the
positive eclectrode to the negative electrode. The
velocity of the ECF jet injected from the positive
electrode is measured with a laser Doppler
velocimeter, and the results are shown in Figs. 3 and 4.
Figure 4 shows that the current change is a second-
order function of the applied yoltage, and Fig. 3 shows
that the velocity is independent of the gap size of
electrodes. This means that ECF jet velocity is deter-
mined by the applied voltage only and is proportional
to it.

Figures 3 and 4 show weak correlation between
current and velocity. The mechanism of ECF flow is
yet to be clarified ; however, it can be inferred there
may be some moving path of ECF electrons other than
jet flows.
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3. The Proposed Micro Motor

3.1 Principle of proposed ECI® motor

The principle of the proposcd micro motor is
shown in Fig.5. The motor consists of a rotor with
vanes and a stator with several pairs of electrodes.
The output shaft is rotated by a propulsion force due
to jet flows injected from the electrodes. In this paper,
this type of motor is called the “SE (stator-
electrode) -type motor”. Hecreafter, DBD is used as
the working fluid.

3.2 Fabrication of ECF motor

Figure 6 shows the fabricated SE-type ECF
motor of which inner diameter is 4 mm (abbreviated
to ID ¢4 motor, hereafter). The height of the outer
cylinder is 9 mm and its diameter is 6 mm. The motor
consists of a cylinder filled with DBD, two pairs of
electrodes that produce a jet, a rotor with an output
shaft and vanes rotated by the jet.

Each pair of electrodes is sct at 90 degrees. ‘Ball
bearings are used as the upper and lower bearings.
The stator cylinder and the rotor are made of an
engineering plastic (ULTEM®), and the clectrodes are

GND

Stator (Cylindrical case)

_|_ with electrodes
GND
Fig. 5 Schematic diagram of an ECF-SE motor
91

1 Ball bearing

,‘_
4
4
%
N V]
%
/
R/
]
4
N
4 )
96 |

Fig. 6 Structure of SE type ECF motor (ID. ¢4 mm)
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made of steel rod of #0.3 mm. The rotor is cut out
from the plastic rod by means of watch machining
technology. The number of vanes on the rotor is
eight. The parts are manufdctured by machining and
fixed with an adhesive.

4. Experiments on Characteristics of
Fabricated ECF Motor

4.1 No-load characteristics

In order to investigate the basic characteristics of
the fabricated ECF motors, the rotational velocity and
current are measured at various applied voltages with
no-load applied to the output shaft. The rotational
velocity is obtained from output signal of a photo
interruptor that detects the rotation of a slit disk
attached to the output shaft. Current is obtained from
the measured voltage in series resistance connected to
an ECIF motor. The applied voltage is obtained using
a voltage divider.

Figure 7 shows the results of an ID ¢4 motor.
The current change is a second-order function of the
applied voltage. The rotational . velocity changes
linearly. The rotor starts to rotate at applied voltage
of 1 kV due to the inner friction of the motor. The
maximum rotational velocity is 210 rad/s (2 000 rpm),
when 6 kV is applied. This velocity is considered to be
sufficient for the motor to be applicable as a micro
motor. Also, the proportional characteristic of the
velocity-voltage curve indicates that the motor can be
used as a servo motor. Here, input power when 6 kV
is applied is 3 mW. In addition, to take some measures
against electric discharge, it is possible to apply
higher voltage and to realize higher rotational veloc-
ity of the motor.
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Fig. 7 Rotational velocity and current characteristics
without load
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4.2 Output characteristics

4.2.1 Estimation method of small output torque
Since the magnitude of the output torque of the fab-
ricated ECF motor is estimated to fNm order, there
are no measurement devices that can measure such a
small torque directly and simply. In this paper, a new
indirect measurement method that uses calibrated
propellers is introduced. In that method, the output
torque . is estimated by employing the relationship
between rotational velocity and torque of lightweight
small propellers.

Firstly, we prepared eight propellers with
different dimensions so as to apply different loads to
the ECF motor shaft.

Secondly, the prepared propellers are calibrated
in terms of their torque-rotational velocity relation-
ships with the apparatus shown in Fig. 8. The appara-
tus consists of a rotational shaft supported by two
miniature bearings (it is of the same type as that used
in the ECF motor), a pulley attached to the shaft, a
thread with weights to rotate the pulley, and devices
for measuring the rotational velocity of the shaft (a
slit disk and a photo interruptor). The procedure for
calibration is as follows: A propeller is attached to
the shaft. A flexible thread with weights is hung on
the pulley. A weight is attached to one end of the
thread. Then, due to the difference in weight force,
the propeller starts to rotate. The rotational velocity
is accelerated by gravity, but when two torques
applied to the shaft (a torque due to the drag of the
propeller and a torque due to the additional weight)
reach equilibrium, the rotational velocity becomes
constant. The torque due to the additional weight is
thought as the required torque for rotating the propel-
ler at a constant velocity. Using various weights (in
this case five kinds of weights), the relationship
between the torque and the rotational velocity for one
propeller is obtained.

Thirdly, the propeller is attached to the fabricat-
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Fig. 10 Output power characteristics (I.D. #4 mm)

ed ECF motor, and the rotational velocity and current
are measured at various applied voltages. When
constant voltage is applied to the ECF motor, the
operating point is determined using one propeller.
Hence, using eight propellers, eight operating points
are determined at a constant voltage.

4.2.2 Output characteristics of fabricated ECF
motor Figure 9 shows the rotational velocity vs.
torque characteristics of ID ¢4 motor, and Fig. 10
denotes the rotational velocity vs. output. power char-
acteristics of ID #4 motor. The torque curve has a
tendency to decrease with increment of the rotational
velocity. This tendency is similar to that of a typical
servo motor.

Figure 11 shows output power and efficiency
characteristics. The maximum output power of ID
¢4 motor is 0.2mW when 6kV is applied. The
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Fig. 11 ECF 4 mm motor power characteristics

maximum efficiency of ID #4 motor is 17% (@2 kV).
At present, the design of the rotor vane is very sim-
ple; however, it is possible to improve the design,
making it suitable to catch the drag force due to jets
to improve its efficiency.

5. Mathematical Model of SE-type ECF Motors

5.1 Derivation of mathematical model of SE-
type ECF motors
First, we ignore the influence of fluid viscosity.
Then, the equation of motion of SE-type ECF motors
is obtamed as follows:
lo= — Tou— Tf, (1 )
where I is moment of inertia of rotor, w is angular
velocity, T, is torque caused by ECF jets, Tou is
output torque, and 7 is inner friction torque.
The following conditions are assumed for deriv-
ing the modelling of 7, in Eq.(1) :
@ The average flow velocity of jets induced by the
ECF effect is proportional to the applied voltage.
® We assume that the drag force exerted on the
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IFig. 12 Simulation results using the mathematical model

rotor due to the jets is mainly, produced by the momen-
tum change of the jets, and the force is proportional to
the sccond order of the relative velocity between the
jets and the side surface of the rotor.

@ We assume that the influence: of the upper and
lower ends of the rotor can-be ignored.

The torque produced by ECF jets 7, can be
described as follows:

To= /»’dr,()i‘/(kv V- 7’(())2, ( 2 )
where 7 is rotor radius, / is rotor height, V is applied
voltage, kqr is drag force coefficient, kv is voltage
coefficient, and p is density of fluid.

Also, it is assumed that the inner friction torque
T, in Eq.(1) remains constant and is independent of
the rotational velocity.

From the above equations, a static mathematical
model of the applied voltage and the rotational veloc-
ity under the no-load condition can be obtained as
follows:

_hvy_ [T
=V N T T (3

Also, a static mathematical model of the output tor-
que and the rotational velocity under the no-load
condition can be obtained as follows:
Tmu = kdrﬂ?’/(kvv— ra))z—- Tf
5.2 Comparison with experirﬂental results
To validate the proposed static mathematical
model, i.e, Eqs.(3) and (4), the results from the
model are compared with those from experiment.
Figures 12 and 13 denote the results. The numerical
values of coefficients used here are as follows:
kar=6.3%X10"%*m
by =5.7%10""m/sV
T,=84%X10"8 Nm
values arc chosen to show comparatively good

(4)

The
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Fig. 13 Simulation results using the mathematical model
for static characteristics between output torque

agreement with the experimental results except the
values below.

r=14%X10""m

/=6.0%X10"*m

0=0.94%x10* kg/m*

For convenience in comparison, the experimental
results are plotted simultaneously. From [Figs. 12 and
13, both theoretical and experimental results show
good agreement. Thus it is confirmed that we can
describe the static characteristics using the proposed
model.

6. Miniaturization Characteristics of

SE-type ECF Motors

6.1 Fabrication of ECF motors with ID ¢8 and
ID ¢3
In order to investigate the miniaturization charac-
teristics of ECF motors, SE-type ECF motors with ID
#8 and ID ¢3 are fabricated. The structures of these
motors are basically similar to that of the ID &4
motor. Figures 14 and 15 denotc rotational velocity
vs. applied voltage characteristics with no-load condi-
tion and rotational velocity vs. output torque charac-
teristics of the ID #8 motor, respectively. Figures 16
and 17 denote those of the ID ¢3 motor. IFor compar-
ison, simulation results using models [LEgs.(3) and
(4)] are plotted simultancously. [lere, the numerical
values of the dimensions except for rotor radius, rotor
height and friction torque used in the simulation are
the same as those in the case of the ID ¢4 ECF
motor.
6.2 Miniaturization characteristics
To ascertain the potential of using the SE-type
motor as a micro motor. the output power density is
calculated based on the results in the previous section.
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Figurc 18 shows the relationship between output
power density and inner diameter of motor. In the
calculation, the volume of the motor is obtained as the
product of rotor length and inner cylinder cross-sec-
tional area. The inner diameters of 12 mm, 16 mm and
20 mm, arc obtained from our previous "experi-
mentst™® In Fig, 18, the estimated miniaturization
characteristics of an electromagnetic motor are also
plotted.

The output power density of the electromagnetic
actuator decreases with miniaturization. Hence, it
does not seem to be suitable for use as a micro-
actuator. On the other hand, it is clarified that the
output power density of the ECF motor increases
markedly with miniaturization; thus the ECF motor
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is suitable for use as a micro motor.
7. Conclusions

Using ECF, which is a kind of functional fluid,
new-principle micro motors are proposed and fab-
ricated. The proposed SE-type ECF motor has a
rotor with vanes that can be rotated by ECF jets
produced from electrodes on the inner surface of the
stator. In addition, Sli-type IKCF micro motors with
ID ¢8,ID ¢4 and ID 3 are fabricated and investigat-
ed experimentally. The results obtained are as fol-
lows:

(1) The rotational velocity of the motor under

Output power density [W/ma]
5

ra

3 4 810
Inner diameter of motor [mm]

Fig. 18 Miniaturization characteristics of ECF motors
for power density

no-load condition is proportional to the applied volt-
age, and a sufficiently high velocity is obtained.

(2) Load characteristics are measured, and the
mitput power and the efficiency are clarified.

(3) A mathematical model is proposed, and its
validity is confirmed experimentally.

(4) ECF motors exhibit the tendency to increase
the output power density with miniaturization. This
tendency is suitable for their use as micro motors.
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A Motor Using Electro-Conjugate Fluids (ECF)
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Recently, Y. Otsubo ¢t «al. reported that a kind of dielectric fluid such as dibutyl decanedioate
produced jet-flow by applying high voltage electrostatic field. The fluids are called Electro-conju-
gate Fluid (ECF), and novel micromotors have been proposed by making use of ECF. In this paper,
firstly, a disk plate type ECF motor by making use of ECF are proposed, whose feature is low height
and like a flat plate. Sccondly, ¢=0.2 mm rotor is fabricated. With the fabricated rotor, basic
characteristics of DP-RE type motors having 1.6 mm and 0.7 mm in inner height, such as rotational
speed, load characteristics, output power, efficiency are experimentally examined. Consequently, it
is confirmed that the output power density and the efficiency of the motors are higher by reduction
on inner height. The characteristics are suitable for a low height motor.
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Table I Compurison between the LH.1.6mm
ECF motor and L. 0.7mm ECF

Inner Height | Inner Height
0.7mm 1.6mm
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3
Velocity [rad/s] (036) (61‘)
(Ratio) )

Max. torque 5% 58
(kNm] ©.3) M
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Max. output 1.0 1.6

Power[mW] (0.6) [¢3]
Max.

Efficiency[%] (1216) (113)
(Ratio) )

Qutput power <

Density[W/n’] (;'j) ‘ES
(Ratio) '

L 7= DP-RE & ECF £—# O B LU BRER
™MD, L. DP ¥ ECF E—F DA ML 2L
pNm F—=F DAV I TH D, HENBTHIE
CREDTERETHD. WO LI HREATE
2. AWMTTIE, MNEEROTORS OEEHELE S
BEICHT D MLy OMBRER WS HIEIZLD, RE
FECFE—4OHA ML ZPE L T30,

& 10 BELUHE 11 OEIUL, AEFHE Lomm BL
UABEE 0.7mm ® DP-RE J% ECF £— % OEIGEH
B - MO RNV MBSEOMEERERT. L,
ENINTEIENS 3.5kV,4.5kV,5.5kV DEEHTEBL TS
M EAGMICRSOERT SIS, YOy RLTW
2V WTNLEKIZETA D OS5 Ehth
M5, SUEREMER, HENEHLDLINHIZLS
TW3A, N, MLIREOHEMNEL, TIEH
RIEDEEZTWD, MLIMESEOREE, BE
BEMEODOEEDIN) M IIEMET S EMNTE
At BE L AUMNIZE TSI ML & LT,
AR E 1.6mm OB G s8uNm, AIHETE 0.7mm DB
B 46uNm ZHTD. i, ® 10 BEUE 11124,
HROFOMEHREZL SIZHBEEHLITGL TR
OBy THRLTH S, 2750, U@L,
NEHMEENLHDOTHD, BHFREIZATHS W
W, BEELT, MW E Lomm DHE 13% (@3kV,
15rad/s, 28uNm), REHH E 0.7mm DHE 21% (@3.5kV,
15rad/s, 2SuNm)& G T 5.

B 12 8LUR 131212, & 10 BLUR 11 DR
ZLETWMHNRT-2RHLERERT. 12 B
LUM 13 &0, UBETUERIZEOTTIZH DAL, &

KWHRAT—ELT, NEHE 1.6mm DBA 1.6mW
FEE & 0.7mm DS 1.0mWHESNTWS.

TOXRIIZED MLIETR, 7TaxXS0lEK
MECF T—FICEREEADIENS, MARER
TOMEAEETH 2. MEREMESHATLES
8, 12 BEUR 13DHANT—FHEICE—2 08
Nty E—saBhTuiani iR, ShEA
WS TEUING O ND I LEBRLTNS, X
L, FH0AZMD, MICHEATREZMA ML NIE
Hihdienh, §%, FRXOLIBRTA 0TI Fa
I—5 OUMEMREEED B1=DITIE, NI IR
TG ALz A2 HERTD LM, BETH
5.

5. ARSEOREICDVWTOER

NESRS S 1.6mm DP-RE J% ECF E—% LW S
0.7mm DP-RE J& ECF E—¥ Dt 2 LB L R %
FZ1IRYT. ZROUANT~FEEEIE, HBRKH
ANT—% ECF MAHPENBEHTHRUETHS.

BEWHEMBSNTWDI &M, EENICHE
Rtz TELVLA, BRE&ER, HAMLY, H
ANT =& IR T ENELTIEET
THEEHD. —F, PBEINERE 0.7mm OF
MEMELTNS., i, NBHIENEILTII LR
£, HANT—ZETT2H, HHANO—BEETO
FITIEMEL TS,

WM EZNETHEMMEENIOERTS
EEZSNDH, DBRBIUHAND—ERME LT
DOIRRARENEEZS, ISICAHRHREMNETS
NT, ECF Pz v MNEMAIZTES E, &7~
FBHEOKRELTA 7 OE—SMNERTES,

WHE—F13, ¥MEL <1470k dTd5T&ETH
AN —FEL, FEMIZETTS. 2RTS Dp-
RE % ECF £—# 1, WHLIZEOHANT—EED
MEAMB SN~ ZDZ &L, DP-RE % ECF £—4
MM E—FELTHLAFSEEAL TSI L &R
LTWh3.

6. » & N &

ABRNTIE, FOAREHED (T4 X0 L—
NDP)E ECF £—% ) %218BRL7. DP¥ ECFE—%
i K& <a—FUEDP-REEBLUIRAF—5 RIE

~— 360 —

87



Wi R

K (ECE) el L 2ot = ¥

4037

(DP-SE)IC B &MTES. AT, Ml
HMMHETE S DP-RE BIZDW T, K LR
Lk, £, O—50O#RLLEEBTIH. T
MNEBEOMESEERMLE, Oy UESEEER
Lz, BonFRBRIRIUTOEBENTHE,

(1) BERLUO— & WEKEICKD, DP-RE ¥ ECF £
—FDO—FDME%E 0.2mm ETHHLTESZ
EERLE.

(2) DP-RE ¥ ECF ®£—% 0, WmANEIGRNLE, Hh
RV, Ao —id, o—-5BEINELHE.
ABHIAMNEL 2L, BTTHHAICHB
ExERLIZ.

(3)DP-RE % ECF E— % D MW % 1.6mm M
0.7mm ~/NE K LA, 2B, BLUHAND
—EBEIEMETSIERLE.
SBHOBBEELTI. BB, MiEbLI B

PIEATRELBUN ML O REFEZIREB I UREL.

ECF E— 4 OO EBMIIRMNTIIE, T

FINHOBNEY SNl EDEMBLERB &

MBI 55D,
X 73
(1) KRFARY, -3, ERWEE—S—OMR, 1 44 @
LA ad—NmRm TR, (1996),210-213

(2) OtsuboY. and Fdamura K. Dielectric Fluid motors, Apply.
Phys.Lett, 71-3(1997),318-320

Mme—. ek, I 8, KR, HH-F
MAIGIHIMNECHZISMLARSA V08— % (AF—¥
MIHSEETA 20 ECF E—F0fXK) . BN, 66-
(42,C(2000),627-633

BMdE—, WA, Ui 8, KIPRX, EH-K,
MAKBIAECHZEML ARSI DE~S (0D—-5
MEREYE <4 70 ECF E—5DORRK) , A, -
651,C(2000),3799-3804

MmiE—. B . I B KERX, Hi-ken
JLMIKECHEIEM LT 2 0% —% (Disk-Plate-RE
¥ ECF E— Y DIFRETOIHNHIL)  BEMMLEA 1999
EEERKRS MBI (V) . (1999),227-228

(3)

(€))

(5)

— 361 —

88



V. it 7 0R > 7TBXNM 7Py MEBORRE
BRICXDWAFICRET B2y MNRZGIE U THHARET N1 R
BRICBUI D HBEHNIT A ENZOMEOERNTH S, ZOHi
T, Pz MNEZOBDOZREOHETFEELUTHHATSTNA R
COWTKRET %, TOERIIERUKETORNIA Z7ORTT
HO, BEOSOD Ty NRET THEETOODTHD, JHRIED
BEXDEZ2NICEVWHEICB T A2MEBHITONWTHRHT 5, /X
WREEZHNTZIOY zy MizREORAEZHY) > THIESES &
ATz ELTTY I —A—T 4 I VIINHT ST
EMFREETR D, Fh HI/FAEHLZD oy M RZHBEL. MO
BRWCHENT B ENTEBREFa—T VLAY A 742U TZHETE
EOFRICRSD, 22T MEFOWREICEGZHMLIZ &EEITH
ETHERHTOVWTHRHNL, S5 7O0RTBLNM 7P
v b OEARRIZEEN D W THRED M EBE DT TRETT 5,

89



V-1
3516

BRI SR (CH)
66 % 650 5 (2000~10)

ECF ¥ x v bS#EIR W SMA BRE v 0 OR T

£fH & —* FH H M R 8/
Il f0o3e, K 5 X, B R — R

An SMA-Driven Micropump Using ECF Jet Cooling

Shinichi YOKOTA®*, Kazuhiro YOSHIDA, Takeshi OKAYASU,
Tomohide KAWAUE, Yasufumi OTSUBO and Kazuya EDAMURA

** Precision and Intelligence Laboratory, Tokyo Institute of Technology.
4259 Nagatsuta-cho, Midori~-ku, Yokohama, Kanagawa, 226-8503 Japan

For high power micromachines using fluid power in millimeter size, micropumps are needed as
fluid power sources. An SMA or Shape Memory Alloy is one of promising actuators for micropumps,
however, the response is very low on the cooling phase. To overcome the problem, the paper
proposes an SMA-driven micropump using ECF jet cooling. The ECF or Electro-Conjugate Fluid is
a new kind of dielectric functional fluid which produces jet flows between high DC voltage-applied
rod electrodes and realizes a simple cooling mechanism. Firstly, the micropump is proposed and
characteristics of the actuator using ECF jet cooling are experimentally investigated, Effectiveness
of the ECF jet cooling is verified. Secondly, a micropump in 1 cm-cubic size is fabricated and the
basic characteristics are experimentally investigated. The optimal parameters are obtained and the
maximum output flowrate and pressure of 11 mm®*/s and 0.18 MPa are realized. Finally, for an
optimal design method, a mathematical model is derived and verified through simulations.

Key Words: Micromachine, Pump, Fluid Machinery, Actuator, SMA (Shape Memory Alloy), ECF
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Fig.1 Proposed SMA-driven micropump using ECF jet
cooling
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Abstract

A new type of inkjet system is proposed on the basis of
electrohydrodynamic(EHD) effect. On the application of high DC electric
fields to some insulating oils, a fluid jet with a velocity of about 1 ms-1 is
created from the positive electrode as a bulk flow. By controlling the EHD
flow to issue across the free surface, the inkjet device is developed, of which
the nozzle unit is simply composed of a needle electrode and capillary.
When the oils are subjected to high electric fields, the inkjet is generated
above a critical threshold and the height increases with increasing voltage.
The critical voltage strongly depends on the nozzle geometry. The height of
inkjet at high voltages increases with decreasing viscosity and conductivity of
oils. The performance of inkjet based on the EHD jet can be improved by a

combination of designs of nozzle geometry and material functions.
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Introduction

The inkjet printers have made remarkable progress in production of high
quality images. In inkjet printing, uniformly sized droplets are ejected from
a nozzle by breakup of fluids. The droplet formation process is initiated by
application of pressure to the fluid in a reservoir. When subjected to
mechanical vibration, the periodical disturbance leads to the instability of fluid
motion and causes a jet to issue from the nozzle. The primarily important
parameters controlling the breakup behavior of jet flow are the surface tension
and viscosity of fluids, the mode of excitation signal, and the nozzle
geometry.l The stimulation of fluids is generally introduced by the use of a
piezoelectric transducer. In typical printing systems, the droplets with
diameters around 15 wm are created at a rate of approximately 1 MHz. For
high quality printing, the research trends are focused on the size reduction of
droplets and recently a new system has been developed in which the fine
droplets(mist) with an average diameter of 2.5 um are ejected by ultrasonic
waves at a frequency of 10 MHz2 The great advantages of this technique is
that the droplet size can be changed by frequency of ultrasonic waves without
a nozzle.

The application of high electric fields to insulating oils often generate
electric body forces due to the nonuniformity of electric conductivity and
dielectric constant. In DC fields, the Coulomb force acting on a space charge
dominates the dielectrophoretic force.  Under certain conditions, the
Coulomb force can cause a hydrodynamic instability. The secondary motion
of fluid, which is produced in high electric fields is known as the
electrohydrodynamic(EHD) effect.3-6 The EHD effect can give rise to
interesting phenomena such as convection, turbulence, and chaos. In electric
fields, ionic mobility has been reported’> 8 to be about 10-8 m2V-1s-1 in
dielectric fluids with viscosity of a few mPas. Based on the ionic mobility,
the velocity of secondary flow can be estimated as 1X 10-2 ms-1 in an electric

field of 1 kVmm-l. Numerical simulation and EHD experiments under
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microgravity conditions in space also show that the velocity of the flow is
about 2X10-2 ms-1 at a DC electric Rayleigh number of 6000 where the
Coulomb force dominates the viscous force.2 Much work demonstrates that
the velocity of the EHD flow is of the order of 10-2 ms-1 in electric fields of
several kV.

In previous papers, we have found that on the application of high DC
fields to some insulating oils, a fluid jet with a velocity of about 1 ms-1 is
created from the positive electrode. In this process, electric energy is directly
converted to kinetic energy of the fluid. Since the high energy density can be
generated, the EHD jet is very attractive in applications to new fluid devices.
By controlling the velocity and direction of EHD jet, the authors have
developed fluid motorslO and electrorheological(ER) devices.11,12  The
electric fields acting on space charges produces not only the body forces in the
bulk, but also the extra stresses across the interfaces. If the sufficiently high
normal stresses are exerted, the continuous evolution of free surface from the
nozzle exit can take place. In the present paper, we have studied the EHD
method to generate the continuous liquid jet. The feasibility of providing
new basic technology of inkjet printing systems will be discussed in relation to

fluid properties.

Experimental

Samples

Eight kinds of insulating oils were used as model media of inks; dibutyl
adipate(designated DBA; viscosity n =3.5X 10-3 Pas at 25°C, electrical
conductivity o =3.8X 10-2 Sm-! in an electric field of 2.0 kVmm-1), dibutyl
decanedioate(DBS; 7 =7.0 X 103 Pas, o =14 X 109 Sm-1), dibutyl
maleate(DBM; 7 =3.7 X 103 Pas, o =33 X 108 Sm-1), dioctyl
tetrahydrophthalate(DOTP, n =4.0 X 10-2 Pas, o =62 X 10-10 Sm-1),
triacetin(TA, 1 =1.4X 102 Pas, 0 =3.6 X109 Sm-1), 2,2,4-trimethyl-1,3-
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pentanediol diisobutyrate(TMPD, 7 =4.0X10-3 Pas, 0 =6.2X10-9 Sm-1),
2,2,4-trimethyl-1,3-pentanediol monoisobutyrate(TMPM, n =1.2X10-2 Pas,
0 =6.8 X 10-8 Sm-1), and fluorinated oil(FF3 manufactured by New
Technology Management, 1 =4X 104 Pas, o =2.5X10"9 Sm'l). All the

sample oils are Newtonian.

Measurements

Figure 1 shows a schematic picture of nozzle unit. The inkjet nozzle
consists of a needle electrode with a thickness of 0.1 mm and a capillary with a
length of 5 mm. Various nozzles made of stainless steel were used, of which
diameters D are from 0.2 mm to 1.2 mm. The distance between the tip of
electrode and bottom of nozzle(called gap distance S in this paper) are adjusted
in the range of 0 ~ 4.0 mm. The inkjet unit was so immersed in the fluid that
the bottom of nozzle coincides the fluid level. A DC voltage was applied to
the needle electrode and the nozzle was connected to the ground (E =0). The

height of jet was determined by image analysis of photographs.

Results and Discussion

Effect of nozzle geometry

First of all, the geometrical effect of nozzle on the inkjet behavior is
examined by the use of fluorinated oil which was newly formulated for the
present study. On the application of high voltage, the continuous jet flow is
almost instantaneously(within 50 ms) ejected from the nozzle. Figure 2
shows the jet height H plotted against the applied voltage V for the nozzle with
a diameter of 0.2 mm at different gap distances. The jet issues when the
voltage is increased above some critical level, which increases with increasing
gap distance. Beyond the critical voltage, the plots are approximately
correlated by a straight line. The height increase with decreasing gap

distance although the annular entrance of fluid to nozzle becomes narrow. In
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Figure 1 A schematic picture of nozzle unit consisting of a needle
electrode with a thickness of 0.1 mm and a capillary with a length

of 5 mm.
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Figure 2 Jet height H plotted against the applied voltage V for the nozzle

with a diameter of 0.2 mm at different gap distances; (@) O,
() 2.0, (M) 4.0 mm.
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this study, the maximum height was achieved at 12 kV by the use of nozzle
with a diameter of 0.2 mm at zero gap distance and the value was about 100
mm. When the gap distance is increased up to 5 mm, the jet flow essentially
disappears even at 12 kV. In the case of dielectric fluid motors,10 the
angular velocity increases with increasing applied voltage. However, there
exists a critical value above which a steady rotation is achieved, below which
the rotor only oscillates with the amplitude of oscillation gradually decreasing.
On the performance of inkjet and motors, similar effects of field intensity are
confirmed. The internal convective flow in the bulk can be connected to with
the jet stream as the continuous evolution of free interface.

Figure 3 shows the jet height plotted against the applied voltage at zero
distance for the nozzles with different diameters. Above the critical voltage,
the jet height slowly increases at first and then begins to rapidly increase.
Since the threshold voltage increases, the jet height rapidly decreases with
increasing diameter.  When the diameter increases above 1.0 mm, the height
approaches zero. The thick nozzles hardly generate the effective jet flow.

The geometrical parameters determining the inkjet performance are the
gap distance and nozzle diameter. To examine their contributions, the jet
heights at 12 kV are shown as contour lines in Figure 4. The jet height
decreases with increasing gap distance and nozzle diameter. It is considered
that the field intensity plays an important role in generating inkjet. The field
intensity is generally defined as the difference of voltages at two electrodes
divided by their separation. Referring back to Figure 1, we can use the
distance between points A and B to characterize the field intensity in nozzle.
The dotted line in Figure 4 represents the equifield intensity curve at 24
kVmm-1. The solid lines showing constant height and dotted line showing
constant field intensity have a quite different profile. The results clearly
indicate that the jet formation process is not scaled on the field intensity. The
jet height is much more sensitive to horizontal separation.

Figure 5 shows the jet height at 12 kV plotted against the reciprocal
cross section of nozzle at zero distance. Except for 1.2 mm nozzle, the plots

are approximated by a straight line with a slope of 1. The product of jet
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Figure 3 Jet height plotted against the applied voltage at zero distance for the
nozzles with different diameters; (@) 0.2, () 0.4, (A) 0.6,
(A) 0.8, () 1.0 mm.

104



30

70

Gap distance S (mm)
(AW

| H=100
0 0.5
Nozzle diameter D (mm)

Figure 4 Contour lines showing jet heights at 12 kV as a function of nozzle
diameter and gap distance. The dotted line is the equifield
intensity curve at 24 kVmm-1.
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height and cross section of nozzle is almost constant and this value can give a
measure of pressure locally generated to raise the fluid elements. For
formation of upward flow, the vertical force must be exerted on the fluid
column in the nozzle. As a simplified approach, the force F can be estimated
by the following equation;

F = p(nD 2/4) H g = (nD 2/4)P

where p is the density of fluid, P the pressure induced, and g the acceleration
of gravity. The density of fluorinated oil being taken as 1.430X 103 kgm-3,
the obtained values of force and pressure are F = 40 uN and P =1.4 kPa,
respectively. In piezoelectric stimulation technique to impose a periodical
disturbance into the jet issuing from a nozzle, typical pressures are reported to
be about 0.5 MPa. The estimation for the proposed device is considerably
low, compared with the experimental data for widely used systems. The
forces induced by EHD jet from the positive electrode may be effectively
converted to vertical flow of fluid column, although the nozzle is much thicker
than the needle electrode. When the fluid column above the needle electrode
starts to flow vertically, the fluid element in annular space is subjected to
upward traction. Therefore, the continuous flow is kept in DC fields.

The flow patterns of EHD convection is very complicated and strongly
depends on the geometry of vessel, electrode arrangement, field strength, and
fluid properties. The EHD flow can form cell structures consisting of a
collection of small circulation. In a previous paper,l3 we have reported the
performance of fluid motors, Which’ are composed of rotor with a diameter
of 2 mm and stator(cylindrical case) with diameters of 3~4 mm. The motors
can rotate at speeds of 3,000~15,000rpm. This implies that the high speed
circulation takes place in the gap range of 0.5~1 mm. The volume of fluid in
motors is comparable to that in inkjet nozzle. Therefore, the domain size of

EHD circulation may be about 1 mm. Since the jet height is not sensitive to
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the distance between the tip of electrode and bottom of nozzle, the EHD
convection which develop to upward jet flow is induced near the electrode.
The constant force independent of nozzle size can be attributed to the
cooperative motion of fluid in the limited region just above the needle

electrode.

Effect of fluid properties

In previous papers,11:12 we have reported that the pure oils whose
viscosity hardly changes in uniform fields between metal electrodes with
smooth surfaces can be ER-active(rapid increase in viscosity) when subjected
to nonuniform fields in electrode with flocked fabrics. The ER effect arises
from the EHD convection enhanced by the fibers on the electrodes. The ER
behavior obtained by the use of electrodes with flocked fabrics can be
summarized as follows: (a)The parameters determining the ER effect are the
viscosity and conductivity of oils. (b)The relative viscosity, defined as the
viscosity of oil in electric fields divided by that in the zero field, increases
with decreasing oil viscosity and conductivity. To establish the ink
formulation for the inkjet mechanism proposed in the present paper, it is
essential to understand the EHD jet behavior as a function of material
properties.

Figure 6 shows the jet height plotted against the applied voltage for
various fluids. The experiments were carried out by the 0.2 mm nozzle at
zero gap distance. For all fluids, the jet height shows a rapid increase above
the critical voltage. Although the jet height at high voltages widely varies
with the fluids, the critical voltage lie in the range of 3.0~5.0 kV except for TA.
From Figures 2, and 3, the critical voltage strongly depends on the nozzle
geometry. Once the inkjet issues from the nozzle, the performance is
determined by the physical properties of fluids. In conditions where the
rapid EHD convection is induced, the material functions play an essential role
in producing the force across the free surface.

Figure 7 shows the jet height at an electrode voltage of 12 kV as a
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Figure 6 Jet height plotted against the applied voltage for various fluids;
(A) DBA, (O) DBS, (A) DBM, (V) DOTP, (0) TA,
(V) TMPD, () TMPM, (@) FF3.
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Figure 7 Jet height at 12 kV as a function of viscosity and conductivity for
various fluids.
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function of viscosity and conductivity for all fluids used in this work. The
data were obtained at zero gap distance by the use of 0.2 mm nozzle. With
decreasing viscosity and conductivity, the jet height increases as expected
from the ER experiments. The ER effect of pure oils in the electrodes with
flocked fabrics can be attributed to the disturbance of EHD convective motion
with periodical structures by the external shear. Since the interactions or
cooperative motion between EHD convection and applied shear require the
additional energy dissipation, the viscosity of liquids can be increased due to
their combined effects. In EHD inkjet, the vertical force is exerted on the
liquid column in the nozzle. The force in inkjet formation process may be
comparable to that required to hold the domain structures under static
conditions in the electrodes for ER experiments. Similar dependence of
inkjet height and ER viscosity on the material functions indicates that both
effects are controlled by the same mechanism. Although the detailed
experiments are required to quantitatively establish the EHD dynamics, we
can reach the very important conclusions that the practical method of
providing good inks is the reduction of viscosity and conductivity of medium
oil.

In practical application of EHD inkjet device, the designs of oils and
nozzle geometry are essential to satisfy many requirements. The critical
voltage can be reduced by the nozzle design and the height of inkjet can be
increased by the design of material properties. Their combination may be the

key technology for fabrication of high performance inkjet.

Acknowledgment. This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Culture,{ Sports, Science and

Technology, Japan, for which the authors are grateful.

References
1. B. Lopez, A. Soucemarianadin, and P. Attane, Break-up of continuous
liquid jets; Effect of nozzle geometry, J. Imaging Sci. Technol. 43,
145(1999).

111



2. H. Fukumoto, J. Aizawa, H. Nakagawa, H. Narumiya, and Y. Ozaki,

Printing with ink mist ejected by ultrasonic waves, J. Imaging. Sci.
Technol. 44, 398(2000).

3. W.J. Worraker and A. T. Richardson, A nonlinear electrohydrodynamic
stability analysis of a thermally stabilized plane layer of dielectric fluid, J.
Fluid Mech. 109, 217(1981).

4. M. Suzuki, Propagating transition of electroconvection, Phys. Rev. A 31,
2548(1985). -

5. A. Castellanos, Coulomb-driven convection in electrohydrodynamics, IEEE

Trans. Electr. Insul. 26, 1201(1991).

6. T. Maekawa, K. Abe, and I. Tanasawa, Onset of natural convection under
an electric field, Int. J. Heat Mass Transfer 35, 613(1992).

7. J. P. Gosse, Electric conduction in dielectric liquids, NATO ASI Ser B
193, 503(1988).

8. S. Yasufuku, T. Umemura, and T. Tanii, Electric conduction phenomena
and carrier mobility behavior in dielectric fluids, IEEE Trans. Electr. Insul.
El-14, 28(1979).

9. M. Haga, T. Maekawa, K. Kuwahara, A. Ohara, K. Kawasaki, T. Harada,
S.Yoda,and T. Nakamura,Effect of electric field on Marangoni
convection under microgravity, J. Jpn. Soc. Microgravity 12, 19(1995).

10. Y. Otsubo and K. Edamura, Dielectric fluid motors, Appl. Phys. Lett. 71,
318(1997).

11. Y. Otsubo and K. Edamura, Viscoelasticity of a dielectric fluid in
nonuniform electric fields generated by electrodes with flocked fabrics,

Rheol. Acta 37, 500(1998).

12. Y. Otsubo and K. Edamura, Electric effect on the rheology of insulating
oils in electrodes with flocked fabrics, Rheol. Acta 38, 137(1999).

13. S. Yokota, M. Hirata, Y. Kondoh, K. Suzumori, A. Sadamoto, Y. Otsubo,
and K. Edamura, Micromotor using electroconjugate fluid, J. Robotics
Mechatronics 13, 140(2001).

112





