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1.1 A=

WAED TR O TR I, w4 78 X — b LA =5 OM/INIEOHEEE X O
EY 2T 2T/EIRE>TR S, WP TN ZOB/MLIC X 28 2L ¥ —1{l
PEHEAR=2M, EBREEPEICRS 2 X EKE LR E2HFEINS, v( 7L
¥ X [1)(Fig.1), ¥4 79 LED [2], 74 F=v Z#k [3,4)(Fig.2), #7281 —
Y [5,6), BLUETZ7 A4 F=v 7 XEY [7] Lo MUNEEZRTOIEE L O REET~D
BLiE & Vo 2 TEIBH O A7 63, b —O#AE & v o ZZHIRIEMI~ DB, Mg #

8] L Vo Y FEADIGH O AR L 4 5.

actuator array

100pm EHT = 585KV Signal A= SE2 Date :5 Jan 2000
MAG= 41X i_r WD= 21 mm PhotoNo. =828  Time :13:33

Fig.1 Scanning electron micrograph of
the steered agile laser transmitter by
Warneke et al. [1].

500um

Fig.2 Overviews of diamond structures
assembled on a small scale from (a) the
PE/carbon composite and (b) Bi-Sn par-
ticles by Takagi et al. [4].

— I RGP THINIIE D 2L —> a v RITIEE, BIENRD A7y — LN E
{723 L EINICHARYHR OEE P XLRN E 22, 72 & Z21F, Fig3 intT ke
oy b X ) R TR EREIEE R A D L, BBICEBRIENRBESE L CLEY. &
o, BHEZATZ—ILO 3FICHHITI2OICRL, BEENIF LI RICHHTZ226TH
% (9,10, 2F D, BEENIC L 2BINDROMRITRETH 528, BEBLT BRI S D

Nz 52 2 0835 5,



Adhesional force
Tweezers

Gravitational
Force

Fig.3 Schematic illustration of the micro-manipulation by tweezers in atmosphere.

D EottaiiE s L OWELINHIF 2 8 £ 2, BUNIEREICBE T 2883 ftbn T
7o, BERRE LT, BIRDSIRTH O $#fil - OS2 258108V TH Ak E &
LIBT3 E LT TE 72, AMABRENR 2 ) ETRoNAEL2 S, B
PHARIEICBE S 2 B AR 2§ 5 2 L3 TE 5,

1.2 BZEfRE

BEE LR 2 BT 2 5 L LT, B TR 285§ 2 Fik [11-15] (Fig4), K’
ZUE I X 5 Fik [16-19] (Fig.h) HI 6T 3, FENZHCEFEL EETH
O, BIEZANT 2 2 L2 X DIRENROKREZGNIT TICERICRE L N2/ 2 L8
TEB L Vo LHEDNH B,

Ns
Substrate \gue

fsAs

Fig.4 Critical state of pick and place operation in the mechanical micro-
manipulation by Saito et al. [12]. In this state, the sphere contacts both the

tool tip and the substrate simultaneously.
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Fig.5 Schematic illustration of pick/placing procedure in the micro-
manipulation based on capillary force by Obata et al. [17]: (I) positioning, (II)
lowering, (III) picking up, (IV) positioning, (V) lowering, (VI) placing.

fHEE % W7 INMIR O —Rot B E & L ¢, SPIRE O b F—oB@EinziF s s,
Feng 13 VR o+ F —kr7- 12 @ < 8 2 GIREZEIC X D ko [20], Hays 1 Fig.6 I
ANTEE TP D b — K718 < B85 ) %2 EERRICEHI L 72 [21,22]. #/NIfko —
RO E 24T ) FE L LT, Pl EoBUMIBHERICBIT 2178 3T &7, PR
IR Z Y —= v 7L CRRENKER % 5. 2 5 Tk [23-26] (Fig.7), “FROE LICEED
T A Y HE L BEKERE G 2 2 FER 27-29], 7V v NICEREE G ZBROBERY
B & vtk 2 3 2 Fikb Ao niCw 3 [30). Ntk % = Rouic i 2 F
HBEELT, TEHZHOAENGYOR=_E 2L —arPHsnTws, fgsdhic Eao
B2 E L7254 K= 70— 710 X 214 [31-34] °, HEEMZEEL €/ R —
v 7'a— 70 X BEARE X OFFEEOEME [32,35,36] (Fig.8) b T &,

lon et <l |
Charging -
Zone te ™ ! Toner
Reservoir
e
o]
. Air
b ¥
Collecting A o |
Plate
>
>
P
1 —

Fig.6 Apparatus for delivering, charging and collecting toner onto a plate by
Hays et al. [21].
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Fig.7 FElectric panel for x — y particle handling by Moesner et al. [24].

FALR=—N TR —70E /) R—N7a—7 Ik 38EFELNY, v /v 7ua—7I
XBBEFELAON TV, RIFFigd lamnd ek, MK, 7u—7, BENSRICEK
DRSNS, 7uo—7 HREOBRZHIMT 2 2 Lickh, BIENRO Pick (H1Ff)
E LU Place (AliE) %179, £/ K= 7u—7Li3®nbh, 7a—7dfgkic kb
PEINTOURCOVRETH S, ZOREOZIC, BEWE2ZAT 2 0RYIITERHH
B X%, Takahashi 513 70— 7ICEEE L - Wik % B 5 % 72 O OB %2 B R KL%
Bric & k72 [37]. Saito & IZHRIEIR DR % BN A 2ZBR % FH O 72 F28RIC & D R
L7 [38]. %7, Saito & IZTEEHIMIICHIER O FII~EZE L KBEL 72\ 7 0 DR
R MM Z K [39], EERIC XD ARMEZR L7 [40]. Sawal & FHENROERED I
50 E 2 HRE L ELREGE 21T, BIETIEoEEN: 2 M EL 72 [41]. Nakabayashi
5 I3 BR-FEAE 2008 S &, BIEANRE A U 2 BEHER % A 3 2 WS 2 8 00 R id i
TR L7 [42).
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Fig.8 Configurations of the probes by Kawamoto [33].
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Fig.9 Configuration of the micro manipulation system by electrostatic force us-

ing a single probe.



1.3 BRBLURHER

sy Fua—7E2 e Eal —y a yTREBENRICHEE S N5 B2 HIH T
278, BREEEICEET 2HEMTbNTE 2, —J, FERBRECETIMEDITON
T&E7, VE, BRICHBEINHHEMIFEEIN L WEEREZRKET 5. 0L E, 2

DFBEEPBEFRPICE» NS EBRAMIIDMEMA T 5 [43,44]. BLRIEDBTH %
I & BT H DB DNPERT 270, 7u—7-iMicd 2 FEFRICE LT
70— 7HRDNDARDFEAET B [45,46). L@L:@ﬂ%mﬁt,#ﬁﬁﬁ%WMLt
7u— 7R Z, BENRIEE T 2 HRDWER S 1172, Yamashima 6 (ZFEEAED
RNEEMEIER T2 L) REED b & CahEAEE ZFHH L, 2 ERMTIEY 254
WrOVABHEZAIMT 2 2 LI X DEEOERIMEZ R L 72 [46]. FHEKRERI B FHE
SNBREER LD BT S B3 BREBEGEE SOV 2AEEZ VS 2 LT, EiAE
FOFEEBIRZ ERNICFHGT 2 2 L2 [RE L & 5.

Lo, BURTEA A=A LA HETH D, FEER EOBHIEE>Tukn, A
I, FEENREERIET 2 720 OB MU B IR T ORI 2 Eh 2 [ER2 12 8]
W2 EICEDIESINT LD, %%@&4~/7%§m?%Xﬁ R LD S %
TRV, WL, BET2RROMERS LR L L vwo 585 VEEREZ D
LRV E W) REIEL 5,

1.4 FEXOBHNE LUER

KT, v/ v7a—=72H0kFEEDOAf 7av_Eal—rarDrAh=
ALzWHoIC L, BfEFRoBEEZzM T2 2 E2HNE T 5,
BENRTH 2 MUNFEERR T ORMEEN: L 5 112 B L 72 7)VIC X 2 BEwfghT
&, KON ZEE) L BRNZEEOFERNGHZEL T, ZOXA=ALZHEITT
3. 2LTC, MhNGFEERv_Cal—varyFERICEVIRET Z A DAL DM %2 H
AT, KWRXE b EIDBRING, H1RIIFwTHD, H2ETIE, BENLEE
MEEMEEZZR L, MNFEEROFEMNZEE) L ERNZEE OMEmNFEIT 2179, 38T
1%, 2 BTR LT NMICED W CTRUNEER ORI ZEE) & HAEE 2z EL, <
a2l —YaryROFEILEEBRNICHET 2. HA4ETE, MNFEROHE~=Ea
L—y a YEREIT, RIPEEM L BE %2 EE L2t 7o CGHioaR %2 m
T, B L EIIHmTH B,

*1SCHR [43] 128\ TURFBED 1113 Dielectrophoretic force & MR 1T\ 3, HAFERTIX MEXKE)
Ny THBH, AwXrhcir TERAET, & LTERZR—T 5.

6



2 RESBHERENEER UL LMNFEEFFEEOERD
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2.1 MUNSEAFRBHEY=Fa2L—yarRoOBE

v=tEal—variz Figlo nd, FF3ERELE 7o -7 EL Tw 3
St ry O 70— 7 HER O E i umﬁém,$&r®ﬁ?@7m—7®%ﬁ
FETICRESNTYS, -/ A (7Fe—7F7k8EK) $vyvy 713 D ThH3,
ZITX vy 7 DIIRFRRRICHBIL 2r/5 TH D ET 5. B I NEEIZET
HY, 7a—7ICEREV PHMI NS, %BibT 280, HEFEEZHET 2 RIZE-EZ
eIz B, FEERN O Eal—arEi7) & EIER OVAELEZAMT 3.

Fig.10 Geometry of the manipulation system when the particle is on the (a)plate
or (b)probe.

2.2 UNFEMRFICERT 2DLIE

vt al—YayRICBWTHUNEERR I 2 2 L, RimESENE & BEE
DRI ZIINAEI S 2 2 & 2md., TR HICEMNT 2 %2 22 @
ICRBRD D, HRET).



BEHORESHD
WUNFE BRI/ T 2 BB 4nr3 /3, B p, EAMEE g DR E L TRD
kI Ns
4

F, = gm“gpg. (1)

HRENDREELD

UNFEEK T2 ERE X 70— 71285 20 /113 JKR B L ) BEd %
T EMTES [9,47). WUNEEERLT, i, X070 — 73R TH B LIRET
2, RN (721370 —7) 13 Hertz DB ICHE ML, & o 1Bl NI
Boussinesq (2 X &N FIZ X 2B DHENGADMD 5 EARET 5 Z £ T, BEEHR
Z T 5. BUNEEARR AT Floaa % AMEIMEH L TEE L T 51K, ROV
F—3HEI ALY —, B2V X —, ZAZRLX—DOHE LTINS, FOLR
WX =GN ZRD B T LT, ROBEME DA o 1BIT 5K

T're
3 _ Kl (
BRODOEND, T IT e FEMEIOHMSIELETH Y, M IERHICT VT
o, Kif-7a—7HicBTE 1/ (rt +r!) %5 KR TFOY Yy 7EER
7 Y Eparticles Vparticles 8 £ O (721370 —7) oY v 7R L RX7Y vk

Eplate/probeu Vplate/probe IC&oT

a Fload + 37TA’}/71re1 + \/GWTreland + (37TA7rrel) ) (2)

2 2
. 41— Vparticle 1 Vplate/probe 3
" 3| Eparn E ()
particle plate/probe

LEEND, Ay ZEEEE LN, YO R R BT 2 0 12 3 2 AR 5 7-
DOIFALFX—TH2 48], T, BNEBREK T T 2HE Fow % 51EATO
S (BT £ Ut b X, BRI o EHMD L, 21k RO A
T2, KT OBBICHET 308 Foad.derach W, 3% (2) DRE S, 5 Foaq 2N E %
¥ SN

3
Fload,detach = _§7TA/7Trel (4)
Lt KEIBWT, BENF, 13
3
F, = §7rA'yrrel (5)



L), BEELSHE Ay EHNHIRERE rg IS X DIRE S D E LT,

BERARNORELHD

7u— 7 SEREICEESAIMI N5 L BARADIEE I N, FHEERFNICD % 7R E ]
IIEEREIDMER T 5. AR TN O ik i) Wﬁ?%%ﬁﬂwﬁmi ES WAL YN
BiCTH BN 5B TH 2HEEZ AL 720, = Eal—YaryRiIBVLTiE7e—7%
MON RS, ZOEBRABI EWVENLE TIE 7 A7 2 VIBHT vV vE - TERL
TE 2% [49,50]. EARMIZIE, XD XH kDo s, BRIEE p., W dV &2 8=
%z RO RUIMARE BRI I3 )

ngrad = Pe (QZ)E(CB)C].V (6)

PMEHT 2, 22 CTax BIENT PV TH 5, Gl dFgag Z2NFEER 205D 5
FEIR Vartiele 17 DREST 5 &

Flod = /V pe(@) E(z)dV (7)

particle

LY, (RZPLVETHZ) BHRAMLN Fyraqg Z2EAMETE S, —fRIS, T 2D
£0

eodivE(z) = pe(T) (8)
BIRY LD, T IT ey HEEHOFEKTH S, & (7),(8) £
Fyraa = eoE(z)divE(z)dV (9)
B . R (9) BT B &
Frad = /S TndS (10)

L0, (RVPVETH D) BRAUMS) Fyag 27 v Y VRET ZHOTERMLTE 3,
Z 2T Sparticle EBUNFEAEN KT, dS 13 Sparticle LOBUNAREEER, n ik dS Lo
B bV TH D, TIE< 7 A7 2 VIBTT vV EMEIN,

T = ¢ [EE— %(E-E)I} (11)

ERIND, ZTHAEHBRZ MLVDOT UYL, [133x3DHATYYLTH
%, D)) Fyaq \FHEREFREFIEY 7 1 COMSOL Multiphysics®!1< & b Bt 12 3k

9



oD, KiLICEWTIE, Fgaq P95 70— 700 LIS Ra%E (RAA /T
%%)@ﬁ@%ﬂﬁ@mkbfﬁv

CITHBLZRLT2DICERYES Fyag OW/NFEEE L r ICH
T AT O TIEN S, ﬁ@%ﬁf@divﬁxvlwﬁﬁrwiT:
co [EE — S(E- E)I| \IZHHI$ 2 R7 b & BUNEBERRLTERIA Sparticle 1D 72T
EodslLickhkoonsg, TICERE IFEE VICHHIL, Ta— 7 JERHE
Xyy B T2, e =7 dEGE X vy 73 D+ 2r =12r/5 £, F
Ber icHBIT B EBDDD, LTI AT 2B T Y YLV T IZERE O 2 F
BT 20T, (V/r)2 i, BEV 23— E L T2 EE8r 02 FIKIHTS.
7, WUNFEMBR RN Sparticle = 47712 £ 20T, Bk r 0 2 FIIHITH, &
SENCH] Fyraq 1, FEr O 2 RICKHHIT 2B THEY 7 A7 2 VBT VYNV T %,
e D 2 TS 2 BUNEEAER TR Sparticle IO THETTHDT, #REL
THEAUBS] Fyraq 3B r O 0 FICHBIT 2, DF DB r BT A RN L
W5,

FKEHIV7—OYHDRBEEHD

BAES RO TH 2 L ZIFAREMOX YV 726 LRV OERITIEN R W,
Lo T7 =7 HHOBEBRABIDABEN TSI e L5, LrL, ZORMEIZKL,
HRAFRA~ND NS FAL, BUNEEERA 70— 7 HM 2 3E T 2 K28 S
7z. Yamashima o (%, FFEMMNIIRIEEEZAG L, RHICHEE I N EM &N
f (Fe—=7% f:ci%ﬂi) WCHEEINIEMB 7 —a v IZE DGl EH) v ) B
COFEHEFHHL 7 [46). K TFRAICEEINIEMICL 27 —a vy z2iET 56,
Takahashi 6 OEIFERBEIC X 25HEFE [37) 2 VU, B IR E AR L 7
BRo12RkDB I ENTES, Lo L, RAEMIFEINLERED 7 —0 v 12K
D5 EDVHEETDH 570, KX TIFEREENRTH 2 BUNFEEMN Rz ¥ v v ¥
ELTEBIL, RAEMIFEESI N HEIEREDO 7 —0 b EMbN L X HIC L7,

ARIETIE, KRl (7Fa—7%720338EK) MoBEmPEML, |22V &
5ot ED7—0 V)] Fomax Z2RKOZ, TOEED7—0 I, BUNFEERR T
E%w¢&#vﬂv&:“ﬂ?5’&?&®;5’*@%’&ﬁ@%%.&%,L®%E
77—y R0 BEE K70 — 7D S EHET % EMH DI SRIICE S5
6@?,7H-7i¥ﬁktfﬁ“?%.i?,ﬁgnumiivuw?ﬁﬁ%%$ﬁi
ZElT %, ZOMUNEZEDMHEIE 7(rdf] cosf] +rsind)? — w(rsind)? LD, Kl
LD D+ r(1+sinf) &% 5, —MIC, WL S OPAT PR 2 25 CTED

10



n, EBEVREZ6NTWEEE, 7—8 Y]] Fapacitor EFIEZF LT -3 e LT

(1 .\ 10C ., 10 [ S\..
Fcapamtor— E(ﬁcv)— 232‘/ - 232 (5OZ>V

. €0V2 S

2 22 (12)
tkoond, ZZTCIRFITEFRDOX v S0 % v ATH 5. R FERIHDOHUNEZE 2t
LCRRRICZ —a v dFc max 2K 2 &

AFes e (6) = goV?2 m(rdf| cos 0| + rsinf)? — 7(rsin 6)?
e 2 [D + r(1 + sin9)]?
_ &oV? 2mr?sin §| cos 06
2 [D4r(l+sinf))?

(13)

L%, TIT, g ZEZEPOFEER, ME O Figll ITRTHEYICED, FHHEOER
Td D2 XM OB L 72, BUNEFRIHET 27 — 1 v 7] dFe max(0) Z A0
IZOWTHETT 5L, K7 —urHzHBEb5 L3 TES, I TIRARES 2.3ffiT
By % RC HIEE T & DBEMEZRIS 720, BTRIED I bIEBRICEE L Tz bl
(Fig.11 O 3D RE) D dFo max(0) ZR L EWF 5, REZ —0 ¥ )1 dFe max(0) 13

T

Fomax(V, D) = / ., AFg max(0) = Te0 V2 (D) (14)

LS EIEV LR MO v v ZIck Dk B WEE L AD. 22T DI
SR L =% v v 7 D/r Th Y, B (D) 1%

f@p>i+ngl (15)
V—" Probe
7 ‘ D+r(1+
il Dl a0 r(1+cos0)

rdO|cosO|-—-

sind

Fig.11 An infinitesimal plate for calculation of maximum Coulomb force Fc, max.

11



EERINS,

AREH 2.1 BT, ¥ v v 7 D BBUNEERR AL r IS 26 D = 2r/5
EL7D, COEEMMIZRE Y — 1 )] Fomax P ¥ v 7HRAMEITER S 2, Fig.12
ICFEIE V = 400V D & EDEIA 7 — 1 ¥ )] Fomax DEXITULE ¥ v 7 D RFEZRT.
Xxy 7 DB EEFFZRELR Y =0 V)] Fomax 2FHESE L2 EDHHTH S
D, DICNT2RESFEL, vy 7OERMEICEZ7— 0 v HOBEAELKREL 1S,
WICX vy 7D 2EDIELTBE, DISHTBREZ — 0 I Fomax DEREDME 74
EONIK DD, HETEL 7 =0 V)] Fomax DIELS B> TLED ., LEdio TR
SCTIE, EXIUEX v v 7 DICHT 2R — 0 V] Fopax DBEEFRETORES %
#A, D=D/r=042F0) D=2r/50)Xvy 7Z2HFML 7.

Z 107y

p—
<
N

p—
S
o

0 02 04 06 08 1

Maximum Coulomb force
due to Surface Charge £ max[

Normalizaed Gap D

Fig.12 Relation between maximum Coulomb force due to surface charge Fc max

and normalized gap D

12



KFICERT 2 HDOLE

Fig 13 \ZUNEEARRFICEMN T 2 ol 28, GHROE, BERN 7 A DEHET
H 2% 2.5 x 103 kg/m3 [51], EEELFIX 0.01 ~ 1 N/m [52], BRIFIEBICEEE L B D
B oy ORI r =7 &L, BEV =400V & L7,

RLAICAEH T 2 ) Fy 132B88 r IS8 U CIROIRFAEZ B TR D, E r 50 100pum
Z T2 EEEEN F,, BRABS) Faaq, RIEZ =0 Y] Fomax ICHREHTE 238
K< %%, BRUBS) Fyaq ERMY — 18 V)] Fomax BROEMERERINTHIUL
ZALET, P IO 2REEIE R, L L, KA — 0 V)] Fomax 3ERARS
Frad D100 {5 EDREETH D, Fomax DLV HEEICHCTV2LEE25. MEd
5, BNFBEAERFOME~=EalL— 3 icBnTid, BENERMFERICHEES R
LEMICKZ 7 —m v (ERil7—n ) DEEMICERL Tv 3 LffaaT 2 2 L

|
|
w
|
— F
Z. C,max
Fe(9) "
V !
Fgrad LE
107 F F grad,
I 4 400[V] /p e
a 1078 bzl e/, 8

‘ 1 10 100 1000
Particle Radius » [um]

(a) (b)

Fig.13 (a)Forces that act on the particle and (b)the relation between the forces
and particle radius r.
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2.3 WINEBEHNFRENDOEFRFZEDETILE

WUNF BB T OHERR %2 T 5. Takahashi & (38 FEFEL % VTR~ EH
ToEE 2Rk 37, LaL, MTRANFESI N EMORME(LZ kD2 Z &
IZHREETH 5. Yamashima S 1R FRIELZ BN RIEILE X v R & v RIC7EL, X
RC MIEE 7TV 2 LT 5 2 &1 &k D UNEEERR T RE~OEMFEEZ A L 72 [46].
Lo L, REEMZRD D ECHNMY TR Z R DERH D, FHEa A M2 L
Vo IR D B, AT, BHFEHKOARE 2RISR TE 2 L) BlED
5, 1 XRCREEKEEFNVERMAT %, RC HEKETNVOMEL Fig.14 ISR T,

FH++
||
R\ oAl =4

Fig.14 First-order RC model. When the particle is on the plate/probe, a neg-
ative/positive charge is induced on the surface, and the particle is attracted to
the opposite side. The probe is approximated to a flat plate in the model.

Fig.15 Schematic illustration of the division of the particle’s surface into in-
finitesimal surface elements to calculate Rsurface

14



FFREDI) B, HR (F7EF70—7) IBEL TCOHIIES R, 4D, &
FoalE 7T —7 (73 EER) OFIcF v 8> ¥ VA Cs BRI N5, REAEHL R,
1%, HIRRZ RS DD Reurtace & BEMERDIEGT Reontace P E LT

Rs - Rsurface + Rcontact (16)

L, BYEHTES [5I).
2 2T Reontact (ZEMUSHIT, SR L BBSHION & LTRD & 9 1ET 2 £ T

%2 [54]

A

Rcontact = 5 .
2a  ma?
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&,ﬁﬁﬁ%*&ﬁﬁﬁébm 727 LEER a 12O WT 2R EOIEIZBUNTH 5 &
LCEHEL 72, 2 2T JKR By o Btz Afd 2 &, SRR MiEO#HPFHN Tl
Pl a 12102 zzﬂﬁttcu&%&&*@, PP Ropface DERETEZ LI VWEEZ S
na.

15



KA X v 8T ¥ VA Cy 1%, KFRED ) BIEBUCEE LTl mfl & of

DEFERBEZIHE T Lk ko on s, FHEOE, MNAMENIEAR 7n—7%B L T
HEZMINT2RETH LD, HERROA—FDEDL S LI E L TGERIL 7.

RC FH&ETNMIC KD, BUNFEERMFRENDOEMFBETIIRD L I Gk s, &
A EHROMES Fig.16 [2nT, 7u— 7 FEREICRIE V, D AT v 7EEZ AT
% &, BRFEHICER I, PFEEI NG, ERORMZEL L) 13X Ashk RC [HEO#E
TEIRBED B &

(1) = e/ (20)
LERTIENTES, REMMICF v — L SNEM Qt) 130 (20) W T52 LickD
Q(t) = CsViy |1 — o7/ (FsC5) (21)
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Fig.16 Charge transfer of the RC model when the particle is detached from
the plate. When the surface charge () reaches the detachment charge Q4 at the
detachment time Ty, the particle is detached from the plate.
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GmbH., sicastar 43-00-304S), KMICEHEEST T (RYET—L) PEEEAINT
WHBRYXAFNRAXY 7YV (PMMA, WbWws 77 Y)L) BMORIRKT (KL
¥, 77 RV ~v— XX-2906Z), LHEIFEIEEA (F TS VRS Y 7 L) 36 L
72 AV AF L v #fF (Thermofisher Scientific, 4230A) Z w7z, FEERICHW AT %
Table 1,2 12739, 4% 40,20, 15um DY — %5 4 LA 7 AR £, & 15um O 7 €L
77 AT VA, FYAF LY, PMMA K%M,

7u—7 3 =MERED Y v F AT v e — 7 ¢, BRIET 5 2 LIk D Sk
rm=2r L L7, 7Tu—7d~A 70 R 7 =2 XD WGEG AN = H HECER O 21T
25, HBIEAT L ABMORZ v, RACHEEAM L2 72, 4 70Ax7—Y 4]
EROFEIX 0.1ym O E XY AT — (PI, NanoCube, P-611.38) 2 & D i E 7 =
HHECER DO 21T 5.

FHREERBEL 7 a v 74> at— () 4 B, PAPO1B-KJ) THEL 7. 1
Sdiild 20°C, FEAHRREEL X 45% Tdh 5. RAZEE)I3EERE A X (Photron, SA5 %
Flk bR 2L, K-ITEX) £ <A 7 8 2 32— 7 (Hirox, KH-2200) O#ii% 534
S, =70 OBREZ ZROUICEMI L 72, Bl S L3 li%IX Fig.17(b) D& B D
L4 2. SABIE 60 ~ 1,302, 000fps, k-ITEX % 50 ~ 3,000fps ®7 L — AL — k
NTES, EEEOEBRTIZ 3,000ps D7 L —ALL—bTRELZ., 7u—7 JHEICS
ZB2NNVAEER, 77y rvaryaxlb—% (ZX L7 MgkEr7a Y 7, WE1965)
THR I NEERRIE 2 BEEL 7 v 7 (IME 7 LY a v, HAP-10B10) THEIET %
K DS,
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Table 1 Particles used in the experiments to identify detachment voltage V4 and

time constant 7c.

Particle material ~Particle radius r{um]

Soda-lime glass 20

Soda-lime glass 40

Table 2 Particles used in the experiments to identify detachment voltage Vg,

surface resistance Rs and surface capacitance Cs.

Particle material Particle radius r[pum]
Soda-lime glass 15
Silica 15
PMMA with conductive polymer 15
Polystyrene with surfactant 15
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ARXTOEEZEHIL %036 7a— 72k FoHE LICBEISE 5, 21T, 7a—7LHE
WOz €LYy AT —Y 2T LMo, RFoHEz2#Tons L) Ickikz
EAWCE»T, RPN A0, HLEZMTL I LW TELBEMNEZX Yy 7 D=0¢%tL,
SIS ELYV AT =Y TiERizBEHI X vy 7 D=2r/5 217, 2L CEHE
ZEHMUKI %2 70— 7 L eHEIE, Bidb 0z 7e—7 LIk F2BET %5 L9
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(a) (b)

Fig.17 (a) Experimental setting of the manipulation system, and (b) image

taken by micro scope.

3.2 WINFEARANDOERFIEETIVICEDW-ETHEE

WANFEERBRANDOEMBEE TFINVICKEIE, v ol —Y a vy ROEICHEE T
I, BABTHWATAEBASVAEBEANMCE 2222l —2 a3 vy 279 2012, BRI
BRIFE§RENT X = IZHEEE Vy & ERER RCs D 2 D TdH %, Table 11248
THRAITOWTIE, INSDEEZIT> %, HIC, Table 2 12948 15um DORFITE
WL, BENRTH 2 UNFEER T OMEBHC X 2 RNEEEOE G ZH ST 57
DIz, RMEF v vy v R Cy LRIMEPL Ry 25 FHE L 7.

321 BERRERE V,; ORTE
BEREFEE Vg OHIEIEL T OFIETIT o7, £, Fig17 (3@, 3.1 T L %
FIEIZHE, EVRAT =Y A 70RAT =Y 2T v —7 LT OMNEZ )
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D5, RiZ, ’u—7-HREELEZRLZIC TS, 2 LT, NEEERR T E 7213
7a— 7S ML B OBEARE L, InEENET VG £ 75, R r = 20um
Er=40um DY =% 74 LA 7 ARFIZOWTIE, Ho o o#iERE% 100 B, 7
0 — 776 OEEET%Z 100 [, FF 200 MOMIE % 21T\, ZMAOK T2 DWW TdHE
WE L7 a—706 0% 10 B9, FF 20 BOME 2T 72,

e FERAE R % Table 3, 5, X 4127”39, Table 3, 5 IZi3Z N2 Dk 1D
BT Vy OFV, mKflE, BXO0R/MEZTRLTWS, 7, P r = 20um &
r=40um DY = 74 LB 7 ARTIZOWTEY ¥ TVED% A ME & R/MED 203
REOVD, F62ZF2KTH I —DODELE LT, NEh L ToOMFE & EHEFAED
728 X OAl% Table 4 1239, D%, R TIEINs Oz EERERL Vy © TE/MARE
filfl) TERKRMARHIE) & Z2NZAUFRT 2. OBl oo fmicEH L, s 2 REE &
L CHRA L 23RS DWW, BEBLTEE Vg OBEE A OFHIC THR§ %.)

Table 3 Geometric mean, minimum and maximum values of detachment voltage V4.

Geometric mean of Minimum of Maximum of

Particle material — r[um] Va[V] Va[V] ValV]
Soda-lime glass 20 242 60 550
Soda-lime glass 40 217 60 660

Table4 Geometric mean, difference and sum of the mean and standard deviation
on logarithmic scale of detachment voltage Vy. The difference/sum is called

“Minimum/maximum expected value” in this thesis.

Geo. mean—SD  Geo. mean+SD

Geo. mean of of Va[V] of Va[V]
Particle material — r[um] Va[V] (on log scale) (on log scale)
Soda-lime glass 20 242 156 376
Soda-lime glass 40 217 117 401
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Fig.18 Variance of detachment voltage V4 of a particle made from soda-lime
glass with radii  of (a) 20um and (b) 40um. The axis of Vy is scaled linearly.
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Fig.19 Variance of detachment voltage V4 of a particle made from soda-lime
glass with radii r of (a) 20um and (b) 40um. The axis of Vg is scaled logarith-
mically. Work of adhesion A~ is evaluated by eq.(25).
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Table 5 Geometric mean, minimum and maximum values of detachment voltage V4.

Geometric mean of Minimum of Maximum of

Particle material = r[um] Va[V] Va[V] ValV]
Soda-lime glass 15 224 160 380
Silica 15 64.3 50 80
PMMA with
conductive polymer 15 42.4 20 80
Polystyrene
with surfactant 15 286 130 430

ETNADPOHEERE Vg 2 b 52223 TE S, 23/l D, FHEME
DI S B BRI I3 EEE J) F, LRI — 0 V1 Fomax 32D G 120, D) EWLELME

Fo = F¢ max & D BEBEERE D
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2e0f(D)

d
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EEPEL 5, BOEHEH Ay 12OV TIEMIFDOSFHKRD W 6 ERREDWAEYE D53
kD DRAREDR R 2720, TOXIHBEBONECLLEEZONS,. (BEIORE
IRAAEIZ D W TIE SR [59] WCEElEER L Th 5. ) 2o ofhic, Fig.20 ISR X9 I
KBS Z A0 £33 TR 2o THETET 2 2 EDEEE T DCHEROO EDE L
TEZLNS, RHZ—vvyiconTlE, BENRTHBMNFERETLOX ¥V 745
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FEL T, EROFEFRREICIZIEM DX v ) 7 OBRED D 5 72 0 I EM AR D1k
67, WMRMICERTLZ —a vy OIS 2EWEL 2 LEZ LS.

Fig.19 8 XU Fig. 18 1§ L 8D, HEWLER Vy OBEIE 0 13 F2 800 1 T3 /47 FE Rt
P&z, EEh ECIIAEANTRE %%, FRCHHIRMARE 226 r = 80um DY —% 7 4
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Fig.20 (a) Experimental setting of the manipulation system, and (b) image

taken by micro scope.

HEBCEIT Va DFR (23) ZREELS Ay B 2 LB d 5 &

Ay = SVEI(D) (25)
57rel

L%, ZOERNX(25) EHVE L, HERERE Vy 2585 1H Ay 25T 52 b T
EN %%%ﬁ@ﬁﬂ%f¥&nﬂ—r&ﬁﬁbf%ﬁ%o% AL Ay % Fig.19 ©
127”9, Takahashi &1 ¥, BEEMHEIZ 001 ~ IN/m DA —4ThsLEbN
Tm%wﬂ.thﬁmlgm%Lk%%%D@%%mi5&,amNﬁnquﬁ%ﬁ$
bHOMHEILELES>TLEY)., COERDEERIZIZE EFR, KT, R, Fix7
0— 70X H 5 ST & Y FEEEO BT ORI HELLE roq DN o2, 25
D30 F73 TR 24D KT ORI X DEEE MR Iro 72 2 LT XD, KRS Ic

HERL L9 < 2D, MERMICEETHEMECAEDONTLE L EEZEZ NS,
Table 5 £ 0, RFMENEL 2 L SICHHEBERE Vo ICEEBE NS, bk
2 EDHIH & FRRICHS R r EBEELS Ay OERICGER T2 EEZ o5, KIS
Fig.21 IR RO SEM @Blggmifk &, K (23) 26, BB Vy & Bl oM x
HiZE r OBIfRZEZETE 5. £7, A (23) DHXNHEE rq = r = 15um, BEELE
Ay =0.01~1N/m &35 &, BFERE Vy=823~823V L HMb 2 L08TES. 2
EY =% 74 L7 ARTDEEFERE 160 ~ 380V, B XAV R F L K1 DiEiE

24



FE 130 ~ 480V & L v ¥ —F L T3, Fig.21(b),(d) KRTEEH, ZhsDh1IX
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Fig.21 Images of the particle surfaces observed by SEM (scanning electron microscope).
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Fig.22 Snapshots of a particle detachment from the (a)plate and (b)probe. The

particle material is soda-lime glass. The radius of the particle r = 40um. The
applied voltage Vi, =550V

Table 6 Geometric mean, minimum and maximum values of time constant RsCs.

Geometric mean of Minimum of Maximum of

Particle material  r[um] R.Cy[msec] R.Ci[msec]  RsCs[msec]
Soda-lime glass 20 2.93 0.118 25.5
Soda-lime glass 40 3.83 0.174 48.3

Table 7 Geometric mean, difference and sum of the mean and standard devi-
ation on logarithmic scale of time constant RsCs. The difference/sum is called

“Minimum/maximum expected value” in this thesis.

Geo. mean—SD  Geo. mean+SD

Geo. mean of  of RsCs[msec] of RsCs[msec]
Particle material —r[um]  RsCs[msec] (on log scale) (on log scale)
Soda-lime glass 20 2.93 1.00 8.53
Soda-lime glass 40 3.83 1.10 13.3
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Fig.23 Variance of time constant R<Cs of a particle made from soda-lime glass

with radii r of (a) 20um and (b) 40pum. The axis of RsCs is scaled linearly.
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Fig.24 Variance of time constant R<Cs of a particle made from soda-lime glass
with radii r of (a) 20um and (b) 40pum. The axis of RsCs is scaled logarithmically.
The surface resistance Rs is evaluated by assuming surface capacitance Cs =

1.8 x 107! F and 3.7 x 107'® F for the particle with radii » of 20um and 40um,

respectively.
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Fig.25 Variance of surface resistance, which is measured directly, of a particle
made from soda-lime glass with radii r of (a) 20um and (b) 40pm.
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Fig.26 Configuration for the measurement of surface resistance. When a probe-
to-plate voltage is applied, the current leaks from the plate. The surface resis-

tance is measured in a Faraday cage for electrostatic shielding.
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Fig.27 Dependence of the normalized time for detachment Td on the normalized

pulse voltage magnitude V.
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Table 8 Geometric mean, minimum and maximum values of surface resistance Rs.

Geometric mean of Minimum of Maximum of

Particle material — r[um] R[] R[] R[]
Soda-lime glass 15 4.53 x 10'2 1.77 x 102 1.07 x 103
Silica 15 3.76 x 10 1.74 x 10" 1.55 x 10*2
PMMA with
conductive polymer 15 1.79 x 10! 8.90 x 100 3.57 x 10!
Polystyrene
with surfactant 15 2.17 x 101 6.76 x 10 6.12 x 10
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Fig.28 Relation between applied probe-to-plate voltage Vi, and detected mean

Detected Mean Current / [nA]
=

Detected Mean Current / [nA]
=

surface current I of the particle made of (a)silica, (b)soda-lime glass, (¢)PMMA
coated by conductive polymer, and (d)polystyrene coated by surfactant. The
marks denote the experimental data. The particle materials are distinguished
by the shape of the marks. The lines represent the theoretical curves of mean

surface current Is.
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¢ Silica o Soda-Lime Glass

A PMMA with O Polystyrene with
- Conductive Polymer Surfactant Theory
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Fig.29 Relation between normalized applied voltage f/m = Vi /Va, average
time for detachment Ty = Ta/(RsCs), and detected mean surface current
L. =1 /(Va/Rs). The marks denote the experimental data. The particle ma-
terials are distinguished by the shape of the marks. The lines represent the

theoretical curves.
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Fig.30 Schematic illustration of the electrostatic manipulation experiment. The
particle’s reaction is observed while applying the probe-to-plate pulse voltage
with duration T}, and magnitude Vi,. The reactions are categorized into 3 types:
the particle does not move (“No reaction”); the particle moves to the opposite
side in a one-way motion (“Success”); the particle repeatedly moves between the
probe and the plate (“Dribbling”).
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Fig.31 Snapshots of the particle’ s reaction for soda-lime glass particle when a
pulse voltage is applied. The radius of the particle » = 20pum. The pulse voltage
has magnitude V;,=390 V. The duration is Ty,=1, 2, 5 msec for “No reaction”,
“Success”, and “Dribbling” respectively.
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Fig.32 Schematic illustrations of the variance of the time interval Tyq. As the
simplest example, the parameters 7¢ and V3 are given two discrete values with

equal probabilities.
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Fig.33 Schematic illustrations of the plots of the time span between the rising
of the pulse voltage and the detachment of the particle T4 ; and the rising of the
voltage and the return of the particle Ty ; + T4, on the timeline. The success
probability Ps(Vm,Twm) can be calculated by dividing the number of the event
that satisfy Tq; < Tm < Ta,i + T4,0 by the total number of all possible events.
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Fig.34 Schematic illustration of the distribution of time constant 7¢ and detach-
ment voltage Va. 7¢ (and Vq) is given N, (and Ny, ) discrete values with equal
probabilities, and the distribution of the parameter is uniform on a logarithmic

scale.
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Fig.35 Plots of the calculated success probability Ps(Vim,Tm). (a) shows the
contour lines of Ps(Vim,Tm) on the Vi, — Tin plane, and (b) shows the relation
between Ps(vm, Tm) and pulse voltage duration T for each pulse voltage mag-
nitude Vin. The solid lines in (a) represent the 20% and 40% contour lines of
Ps(Vim, Tim) on the Vi, — T plane. The dark colored zone in(a) denotes the
area on the Vi — T plane where Ps(Vin, Tw) is higher than 40%. The plots in
(b) denote the calculated success probability Ps(f/m, Tm) The time constant 7¢
varies from 0.3 to 3, and the detachment voltage V4 varies from 0.5 to 2. The
distributions of these parameters are assumed to be uniform on a logarithmic

scale.

IRER 7o EBELEE Vg DIXS D EDZLT 2 &, RIIER Ps O3 & Z O Al
LT 2. Figd7(a) CHMBEEDIZS DX DOMEE2B LEE L (D% 0 BALME & B/
D Vi max/Vamn =1 £ L), BEBDIESDEDIE, 2 F DKL R/IMED I
TC.max/TC.min % 1, 10, 100 £ Z{LE W72 & ¥ DIRIIMER Ps & RTLAL OV R WE T, D
BIRE T T, B, BRI SVABE V, =2 & L7, %5002, Fig.37(b) ICRER
DIFSOEDIEEFELREEL (D F D RAM ERAMED I 70 max/Temin = 1 & L), H
BEIEDIE SO Z DU, % D RKMEERAMADI Vi max/Vamin % 1, 2, 4, 8 2L
W7 L FOBIHER Py L HERTULSV RE Ty, OBIRZRT. %, 22 THEERINL
NUVRABEV, =2 L%, Z2LT, SUVRABEV, =218 2RIHEE Py DRALE
% Psmax & LT EED, REERDIES D EDIF 70 max/TC,min & Ps,max PBIR%E Fig.38
N L7z,

Fig.38 X 0, WFES 7c LHEBLEIE Vg DX D EDIRBEDICHETHZ (DFHIRK

44



Surface Charge QO(7)

! - Time ¢
T ~

. 7
Variance range

Variance range+>
of Td ; (Or Td 0) of Td,i (Or Td,())
at hlgh I/m at low I/;n

Fig.36 Schematic illustration of the change for the variance range of the time
interval Tq; (or Tq,,) when the applied voltage Vi, changes.
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Fig.37 Relation between normalized pulse duration Tw and success probability
Ps when (a) the variance range of time constant 7c¢, max/7c,min and (b) detach-
ment voltage Vi max/Va,min are changed. The normalized pulse voltage f/m = 2.
The variance range is fixed as Vi max/Vda,min = 1 and 7¢ max/7c,min = 1 in (a)
and (b), respectively.
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Fig.38 Relation between the variance range of time constant 7c¢ max/7c,min and
maximum success probability Ps when normalized voltage Vin = 2. The vari-
ance range of detachment voltage Vi max/Vd,min is changed as Vi max/Vd,min =
1,2,4,8.
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Table 9 Variance of detachment voltage V4 for each particle.

Ratio of Ratio of
min. (expected) value to max. (expected) value to
Geo. mean Geo. mean
Particle material r[pm] Vd min/Va Vi, max/Va
Soda-lime glass 20 0.645 1.55
Soda-lime glass 40 0.540 1.85
Soda-lime glass 15 0.715 1.70
Silica 15 0.777 1.24
PMMA with
conductive polymer 15 0.472 1.89
Polystyrene
with surfactant 15 0.455 1.50
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Table 10 Variance of time constant 7¢ = RsCs for each particle.

Ratio of
min. (expected) value to

Geo. mean

Ratio of
max. (expected) value to

Geo. mean

Particle material 7r[pm] TC,min/TC TC,max/TC
Soda-lime glass 20 0.343 2.91
Soda-lime glass 40 0.287 3.48
Soda-lime glass 15 0.391 2.36

Silica 15 0.464 4.12
PMMA with

conductive polymer 15 0.496 1.99
Polystyrene

with surfactant 15 0.312 2.83
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Fig.39 19 = 2 L —% 2 v FERER & IR Ps(Vig, T) OHIEZ T, Hifil23%E
RICACHIINFEIE Vi, HENDSERTTAL SV 2R Ty, TH S, 70y FlEMZRZhD <=
Eal—YaryiERz2R L TED, Al Dribbling, Olf Success, X% No reaction %
ZNZENEL T 5, ERBIHENER Ps OFEHRTH D, B D8 L LHIHOIRIE T Ps
DEEEZRL T3, Fig.39(a) & Picking up O#fE, Fig.39(b) Ix Placing D#{EIZD
WT, ZNZNDOIFEEEFER LIRS N NIHER Py Ot Z L T3,

A Dribbling A Dribbling
O Success O Success
__ Operation: Picking up x No reaction __ Operation: Placing x No reaction
D: L 1 M M L L D: L Ll v L B AL R
& &
5 5
I [
1eE 1 E
g g
2 8
SRS SRS
S5 N B
=A =A
3 £
o= o=
Z A . Z A :
Normalized Normalized
Pulse Voltage v, =V, /V, Pulse Voltage v, =V, /V,

(a) (b)
Fig.39 Dependence of observed particle’s reaction and calculated success proba-
bility Ps on normalized pulse voltage magnitude and duration for the (a)picking
up and (b)placing operation. The cross, circle, and triangle marks indicate the
observed particle’s reactions “No reaction”, “Success”, and “Dribbling”, respec-
tively. The solid lines represent the 20% and 40% contour lines of Ps. The dark
colored zones denote the area on the f/m — Tm plane where Ps is higher than 40%.
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Fig.40 Manipulation method with shortest operation time.
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Fig.41 Manipulation method to avoid the defect of the particle.

V(OTD_U V<f>w VU)T

40 . Vo), (Tmo) = V(z) ) =
= = Q . g
__I_—_

& e£ o5
] = =
o ] =]
e — E — e
a a A
% T — % Tino S % T —X—%
& | & | &
le Vm2 Vm3
Pulse Voltage I, Pulse Voltage Vi Pulse Voltage Vi,

Fig.42 Manipulation method to avoid the defect of the particle when the re-
sponse speed of the power source is limited.
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