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1= Fim

11 HIRER

INA FHRGE - BAEEFESFICB T IEER T nv A L LT, REY-EAKTIZBITS
IR - BEDN D D, BIZIE, FHAERTIE, PSS HlaZ & omiiias b ok s
TR E DM Z T DBRZ, DAEDPERE SN D RGMEOMIE ZRET D LERD D
(1. 2O X5 MR - SEEOFEE LT, ik, @7 e —% A FA LY
— (Fluorescent Activated Cell Sorting System; FACS) 23/A< WS TV 5. FACS I3,
dOEAER U 7o il 2 — 22~ T L —F— O R & il S, £ OHGELE) b Mg D£E
RMEZHBIL, Ead G2 TEXDITHIRZIRY 272 FETHS. ZOFETS
FEEE TREIE DS AIRETH 2703, FEHIZm M/ dEE 2 LB & L, Eo300Eic kv
ARUZHE A=V EBBEZTLEI EVWIOER S S, U EOBERIZEY, 2ok 5 72k
OEAEIIE, @l - SHE TH L7720 T <, KX b THlRICHE A =22 5 2720
WasROHINTND.

ZOERDRBRITH LT, T, A7 a7 A A& L, sOEREE T
AR D EESBIREE, PRI FRIRE 7 EONTERINAS A~ —I—%2 D [T )
— | MR BETENHFIE STV D[2]. A Z BRI T NA A, A AWFE, b
FLEREDFIFICBIT LIRS, RIS, 78, bEVolcEz 2 r—nsv Lz
—ODF v T EONEKE TIT O T A AOBFTH Y, £ OEEEME H> 5 u-TAS (Micro
Total Analysis Systems) <> LOC (Lab on a Chip) & HIFINTWD. ZDO X577 /34
ATIE, BEAE~A 7 nipbBE~A 7 1A — FVORUNE (A 7 nitE) z M
WD, =7 a iR A — VIS THRARIESH 72 W ORERENE R L, S~
TEENOEBENLEN/RD[3]. ZOAF—LRICEIY ~A 7 ol T, 1Bt
J1 LRSI DA KT IR T TH D LA IV ZEPMEL, TN OTRAVTETR E 72 5.
JETIEAHANES) (ELIRICEIT DEAL) ORWEIRE LTV Th D720, TR
S - B e &AL A UNCHIET 2 2 LI X0, WAL O H RO A RN O
FeEONLEICHIE T 2 Z ENATREL 72 5.

~A 7 BRT A A TORAF-ROMI OEETIE, BB oI X 5Ecnz, &
KRR NN OFIHT D2 ENTED. A 7 B iR T S A AR RGE 31T 2 RN
THfk (MEMS £71f7, MEMS: Micro Electro Mechanical Systems) Z %/ L CTEf i 5



T ENEL, WKL &b IO 2 AR IE 2 2 D OIXHIAR S TH D . /e
WHEE A G T 27 A AT/NERFNEE CTHROVESZ AR TE 5720, EXii 1%
HWEHNZFIHT D ENFRETHD. ZD X 5 BT A RERRITEFHEI N TN D
By L L CARIENES: (AC Electrokinetics) [4]3% 5. RIMENIEFIX, ~A 7 0 A lr—
JVCHTEAL T 2 AU Yy T CA U DRSO IR R ORL - OB « ks 2 583 2 7285 ¢
bV, ®GEOBI%E LT, HEvkE) (Dielectrophoresis) , B2 %hH: (AC electrothermal effect) ,
BARIR%E (AC electro-osmosis) 23& 5. BUE, L6 DIRZIEH LItk 4 7l i -
FHADTZ DD~ A 7 0 iR T NA APRE SN TR Y, FEARITHT TR ED 5 i
TW5%.

LETHRRIZE DT, A 7 vk T A AL HELAMNFIEL, KX hpoT
N7 U — ORI - B E LTAETH L. £O—5T, LHEO=I LU
H’ﬂf\@%ﬁ“ CELTRO L S 2ER 5. ﬁ?ﬁ%ﬁ%fﬁ% O VARV R gAY U R UN7Y)

KHVRHE DB L < T 27280, K OBAEICHE LT BR~D /Ny 7 7 — e &

DORPLETOND. BIZIE, FEKELERIRETOM TIE 0.1 S/m &AM O

HEROBAMEFASND Z &M%, UL, Ml > ARSIV OEE

BERELTH Y, REBEREAROMENITEEDRGEA b L AT XD IAEHDOIET R
LT 551 0fERbH 5. EEEREARTOMBBENEAETENT, M~
HA=V KL, 22 ORILE A BN T 2 Z LN TELTONFITbFHFETDHEER
bivs. £, ~A 7 v e M7 70 r—ra OMdEOFRE L L TLEEDNY
MRS 5. B—D~A 7 ol CldFIiTumEaEnEmniia~A7a ) vy MRELLT
ThoN, HBZLoTEIATGRGAELH L. ~A 7 n i OWrif 42 500 pm F2 I
RE L FTHUTLHLEZIEOE 5(6]75, Wi O K & 72 5B Tl — MR IR A B B F
FEEME T3 2720, EFHETIEZZO M — K7 OBBREESE LR BNE L7 D.



1.2 HIROEH

U EOBEROH, FRB% S zmii 727 N1 212, RE S BBFE L 72 Bk
~A 7 aET A AN SHD. ZOT 3, ATX 550 um X 550 wm O L EE W o E FH I
340 OB A LE L, A -FHH A Z =0T oF 3T 20O E T A ZTHY,
HIR DERLE - FHINCIB W TIROFIRE R B D EBEZ HILD.

® IR MDA T NA ALY bR, BAZED U X7 37, MV
BT 6 ARSI T - (XEHE TR U@ 2T 2 &N TE 5. KSR o 72 DAl ~0 &
A=, IKERO - DNEEDOHE MR TE 5.

® LR 5 W ALE OMIEIZA 8 BTN L TRV, LEM - ZWin COSHE
BN X 2 MifaifE - SHHS P TH 5.

® Syl « AT KV MR AN EIE T 2 SEI A T AUERR & 72 KOO ERAE - B
ANCEMTE 5.

ZD XD BTN A O TR EEREA T ORI - FRIBIN 2 fESr 9, 73
T U =IO - @R OMHB] - A FEER TE SRR DD, L, 2D
7o OIIEEEER IR T 5 R IREVEBR OIE M & IEMEREHIEALETHY , £
< DRFHEET Lt FHE) & EXARHEL IEL EMELRITHIE R 6720, LaL,
FREORR Z RO T A AT BT D @B EREA & AL o iRE) 2 8O mE R
T HFIZIRENTE ST, WEROH LI IS W TEGEININROUE Sk & O Ul 72 5o %
AT Z LIIR#ETH LS. 2L, #ERNRIREIBR 2 BT 5720 D) 72 FB
& LUC, BB 15 (Computational Fluid Dynamics; CFD) & X— A2 L7z HfEY 2 =
L—2a b b, AGITxt LTiX, CFD (2381 2 IRARVE O Mty 14 4 1 FH rTRE C
BV, WYRETMEBLONRT A—=F ZAZT 1 24T 2L, il A 1 = X LB KA Fr
PR, RIEORMN, PR 7O, SGERTTREDTRETHS.

Z ZTAMIFRIE, Tov T U —homEndE - mAhERO M - S B B A 7 A
TR L L C, EMfEE~ A 7 n iRk T A AT W TEREE R ORFRREIK 2 W O B
(CHE & 72 DR BLG & P BT, R 136 L OVRIK D ZE) & AW B FIIIRF O T /S A 2D
ERAVFHEZ BEMATIC L VBN T 2 2 2 A E T 5.



1.3 BIRAS

1.3.1 HIRHROREERR

ARFFETIL, BFEERL~ A 7 0ifiET A A CEEERRAR O BRICEE L &2
SN LB L LT Fig. 1.1 {27 —OOREBRZHEORIRE T 5.

Subject 1 Subject 2
Particle-fluid flow due to ACEK Hydrodynamic focusing using the Y-
near the electrodes of the device shaped channel of the device

Cell Electrodes

Sheath liquid (low conductivity)

AC electric field

Ion d1ffus1on
u - ~
)%ell

Electrodes

High conductivity fluid Sample liquid (high conductivity)
Main flow channel

Cell manipulation Cell sensing
(Batch processing) (Continuous processing)

Fig. 1.1 Schmatics of main subjects of this study.

—Dxt% (FRO; Subject 1) X, RILESFIINRFIZIS T 2 BT OFRE ZEE) T
b5, EREBRTATITESIIMC L5 Y 2 — VAR KT IUE, BT TEAL) R
X DWMENIAEL, FRIIFICE > T AR BEAELT H[8]. 2D X 9 i@ Z1%
M L7+ - flflaffE & LT, ISR 2 % O kik & Lk O TR B Tl 2
FIIN9™ % /3w FRYZ2 K01 - MITEEAE9)[10]35 2 Hivs . FiiROfiEh & 3Bk Eh 2 OF
T2 LI E 0~ A 7 afiEBENOREE SR oM 2 FiE - 0B 5 X 5 2 ERED
AREL b EEZEZX LS.

B O (K5ROQ; Subject 2) X, T/ ADY FHRIRE A2 HEH LIz A R X
AT v I 74 —H 7 (Hydrodynamic focusing; HDF) HFOiEhZEITH 5. HDF
X~ A 7 B EICEE O TR & P S & TR AR W A LREHIE TIETH 5. Wik
RER~YA AW T, A F MR EOR T2 G50 EmEERDOY TR



(Sample liquid) (Z{KEE LD > — A% (Sheath liquid) Z W HE S8, MLk 1-DifEiL
ZAR 0 AT & RIRFZEI A A CiAD D Z & THRHERE 2 B 2 5HF A1 [12] 250058
ENTVD., ZOFETIERGH T ORE SXLEXMMHEIIG LT, VYo7 rBlov
—ARDIEEEZ DT LI I VIEREEZRFEH T2 2 N TH L. KT/ 2T
P B FTEH LTS 72, BN Y o 7 R 2 £ 0 AT I I ACE T NS A i
T5Y FIEICLD HDF N EBEZ DD, O X 5 2B OFIEI XA 2 250
ATV AT O Mt oA B —F o ZFHANCEH TE 5.

1.3.2 EHFOME
AWFIEE, BAETEAR T 360 2 IR TiE 2 X— R HEE T VAL LT
5. RGBT HEERD “ODOBGTIE, K4 B DOEEN MBS N O VLERD

D, FELBGLEFEEA IS LT ARNREE 12D, XIREOMAT OMEE £ L0
%L Table 1.1 DX ST/,

Table 1.1 Summary of numerical modelling

Subject 1 Subject 2
PlTocess of Cell manipulation Cell sensing
interest
Main S . .
AC electrokinetic phenomena Hydrodynamic focusing
phenomena
* lon concentration profile
Evaluation * Particle-fluid flow mechanisms
* Particle stream shape
items * Particle trapping
* Resistance sensitivity
* Electric field
* Flow through a channel
* Heat transfer
* Advection-diffusion
Physics to * Particle-Fluid flow
(Macroscopic mass transfer of
consider * FElectrothermal effect
ions and particles)
* Thermal buoyant effect
* Electric field
* Dielectrophoresis
* Three dimension * Three dimension
Numerical
* FEulerian-Lagrangian * FEulerian
approach
* Finite volume * Finite volume




%D (Subject 1) DFFHTICIE, 3 RITICBIT HE, B\, Kt - FASEE) DAL
FRAT S LEE L 72 2. 2 2°C, BT OMA & L CHRREIEIC L 2414 77—+ T 7
Frvalki AL, B, R, WMIREEEZ A A TS, ki TEEE T STV
INCEET 27 V2 g LT, RIEIEBL TIE, EFGREFEXRHZEEL T
%. ERIZETIIIGEESR - (KA K CHEELT 2B 13][14] CTh 270, EEER
KaEXGET IR CIXZORBIIMETEXLLEZ, BELRNDbDOLE L. k5
OQOfENTCI, EROMERMNTET ML Y, BEEE AT CRE SN D Z kIt
fEE Z L, TORXA =X LORAZITO. £z, TOWE) - jkE)A T =X LDTE
& LT, HBNOMEERTIC X 0 Bl SN - EBKE OB R EIcE R L, 8T 2
— X AL T 4T KO RL TR ORI G & T 5.

%1522 (Subject2) DFFMTIZIL, WEEFROY T IKIZE N DA A ERFITD
WT3RIEOWEREN ZFRT D2 MNERH D . Z ONHIITARAEIEAIC L D244 77—
W7 FEZ2EH L. RroBEHIECE, 2O THRLET 770V aikTiERl
FA T B E D~ aleFEEZRAL TS, 2L, —D— 20k 38 k0
Tl &b DR BB O AL AEETH Y, ~ 7 n iR ERBLO I B8R
I<HAETZDLEEX PO TS, £, A AL OMEET 77 0V 2l 5 DI
BUER TR, £ T, A4 v LR FOE &k ® R EOBRILBA TR 2 & &
L7z, 72, BXRMFHINCET 25 D70, A A PB4 2 8 E R IRk LS E
BOMEEIT o1, ABQDOMEHTTIE, Y EDEFMAIZL Y, miEEsRig 2 K ER
KCTHERT DEROA A LR FDIRENA 2T 5. ek, o FEEE, v 1 /X
B, T Ve EDRT A= RN EL S, B OREBIZE T DBE T IICE
MFREZR G E LT 5. £/, ELOFEMKRICESE, KEK TOMIEDOFHK
Z A Uk il RF O BRI IS E B LIoB R OHEE - 3 A217 9 .



1.4 FREWXDERK

AL, REBLOLLTOARDDOETHEEIND.

F2ETIE, £7, AFRICEET 2RO OV TR~ S, KRIZ, FFExt5 L
T HEMEE~ A 7 aifiihT A RZHOWTEA L2, ZMEIERRB L0, K
REAFT I v T F— R TITKT DRI N OWTIRAR D &L, v
Lalb—va VORGED T D DOFEBRTHEM L7 ZBREE 2B 5.

%3 BT, mEEROMREIRIC R EYS %WWLL%@M% TR ZEEh DX
FENTIZOWTIRRD . Z OfENT T, B E W AT OWMEBENIZER S LD 3 RITH
RREND A H = AN EH ST 5.

FHAETIE, FHIBEOMTTHELNTMEIA I =X LDIEH L& LT, ENIEERITIC
Ko THIIR SN 2 IEDOFHEIKENC X 2R 0BT IC OV TR~ 2. Z Ofiftr T
I, IEOFFEKENC K Dbt L OVRIARTRENC K DRI HiHe O HE5R B & & S AT
WLV BENIT 5.

FBSETIE, N KaZAFI v I T4 =NV TREOA A« R OB AT
IZOWVWTIRRD. ZOMITTIX, T/ A0 Y TRIFKE 2 4R ICHBENICBIT 5 3
WILDA A~ R ORESATEFHRE L, FERT A —Z PRE DI RIE T AR
HY 5.

FoETIE, A RuF AT v T 74 —0vr TREOEKEIEHINCIS T 2007
HUREE OBUEMATIZ DWW TR R D . ZOfRHTTIE, Y FRUREKE 7 VIR0 Tl E
Witk fE S BV ER AT L, ZOMBRICES TR FRHEE L HE T 5. MEOHEIC
H=, EREEHEL L= T v E O TRELVER EREDORREERILL, D
HUTEED W TR A1 R ORI 2 BT 5.

B ETIE, KEEE L TAFEOEGRZB D



HE RO E L ORI DO x4 & Bih

21 BETHHEEDOHRE

211 ZHREJ/ICEL HHF - MREFOERDHHR

<A 7 afiRT S ACBT D, RIRERIC L D EE BRI T ORI « ki 7 BRIEIC
B L CRD X 5 ilfzen’ it Tuvad. Lian S, & E 500 pm OF ¥ 23— EFH
(ZBCE U7 AT AR BRI AR RS 2 FUIN L7 B D 7 7 v 77 2R 1 D2 & F28k & 5K
TEMEATIC L0 A, BEVIIRIZ XD TRRIE O AR X OZE ORI X 0 RN O
BEEMBEICEEDLZ E2HE L TWA[9]. £/, Park HIE, & E 400 um O F ¥ > 73—
JEHENCEM T LA 22 LT A 22 HWTC, ADFFEKENCL DT 7 v 7 ARAD
TR E) & R & AT IC L 0 A U, BEGHIIC X DG BRI AR Tl & 9T %
Z L AERLE[0]. FEEOBEOHIE~OMEAICBE LT, Gao 1%, (FHE 200 um 2
FELHERI S D) RS EHEIZ = DO VR EME AT 5T /A A Z A CHi LA g o
BRI BENTTRETH D Z L AR L TWH[15]. £7- Xing 5%, 18 100 pmX & & 75 pm
DLW 2 80 R R & U, FI2 i Am N — Xt OEM L e o727 S A AT &
0 MR R ORI EE R FIRETH D Z L AR LT2[16].

LLED XS ICERRR L FEKE N & EERR AT OMABREICEEcE 2 &R
BEAERFZEIC L VRSN TV, L L, b OBIGUTIREEIR & EmEIc K& <K
735728, BEERSE & i8N B 57 3o Z2H T 5 Fiid) « kB2 E) 2 T4 2 01X
WEHCTH L. KRRT SA AO XS ITMEICEREMREZ AT L, » oK eWimoT A
AR 2 EREERTR &R OZFENI 2 E THMIZTHR b Tz o, Bigo
fEH - PRNIIB TR AN 0 D,

RREEREZOMEHEL LTEEY I 2 b—a UANER SN TWS. 2751, Bl
LOBBUNTES, B8\, Wi, B8 OBRMRIT A LI L 22 572D, ERITITER
BT HHNNRY R ab—ya gy, EIROBEEMZETIX, BHOROFHE
[15], &%, B8, WAUZ L 2EBNROWE E TOFREP], S OICHFEKENIETO
FHEI01IC L ARl T T D, £, K2 E TH L T 5611615 & 578 3
WIEDORE % 2IWTAL L THE L TWA. ZHICH L, 3 RITOERMENT 2 £ TE
X, v ab—v g VEBNCHITERIC ERE R 2 AW TE T AMGEE - %2175 7 71
—FHLHEDTHY, 3R RBGEORIIIREGDEEZZ NS,



212 N FOFAF IV I74+4—hP T ICBBTHEEOHE

NN~ A 7 il — AR ER L T TR E e v T EICERIE D
FEIL Hoffman & OWFFEICAEE H[17]. OB EEOBLKGHI~OEATIE, (44
YEGUEEBEROY T NVIREIREERO L — A TERT D2RONIER & 5.
Nasir HITEBERRX—ZADNA A2 —[18]1BF LT\ 5. ZOHFETIE, —an
380-600um DHIEHEIKIZ I T, LHEIIR O FIHAL IR & BEIER DA I L 5
AL ORI & BARMEHT 21TV, VR & ORIfR & LA VL XHIEINC X 5 A E
DEFZFAH L TWD. F£72, Nasict OB LT, By ZEICHT 28EROS
MR 90 FEFR 725 5 e LT, Winkler HIZK DA v E—X U AV A A MY —[11]03H
B, ZOTNA AFV TNV RV THICERSE I, ERICET YT
KOG 25D 2 X5 I SR P REICERT 2 e L 5. v THA~DOH
WEATORWZD, WMEITE (v ZHM) 75 pmX &S 25 um & HDF 24 5 i
BELTUINESDTHD. £z, ZOMWETIE, A A OIEBICE Y, i FICEWER
DERNPFEVIKEDNMETTHZ 2L TWAD. 1Z0DFEFEFI & LT, Rodriguez
LIZED~A 7 ua— N Z =g Z—[12]BNH6NT WD, ZOT A AT 7L
WRa —OOFETRYIALODEEETH Y, 180 um X 65 pm Wik DL B T EEE O
R FHEALER (1000 particles/s) ZFEBLLTWA. LLED X 512, Kex RERGESH
& EIZI W T HDF 1T K DI - Ml O EREFHIOMIER N H 5. LL, Ziublk
WFALHIRALD F I > TEIRNTALD & 2 IZEMNEE I T Y, KRT /A
A D XD IZPRAVCTEEL 72 F BRI FRAL D & 9 7R EMRELE & 1372 > Tz, K
KR T NA A LITESHRFHEIIR R D EEZDOND. E- T, AR T /A ZAD HDF
I O R I 3T 7 R R E SN TH 5.

HDF % 3 2 5> AT AT, N O A 4> LR OEFENEE TH Y,
FRCRLERIBEECE v v THMNE DA A U RENEECTH DH. T O O EENT
~ 7 BB LR TR D 2 ERE. T O, A A2 ORI R E < EE
A TERVOICK L, B pm ORLF OILHGREIIIEE IS SRS 2 L2200,
Z D XD ITHERBARE A R & < B 2WE Ok B4 1T, BEEMFIE TIThl# ITHEt ST
W5 RS 2EIZHOW TR, RSB 2 — A L UL O EkN 1 DY
B DM 7R OPEE ST OVNT, EBR[19] [20], fEMTAE21], BLUT I a2l — g
V[221[231DMER B D . —FF, PR IEGL T X 2B OV T, SEmR O S A K
E LT ERBEOHRN[24] NEHENTW5D. £7-, HDF OAWA, ik, LA



J NV ZBAHEAF LB R CERBIRNER T D 2 E XA FEER & Hfl R =
L—a A2 Lo TURSATVA[25].

VLD X 91T, HDF O A F v &R+ Okl B4 2% < OWEflR & 5 53, SEdX
TA=ZTHLHEL, VA VI, X7 VBISKTT DIRINOERAFIIR LT, A
DIRE NG 2 THITE HIERITEHE STV, £72, EROEHSRIC X 2EFRE
DERNRS H7=, HmNOBELRETH L. LEXY, KART A RTBIT 5,
BEIAWGRAIS KT 2 3 IROCDOIRESAR OFARIITHIE S X = L— 3 I K 2 R HH
IRINT A—BHABT A PLBETHD.

& 5T, HDF (2K DR+ « MMEHERE ORI ITE RO I 2 b — g b0
L7725, Ealkod Nasir 5[18], Winkler H[11]DAFZETIE, €7 /L L THRENIZERIKL -
ERLE LG AEOA Vv E—F U REFR L, KIS & DR GRE & 3 M L <
Wb L, BRIGTNA ZAOPEE CHIKAD X 5 708 um ORI 12 5 356121%, &
Bragikloxt L CIERIT/NS WRL T2 #7570, IR T RO KN 207 7a—
FIIRETH Y, O ET NV ENHHT LR EDOTRPULETHD.

10



22 BEEBE A /ORETNAR

AREITIE, R Th DB~ A 7 0 il T A 2D, 1ERIFIEIZSN
THHT 5. ATF AL 2L, RELICRVBBINT, &E, SRR HAE - FHH
OIFZER O 2T _A ZATHY, filaD~v=tal — 3 04 L E—F 2 25
ERMRE LTS, EEOEEWICLEIIEE SN EBT 2 AT 5 DR KRE
TRHHECH D AMBLIL Fig. 2.1 D X 51272 > THE Y, i (Microchannel part, Fig. 2.1(a)),
158 (Mounting part, Fig. 2.1(b)) , F&4k (Print circuit board, Fig. 2.1(c)) (2 & U Rk =
o, R, BIXAET I ATTETCBY, Y FROEN « 2k (Branch
channels) X OEMAO T B (Main flow channel) ZH3 5. £72, Zh b OFRKICE
NHMAA (Inlet) EH A (Outlet) 2 =>FTOHFT5. —HOMMRADDE XX
FORHAIORA R A & 7220, FEAD & 02 AN THEA IR Z L TH B,
FFEHE D 5 WAL 1L A O BRI AS 4 8O E S 4v, Wi A w4
RO WH T 8EMNFEH T 5 L ) I TWD. BUHEIZIE Fig. 2.1(b)IZ T & 91T
B - BEIRZAT O T O DA = JRHE O ax 7 25380, m%ﬁiﬁﬁ%%%wfmg
21T LD ICERICEE S D, HAR EICITIREEE O F 40 18 O BRI 8 S iz
10 D VGA Wi 238 0, 2D VGA Hii 7> b B ~OHMAATRE & 72 > T\ D . i
HD 3 WITICIR % Fig. 2.2(a)l2n7 . EmEE ORI R IL 20 mm TH U BRI 4.5 mm f#]
b CEFEE O 5 Wik ZAdE STV 5. ERGRERH O CT B8 Fig. 2.2(b)D X 912
2o TERY, —ilMN 550 um O IEFEFLEE O EAIHEIZ 75 um OF X OEMNZERMIE T 4
JERHLTWD Z Lbnd. ok, MESLEMOGFEMRR « SHEX, %R0 Efit
Hre7 v OEiT Cil 3 2. EBEEA~ A 7 kT A ZZLLF OO0 @D FIA
TR IN TV H[7].

O AEHTADIERIC~Y AT Zhi L CTEMELDAGEEESED.

Q@ ARV EFRELNOEREZERTCEMAET S22 LICED 1HDEESL 5.
@ EiEO~@%FKVIEL, SEOERIC 4EBOEMENHDIAEND.

@ JBROFERE RV LTINTL, ~4 7 ajfii (Wmm) 2#0 729

® ML U 7= R Bbi & 51 D B CERAMA TR D L N AR S 5.

® FUANTICEY, Z5FToh2DWMA - i &2 1LE22< 5.

@ BB @m?éﬁ%%% RET 5.
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Main flow channel

Fig. 2.1 Electrode-multilayered microfluidic device. (a) Microchannel part.

(b) Mounting part. (c) Print circuit board and terminals.

(a) (b)

3 outlets/inlets
Substrate

-
g
—_

(=}

'2)

o)

3 inlets/outlets

Fig. 2.2 (a) 3D geometry of the microchannel and electrodes. (b) CT image of the cross

section of the main flow channel.
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23 XRBERROER

231 HE

~A 7 v BT DA EYs T OMIBERET O ZEE) (Rt X OEAR D% IR 0> 24 H)
ZRATT D72, ZZMENE T OBRR[AIC D&, T T L OB E T 5.
AR D LBV, RMENEF KRR &3 5 B BIGUE, 753 VKE) (Dielectrophoresis; DEP) ,
EEGNE (AC electrothermal effect; ACET) , &E5X=1%E (AC electro-osmosis; ACEO) T
2. PHEKENT, RNY—ESTH TS OSIER T 3kE S L DB TH 5 [26].
KA & JEPRATRAR D RO FRIGNAKAFE LT DR FIAE T2 2 L 2FH LT, AT
R ZKB S5 2 LR TE 5. BEGRIT, V2 — VBT Ko TRIRTIZIR S 28
RS, £ ZICESGZRHINT 52 & THEISNDEMICL > TELLIRHBETHS.
ZOBGIRRESA N ST O T ARY =78 E R EFERIC L - ThlgI D, ER
R, BRI OB Oy & EBR _EEICHE S BN & O EERICE D
RENZE > THIEERZ SN DMEBIR TH H[27]. T OUAVTIRER, (REHERTH
14 % Z LB STV A[13][14].

FROBGD S L, FHEKIITIKTIAEET DMWRLT 23 ES THET, Wik Ok
FRKENT 28R TH S, —F, BEGIRLLERIRG TR BIRNEYS THE% T Tl
T LBRTHDL. DD, TAT— T 770 alEORF - FARFENT ORI
BT, KFOEIIB W THEXREIZZE L, MAOEDIZ ISV TEIIROES
REDEBEBET HZLIZRD.

AMFZE TR, TARTICERIPRLF SIS B LT R &2 GE L, Yy, MAEE), =2,
BB OR A FERAEE L TR, 26D FRRUTBW T, KL O EhE
BROMEL LT, BB 2V 2— VB, IKEENC T 2B, KiFEENlE
T OFEEKENNABET D, ok, AIROEBY, EXIREIITACER, REESR T
LT 2BE L SN TWDHTID, mEEREIKRERIG LT OAMETIIER T2 L &
L7z.

2.3.2 RIF - REEMRAR

MR IR O L ENBLG T EHR ORI « FLREAR L IR A D Z LA TE 5. RO
BAEfgtT <l FREIOMAEMEH ORE 24 L, BWUNCail - @it d 2 2 L AEET

13



o, £IT, WHRET IMLEIT I 720, ROMDDREH A 7 — /v [28]12 VT, K
I VARIRFRVEIC BT 2 FEARR R ST DO A — & — %3l 9 2 .

%:&ﬂi @.1)
18u

_ ”f’fg—”jpz 2.2)

T, = 627\/, 2.3)

7, = i—; (2.4)

22T, on, T ool TREN, EEUSERER, BUSERH, EZEERH, iho
FYERERICH Y, po, dpy o, @ ITRLTOEE, B, B, BEOE, 4 BIO 1
1%, WARORSE R L OBMAESR, v, (TR L REOHEREE, LB LT v %, Wi
DREESBIOREHETHD. WE, ilkaKE LT, p=1x10° kgm?, d,=2x107
m, @=0.001, Ly=5x10%m, vy=v,=1x10*m/s &FET L, KRR —L DA —
X=X, 5,~107%s, 7r~10*s, 7.~10s, ~1s TH Y, KA —LDOIL, /7 ~107,
., /7~10°, 1/p~10° L REL OND. 2025, 6/e~107<1 L7252 L1, KiviE
BT IO TIE R KB NN R o TR ENDH T L ZRLTND. 2O K9 Refiiit
OIRBEIIAE (dilute) LPMEEND. £To, BLTOEESRD TN E N, Rt
XK DRE < BRI E B 52N EBZ D ENTES, EBIL, o>
REfI A r— Ve /g, or/g © 1ICHATIEFINS V. b, @ LOEUCEI 3
HA =T A THY, R OEECIED, FARICHERRIZBHE L, WKL [FEE, [F
BEERARELZEE2RLTVD,

LLEZ Y, BAEMATICIWTIE, BAORMBEER Z %I, £ OMAIEE Z v
TR iEEN #5535, —HmEEK (one-way coupling) Zi#EH T 5 Z ERAEETH Y,
BHEZR L« IR EENZ VR L EET L2 LN ARETH 5.
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2.3.3 BIEOERAEN

B O HAEITFEUE Maxwell D HRANSENND. <A 7 0 A7 — /L OEM - ik
WIS Tl O B2 55 Z L3 TX, §EMIMIE (quasi-electrostatic limit)
T Maxwell O F IR O = > DU HAlL X 5 [29]
VxE=0 (2.5)
V-(¢E)=p, (2.6)
.7)

V-(O'E+peu):—a§:

ZITC, EIFELRY MY, ¢ ITFER, olTEER, p IEMEE, u XET b
NThHD. RQHLT7 7 77 —DiE ], ﬁ@@iﬁ?xw&m AR NTEMIRATFDOR
EREEND. KQNDELDOE 134 — LFEE, peu 1 EXVRIC L DEMOE@EEZRL T

ﬁ*v4/wxﬁme®ﬁ~&—%ﬂﬁﬁék,aﬁ

, ZIUH ZODIEDHTH HER
x10"F/m, o~1S/m, vy~ 1x10*m/s, Lr=5x10"m & &

EV,
|peu|~Re =_f~10—10 <1 (28)

oEl oL,
it> T, RQNOMHH po u OFBIEHATE D, WIZ, BH—ARHHK
B E 38 FERE T,

LRI CX 5.

B o DIEZ AR EEZAD &,
E= Re[E], E=E, exp(jor) = E,exp(ja)exp(jor) (2.9)

DEICFEIRTE D, E,=E, exp(ja) ITEBHDO 7 = —FERTH Y, RPN o D

HMEeSUCEBHTHD. WE, o6 ¢ PERFICK L TR TH D EEL, *HitHE

PGS L1280, XROEXQNDEFLED TROLIICTELS ZLENTED.
V-[(o+joe)E]=0 (2.10)

E51E, RQRHIZLVRT v g ZEAL,
(2.11)

-V, ¢ =@, exp(jar) = ¢, exp(ja)exp(jor)

15



LRAE, K100,

V-[(o+ jwe)V, =0 (2.12)

DETFETD. KQADIT 0, eDEMBPMDD LGGOEMEN LD, Ebilo, ¢
N—ERDGEL, ¢ =¢, (FF Zxt35 777 2k

Vg, =0 (2.13)
THH ZENTED., ZoLx, EHIT,
E,=-V¢, (2.14)

LRIND.
K(2.13), Q14DORDVIZ, WiB%E 2 THRLE, FMlig=4,/V2, E=E,/N2 <%t
THUTONXTHEAELTH L.

V=0 (2.15)

E=-V¢ (2.16)

23.4 HAEER)EEROBHRFTENX

TEAARTESR) O FEME T FERUE Navier-Stokes HFRER L DX TH D, ABFZER XIS L5
HIAVTIRIEDIR LV A 2 )V ZEiRA CTH U IEEMEIRANL T TE 5. WE, JiiROREE
LT B L, AHEE G T IETHE Navier-Stokes 7 & Hfe DT,

pi—l:+p(u-V)u=—Vp+yV2u+f (2.17)

V-u=0 (2.18)

LREND. DIT, p RAKOBE, 4 XHIEORE, p ES, fIEAE (K
7)) Tihd. SENE 2 EOKMTIEL, LA A RI Re = pULA s 1 1IZHAT 4/ &
FHISIERTE 5. <A 7 0B OWHN OIS T E L BT 5 2 L b 208, &
RV T LD Re<c 1 & 1378 B L 2, A CHTHIES 28 L TR 217 5.
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A2t #8455 FUINIRE O 3 (B 8) D R A Tk, QAT DA f iZB W TERTI(AC
electrothermal force, ACET force) & 4% /J(Thermal buoyancy force, TB force) % & &7 5.
P2 L, SN, EHEBI OIS 2 7 — L BB O TN TR 2D,
ARV SE N O REEEE) LR & L TERT 5.

F— DI HETH HEHINL, EHEINILE O AT OREARIC LY, BERLH
BRPE—FRERD LIV BET LIEXNRITHL. ZOE, Hwmtizix, #
7 2 DOYERI & BT IRAF A R 723 L O I JRFTHI 2R B o A e e 3 5 2 & TF
BT HEFENBO] RIS, BESOEAITIE, Ramos HIZ X 2 EENEGR[4]75 X
<HLNTWDS., ZOEEBPGRIZE D L, RRESFIINRE ORI OEET ] for TR
ADLHIIEKBLINS.

f;;ﬁ%(vj:—%jfo%—i(% -E,)Ve (2.19)
ZIT, r=¢lo \TEREMEMTH L. RQIYDOEDFE 1 HITr —a )], FH2HIT
FHENEFRT. WE, BIBEOFMHFICEIIL t~1010s TH Y, o<10%rad/s FREIZIHBW
T (o<1 BB, 1+ (0 =1ThHDH. Tz, EERSHEROAN ZIRE L
BLVT % T, Vo=(80/0T)VT, Ve=(0¢/0T)VT L% L, BHIIFMNEE = E, /2 %
AV, REI9FRO X H I TE 5.

Ser :—g(ca —cg)(VT-E)E —%cgg(E-E)VT [(a)z')2 < 1} (2.20)

ZZ7T, ¢,=(1/o)(00/0T), c,=(1/¢)(0¢/0T) Th %.

o

WIZ, FHB_OHN NI E L TERENZEBET 5. BURE, IREZRIC X0 JRRE R
JRPTRNCZ AL LTBR IS, EADOERIC L BRI A RESEL N THDH. B fs
%, BEZREET OME L TRO LI IZERIND.

frs=1p(T)=p(T;)} g (2.21)
ZIT, gl IENINEE, TIIEERETHD. BMERE T, BEZ NN WGEE
121, KD Boussinesq TN LS FHINS.
S5 =pghr (1,-T) (2.22)

22T, Br=—(p)(dp/dT) X KRR TH 5.
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LR DHNTT for, frs T RO DI2DIZITMEDIRE S NLETH Y, TOT=HIZIRO
B p L X ik FREX A BN H 5.

or
pcp5+pcpu-VT:/1V2T+0'(E-E) (2.23)

ZITC, ol IR, A ITBMRERTH D, NQR.2)DOFAWE 2 HIE, KK ESGEIMN
2R T DR O Y 2 — V3B E RS, X(2.23)/8505 2 HORHRHEIL, 7 LK
Pe, =Re-Pr=pc, UL, [A (Pr=c,uf/A 377 MAK) 7 1 IZHTHT/hETh
FIEETE S, LoL, AIBROMKITEIROKEEF IR CTHY Pr~1-10 L7252 L
D, Pe,2Re THDH. - T, AFFETITANRD &350 K(2.17) DX i E % i ¢ X
RN, KQR2)DOXEH G EEATE N 22 5.

235 REPOHFEEOREBESFER

A B OMENTICIE, B ATl (Point particle approximation) ¢ 3E®) 5222 55 5
L. WE, Mz EEo B AR CIERT UL, EE R,

ﬂdp3 dup

= 2.24
6 dr (229)

Pp

LD, TIT, p IR OEE, d IIRTRE, wy | TR, FIXRFIT/ERT %4
NTohD. ML S5 ERITREER 2 ORI TH Y, Kt & RIROR TR
BRETHDZ LD, KRN TIEImEOBEE LR —& U TR T2 RET H. 2
D & X ZPEIGEIIRHRL FIZER 2 £ 2722 )it /1 (Drag force) & % IKE) /)
(Dielectrophoretic force) @ D EFX LD, Thbb, KOEE)HEAIT,

3
7Z'dp dup

o dr =F,+F,;, (2.25)

Pp

EETDH. T, FAIH), Fore (TFFEKE NI THS.
U Fa 0%, AP OWEE w &R FEE w, OFRHEEIZY LT, IROA h—27 A
OEFHIZEHT 5.

F, :37zydp(u—up) (2.26)
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F72, BEIKEN) Foee 1%, AE)—EGH OEREKL - IZ/EH 3 2 REE ) O F5 fE vk Eh
FaEFFTRAMICEL D BESTS.

Fop= 24%”} eRe[K()|V(E-E) (2.27)

Z 2T, K(w)!Z Clausius-Mossotti factor (CM factor) & FEIZ4L 5 B4 0 ORISR TH
D, ROEXIITERSIND.

K(w)= g"+ 57 (2.28)
p
~ .0
£, =¢, —];p (2.29)
=e-;2 (2.30)
w

ZIT, §,BLVE L, KABIUEARDOERFESR, ¢, BLVeF, Kk LU
Mi@%ﬁvi o, BELWo TRFBIOBEDOEERTH L. £, X(Q2.27)D Re[K(w)]
X, FEIKENOM®ES & AN L EER/NTA—ZThHY, WOLHITEL LN
TX5.

o’ (e, -¢8)e, +2¢)+ (0, —0) (0, +20)
RelK(@)]= o’ (e, +2¢)* + (o, +20)* 2:30)

Z D Re[K(w)]1E, —0.5 22H+1.0 OIEEED 155, Re[K(w)]<0DLE %A OFHEIKE)
(negative DEP; n-DEP) & S\, 5 UKEN ) Fore 1%, BHTRE O K EZVMAID B/ S UV
2D FENCERT 5. £72, Re[K(@)]>0 DA % EOFEEIKE) (positive DEP;
p-DEP) LB\, FHEIKEN) Foee 1, FEIFTREE D/ S UMD H R EVMANZ A A5 W

TERT 2. ~A 7 aithhT /34 21T 2 ol RS & CTIE— kI BT O Y0358
<, %W#%%hé:OhT@iﬁﬁi%<&ékw,E@m%%ﬁﬂﬁ%%%@mﬁ
S HFMINL, FHEIKEN IR 7 2 BN SRS 2 HFMICBESEL 2R TE S,
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24 N FAOFAFESVIIA—NIVTDER

241 BE

AEITIX, A RKaXAF s 74— 7 (HDF) BEDA A2 LRi1- Ok
B L OB R AIRRE DT FIEIZ DWW TR~ 5. Y FREIKIC 51T 5 HDF IZ K DA
A = F AT K DM v 7 ORI & Fig. 23 107 BUTRT L O, W
VTR & — A RIS AR TR, IRA LB T A, MENIXERTH D
7o, BERE TON FIEBIC L > THRADE Z 5 LB 2 6N b. MR 12O\ T
FIEENC K Dk A R TE 5 &2 & FEAIER I, EkH, LA 2 VA L
O A DI T 27 LEIC 2 B2 b D, 2O X 57 HDF 254 L7zt
BT, W - BERE L OV — 2B X O v TR OWIEECTE BRI L TEX
HIRFED R 2 IZBAE T 2720, ZHODORFORELZELHET LI ENERETHD.

Main parameters

Sheath liquid (Low conductivity) -
QS& W r = Q4 /Ogom - Flow rate ratio
o T Re = UW/v : Reynolds number
fotal Pe = UW /D, : Peclet number
> i—) Ion diffusion |:> W !
o o Oy, Osan - Sheath, sample flow rate
ﬁ Ororar = Osj O Total flow rate
A Electrodes U = Qo /(W2 : Mean velocity
— Sample liquid v D S
. 2.9 . Dynamic viscosity
* Tons — High conductivity D Ton diffusivi
. Cells ; + Ton diffusivity

Fig. 2.3 Schmatic of cell sensing using hydrodynamic focusing.

ZOXRIBREREHATHICHTED, WS ODOBENRNELZES 2L LT5H. £
T, MRO—RPR Y T VIRIL, B LR E - ORFMERER CTH 5 & AT,
ZDOEIEA A RORL T ORENFHETH Y, ELREDRLEEIT D FTREMEMEN 2
EEERT L. ZNUCEY, A 7 aiBENOWAIE, AOOFRIOIRIENFRE L & b
IZEML LR WRY, EFIRETHL ERRTIENTE S, I, MIIXERKI 7 =
Y OWPSIEERL T, DFE VR LRI FRRIBE TH L EIREL, ENORELEHET 5.

ZhiE, BRoXGIC LT, R <10 pm T, R & BERDOBEFEN 40 kg/m?
D & & DOILFEEED 2 pry/s FREELLT & 72 0, AWFIE O REPHIC 31T 5 W F R U
>5.5mm/s (Re>3.03) IZX L CTHO/INSWDBRERIEUTHDL EEZLND. 0,
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A F NIKIZEIR L TN DT, A A 0 OEiEFEENC B W CTE O FEITEE T H 0N E
DRTRUN.

WIZ, BT« FAESOMEIERICOWTE X 5. Mk 7 OEBFEFREN & s
DEFEA T — Ve TH D A b —7 ZFUTIEF /NS W2, Mlfa3SE TR O piuc X
BT D, Fio, WAVUCEE R R ORL{- OB OWTIE, #7), fK#, XM
TIDOFHENE Z 5D, BB L L, ~A 7 a iz 2 Wi 56 okl - Es) &~
L T Inertial migration[31]23HI 5T\ 5. 7272 L, ZOBRNBEENT DIZITRZ 725
With &+ e i ENLETH D . KT S ADOFEHEBHE A X2V T 10 pm RO
WL 3 AL SRR 2 DIC B2V RIE, Di Carlo |2 & 5 fifE 2 FHIF[31]IC &
AUT Re<20.7 TIE33mLL EICRD EHEMEOND. 1o T, AT A ZADiKEEER (20
mm) TOHPIZEBWTIHIOREIEATELLEA06ND. KRIZ, FLEIZHONT
X, ko LB, MREZHI 7 v Ohi 1 L35 L2 DOIHIREUIIER I/ S <, K
EFHEIC BT 2B A OBEBALIZfE 5 AL (false diffusion) [32)12%f L T T 5
EEZLND. £z, BRI oW TEL, HUBEOMMEBESLERE FF5 2L T
R ) DR BB~ DB 2+ RBTRETh ¥, EIoh B Z KT T /I,
KRBT A ZATITBEMTFOR SN TH 0§D X 7 —/miZxtk LTHa/h &
A%

LLERY, AOFFETIE, MM B2k & FEE (FxhdESR) TBRET 260
EAET D, ZOMREIZEY, BT8R BB E N Ok IR Rk & LT
FRNTZAT D Z E N FREL 72 5.

242 A7+ - FHFOBTRILE

HDF (Z81) 5 A A2 « hi Ok 282>\ T, Navier-Stokes = & 8z D2 TR
DICHES; 2 AT, A4 B LUK ORI Z R LERH DH. W, v —X
WEY TV CTHKDOEE, BMENRELL —ETHDH L X, EIEMDER
Navier-Stokes TR Q217 DIFEFHEN T EHEE L TR L 72 5.

p(u-V)u=-Vp+pVu (2.32)

F7z, HEOXFXQI8) LR LKA (FHHE) Tho.

V-u=0 (2.18)
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T, A4V R OBRIEHIIRD L 2 IcRINLD
(2.33)

u-Ve,=DV’c,

u-Ve,=D,Ve, (2.34)
ZIT, aBE Ve T LA T BIORFIRE, D BEODAFA A BILW
RLF- DIBARE T H 5. KA OISR EL D R T E 5356, NQ3D)ITKROBF T2

RUTHAL S 5.
u-Ve, =0 (2.35)

243 EAEMEREBRORESTEEREERE
HDF (2 XV ER SN DR @B OR 253 5729, HFRIREAO

ICHESEEFEEAZ BRI RIT 5. WE, Fig. 24 12777 X 972 HDF &
PE LTI OMRE A 2B 25 . B DY E DRE

FFIEME BBV TREAEITIE
L0, RifmisEaipe & EmE I IR R A H 0, Fig. 24 (ORT X 9 IR mE
S AR 7
B

AR
B th DIE

fH (ERE) OEZRS TN O

WOEHETHD LMET D &, hifi@isE
HRDDHZENTE L. ETTTEMmIREE DI E LT G O /3401 E, FRE 3
HE M OREMR33]L Y, XQ3e)DEHickIND.
QS(, Fully developed velocity profile
g_ u=uly,2) Intlerface z
N, X X
s—o— =o={E—=Ysc=c=o=0i bbb =0 - W 1. +y
Do A Bl oflah
&. o T é’
. w
sam Particle Particle passing region
(Particle stream)
Fig. 2.4 Particle stream thickness under fully developed flow assuming flat interface
cosh irz/W) |cosliny/W
( / )} ( .3y/ ) (2.36)

(l 1)/2
l

cosh (iz/2)

") 5 o

u(y,z)=
HTT 1,3,5
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T, xRNSR, y B IOz (XM TR OERE, uwlE x SR OFEE Sy, WITE
FIEWImRE O— D DESTHDH. KRIZT, Lee H[24]DiiEE5%512, K(Q2.36)%FED L
Ty HROFEHEEZRD D LR EHS.

_ v Lpmpe . _ 8w ( dp) <& 1|, cosh(imz/W)
MA—WIWM%)®—lm4 Mlz;fﬁ ?@EEZJ (2.37)

S5z, XQINEREOFIHEZZE L Tz FENIHESTIUE, TR Owun/Ovw & TEZ I
IW DR E LTIRO L HICRBLTX 5.

P 5 9% i sinh (iz8/W —ir/2)+sinh(iz/2)
Qsam _ J'—W/2 ﬁ(Z)dZ _ f(é] _ W T i=1,3,5, - iS COSh(l/Z'/Z) (2 38)
Qo [ () 192§ tanh(ir]2) |

-wi2

AQR3INT LY, (EEDTREL Oun/ Qo WX DIERELLIW Z—EIZRO D Z LN TE
5. FZ TR T, Q3L TRE dEESA BGmERE & ExR L THir+ 5.

244 BREHBICBITIHFRERE

RIETIE, BB~ A 7 aififkT A A28\ T HDF &5 L= filaoESGE
PNZDNWTIHRRS . RO &30 5T /54 ALL, 5 W7 LS i B IRE | S R S TE R A 5%
EINTHY, WrikifEll (BR2 OO0 FET) A v E—F UV AMER AR TH .
WE, KERORTESIC L DMEEZ XD &, MIITIEEEMR - & LTl Z &
T&%. 22T, HDF (T X5 mEEROEREN A IBEEMRL 53 B3 25 BT
FEAbEZZ D, KT S ZZHBWT Y FHRER TO HDF I LY miEERO Y 7R
DR OMEEZHE H-EA, Fig. 2.5(@)\RT & 212 v 7Vl oo 20 OEMmSA
e, KWV T, Fig. 2.5(bIRT &L 5 220020 ER A ] L 72 42 it d  F
I & D IEHTRIENRFTRE T H 5.

P
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(a)

Y-shaped channel Multi-electrodes

Sheat
i Niiing
AE e '}v—m
RS B @ @ @ @ ¥
o 0 O | @ @ -
Sample e

(b)
Sheath Sample Main flow channel
eat Hi O, m
(Low ) (Figh \) Electrodes \ il

Z(—Tx ? Tx %

- /
Cell X=X
(Insulating particle at low freq.) (k=1,2,3,4,5)

Fig. 2.5 Schematic of hydrodynamic focusing in electrical measurement in the subject
device. (a) Focused layer and electrode configuration. (b) Cell detection in one cross section

using an AC electric field.

ZDOEDRMERICBNT, WELOZE ) DRIFOEE 2R 556, K03
& EOEHUTST 5, WIRAMORENEETH LS. ZOFIG AR R Sk & L,
RATELET S.

S, =2 (2.39)

K

= (2.40)

EEITDH. 2T KL, BEAVEHEMHINSBRHEEORIRIC L > TR EDERTH
v, RIOWEBOKRTEFD. KT A A2k L TUIRER S & LT Fig. 2.50)ICRT
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BAGE m & &0, ERTOBNLVERERANT, RQAVADD L IICEHT L L
ARETCHD. RQ40)NT KD L, EEIOEIL, BAEKEEEROEILE LTHRZD
ZENTED. BERES CHEBEAMOEELEOWE TELVER K & TORD TEE,
EHHEIC LV RIOEELREZRD D, DF VRV EREARE L L, BEIOZITEE
HOEIZE D EEZ D, AR TIEIZDE X% HDF IC#EH L, R2AEWGED
HDF (2 X Y Wi B VERNRE Y, ZOR/VERITR 235555 b Eb L0
LOEEZDLH., ZTHICKY, R EBFFOBRIA L EEEBREOLN L, K(Q2.40)D
BAER K ZRE LT HE, KX(2.39)i%

Sp=—t——"=—-1 (2.41)

EESIENTED. 22T, omld, BMHEHERNICKL 23O 255G 0, K1 & &M
BRORBKDOEERTHD. 723, KHFEIZEIT S HDF TIREERSMNFET DT
W, oB I Vo TP EHENOREELEBZEZ LT THD.

WIZ, Z OREBIDEER G \ZKkF LT, Maxwell’s mixture theory[34]% i A 7 4U1E
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ERBTE D, 22T, OIFBHEREICKT 2R FOBESFETH 5. IEEMERIT1C
LT, REAITBWTe=0~T5ZLiIckkXa2E5.
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L@ (2.43)
2
KQB)E, KDL LB TE S,
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N 3;D (2.45)

K245 XQANTRAT D LI LY, BEICKT 2ROELUANELNS.
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WE, RIVERE VSRR d, ORIT- 08— THET DB EEZ D &, RIS,
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bbb, XQ4OIZKQANERATHZ LICL D, Bk FIoxd 2% %,

3
5, =" (2.48)
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e

ERTENTED. - T, MHEER V. 2, (2482 L0 IBEEEMEDH—hKL
TR T D EEEHET S Z LN TE D,

26



25 KRBREE

ARHWFZECIIEHNT £ T ARREED 72 D B & Dl 21T > T\ 5. FEBRTIX, Ak~ A
7 aifhT A ADOMIZ, BEEZHINT 572007 77 varyzprb—4, w47
B INIC BT D MM Eh 2 5T D O O FBEMER L OmEE I A T, ) Y
R T a2 Lz, AETIEIND OFEBREM RN+ 5.

251 2720y arvozRrlL—4

FEERIZHER L7=7 77 v a Y=L —% (Function generator) DM G HE % Fig.

2.6 |2, fIAk%Z Table 2.1 /k§. FEBRTIL, AMEZRZE W TT A AOEMITEEE D JE W

¥, WIEOBELEZHI Lz, BRI A e L, IRIEIC DWW T DT 50 Q
Z TR HORIC BN T 20V, ZFIIIL TV S,

"
o)
=
=

T_;
o
o
=
=

Fig. 2.6 Function generator.

Table 2.1  Specification of the funtion generator.
Manufacturer Agilent Technologies
Model number 33220A
Output function Sine, Rectangular, Ramp, Traiangular, Pulse, DC
Amplitude 10 mVp, — 10 Vi, (50 Q)
20 mVyp, —20 Vp  (Open)
Frequency range 1 uHz - 20 MHz
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252 RFERMBAESIUVEEEN*S

FEEBRITAE A L7708 (Microscope) & @i A7 (High speed camera) D4}
BT H % Fig. 2.712, fHEE% Table 2.2 38 X U8 Table 2.3 (2739, ASEHAE ISR HIRE
#iPH %2 Meinhart & OX[35)IC XD BFED 5 &, MR 728 d, = 17 um (2% 2 9 5 5%
FEVT CRI 718 OBEEE DN SR LT 1/10 & 72 2 &aPH &9 00E) 130 pm FREE & 72 5.
FTo, EHET A T 131024 X 1024 OFRIE, 60 fps OHRFEHE A2 FHEL UTHEH L.
FERRE, BT L X B L, @EEN XTI K o THEE SNTCEROMET %
PC |2 k- TRk L7z,

High speed camera

Microscope

Fig. 2.7 High speed camera and microscope.

Table 2.2 Specification of the microscope.

Manufacturer Nikon
Model number Eclipse LV 100
Optical system Infinity-corrected system
[lluminant Halogen lamp (12 V 50 W)
Objective lens LU Plan ELWD 50
Magnification 50
Numerical aperture 0.55
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Table 2.3  Specification of the high speed camera.

Manufacturer Photron
Model number Fastcam SA3
Image sensor C-MOS linear image sensor
Resolution 1024 x 1024 pixel
Range of framerate on full frame 50 -2000 fps

253 YYITRVT

~A 7 S A~OERIH N 2~ A 7 ) B XYY VUK T % Fig 2.8 12
AL E T, VU VR T OMAEE Table 2.4 (2R, <A 7 122U > (Hamilton, USA)
I, HE1mL OMFEET Y Y (Micro syringe) 83X W77 v — (Plunger) THE
ENTEY EWBEREHT L. ERTIE, VIV URCTICRE LR EY ) 2
Fa—TENLTYA 7 afilEictn 2, BIRFHICIZEKBEORELZEZE L, 1EE
D STEAATo TN D,

Plunger

Micro syringe

Syringe pump

Fig. 2.8 Micro syringe and syringe pump.
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Table 2.4 Specification of the syringe pump.

Manufacturer MUROMACHI KIKAI
Model number KDS100
Syringe size 10 pL - 60 mL
Range of flow rate 0.1 pL/h - 426 mL/h
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ARETIX, BWFEE~ A 7 vtk T A Z2BWT, mEEROMIREIKIZ A E

B FUIN U T2 BRORLA- « FRASZEEB O BAEMEHTIZ OV TR 5. AT, EiREE Ok
DEOLGE X8I, S E W AT OISR S5 3 IRTCAZRIE) A 71 =
LAZEBNCTD.

N W

3.2 RMTANRDEER

AW T, MR T AL AZBIT DMz AW ERZ S I 2 b— b L. EBRoZ
&« #E % Fig. 3.1 27, EBREE T Fig. 31T L1, F2E TR LA
IR T NA A, Ty varyaRx—F, RFEHEMEB LOEEHED A Z, VU
VUR T THERSNTWD . FEBRICHER L7oRlaiE, & b VT E R R S 2
(MRC-5) TH VD, ZnaF Ny 2 g gk (D-PBS) (2 1.0 x 10° cells/mL
DILETEE L THEH LTS, ZoMlaifEiiz > ) o R FICE DT AL 2N
ﬁ%ﬁﬁﬁ%,%ﬁ%@mb,%%W@ﬁnﬁﬁmbk%%m%Hgaummﬁﬁ%#

THIFAOEEY 25 L7, R OF 3 WmicksnWT, ENnSE 1 55 3 J8 O EMIC
meJmmu@xm%E%WMLk%:%%ﬁ@<%¥%y@ﬁ&ﬁ%vwx%
T-ERE A TIC > TR - 508k L7-. SRigiFoENmITFE | BEOEM FhaiE ST

%5y=wmm,7v~Av~hmamm?%5.:@%%E@%~5%%:,mmm
Tracking Velocimetry (PTV) &2 &V Al O ES) 2 gt L7z,
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—; @@
B Goosbodood ¢ ¢

Function generator

Main flow
channel

Electrode terminals of
3rd cross section

Cell suspension

Electrode-multilayered T
microfluidic device  Silicone tube Syringe pump
(a)

High speed camera
with objective lens

Voltage applied

electrodes
AC
voltage

Ground o

Function generator

Unused
electrodes

d

-

Third cross section of
the main flow channel

(b)

Fig. 3.1 Experimental setup. (a) Overview of the experimental setup for applying AC
voltage to the electrode-multilayered microfluidic device. (b) Experimental setup for
observing cell motion at the third cross section of the main flow channel.

Reprinted from [37], © 2019 IEEE.
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3.3 @Ak

3.31 BITETI

FRMTIZIZA BRIRFEE 2 L, 1O Y 7k STAR-CCM+ 10.04 (3 — A A PLM
V7 hu =T AR L. STE T ARRE LU T & Fig. 3.2 17T, RE
TV T, Fig. 32(@)0ICRT L HIT, 73 A FEHH & BARGR E W i o J& [ &2 80 0
U722 FHEER S L7z, MEBORELFELIEL THDH®D, z = 0 TOXFRME
EHEELI 12 IIHETAVCTHET S Z N TE 5. fHEMERE, W (Main flow
channel) , MRS (Electrodes) , FkFHE (Substrate) O =-D>OFEIK THERL SN TV 5.
THEEICIWT, B, 58, R - WAEB) 285 L CRHAE T 20, (BB S\ TIE,
ETHREZ®mD D120, WEIMUDOBGCE 2 ZE L, B & MG & o 7k
THEL TS, £, BxHROBEICHT-VEN T MEERT HLEND D, KRN
TlX, ADROFEER LRSS, B M % Fig. 3.2 ()DL D IZEFK LT

FHERT1Z, Fig. 320D L 9 ICLHEEEAEZHANTHE SN TS, Z2TWhWot
IV ENTAEBRIAEFEEICEIT D Control Volume (CV) OZ ETHY, ZDBMIIK L TZE
W OBEBIL MM T oD, RET VOB AKREIL 227,681 THY, TV A ZILHREEH R
HCH 20 pm, BBROUITL TS um TH L. RO A XKIFHEIZONT, EFEO
AP A XL, AT A X% EEROESREIC L 2SHE TORBEEE OB O ZEIX
15% K CTholz. DI Linb, Lo ENL, KO BRI TH DIREI A T
=X LD BNTIE, +a72 8 FRBRIELZFGT 2 L TE 5.
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Outlets

Substrate

3rd cross-section

* Polyhedral meshing

+ 227,681 CVs
Main flow channel

Substrate Electrodes

Electrodes

Fig. 3.2 Computational domain and grids.

This figure is a slightly modified version of [37], © 2019 IEEE.
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3.3.2 FHEF%

AR DET WATBNT, &y, BB, WRTE), K E®Eh oSBT RE A ek U TR
Hrite. WRROEERE LOGFEROZEMAEMIV NI N EGEL, B (ERNE) 13k
MCXT L TARZEE e L, IRD 2 AT v LI CEIE AT 7.

AT v TV IXBHOMTCHY, FTXQI5EMOTESLZNQR.16)1HRD S, =

FUTHFRAT 7 — R —EAT X RV, AT v 72 TlE, A7 v 7 1 TROTLESGEZHW
<, EoRE (X(2.17), (2.18), (2.20), (2.22)) , {z#h (X(2.23)) , Kiv%F) (X (2.25))

ﬁﬁbfﬁiﬁ%ﬁ%ﬁb Tk LR - O EERICHOWTIE, Bikotsy, —JF

HRAEEHAARECTH D, RENTTIX, A T7— 77T VaifEzmiL, SR
BT, (BB TREN OB 2 Sl sR D, ZF OFENE O fif & O ORL - EB 2 5158 L7,
Z T, MAVOFEIZIFE ) — i EEO—D>TH 5, PISO (Pressure-Implicit with Splitting
of Operators) {4[36]% i fH L7=. PISO JEIFIEE HAEMT FIIZ SIMPLE {50 K8 F5 2 H
WLET LY XATHY, STAR-CCM+ TR A[RERIEFED —D>TH D.

3.3.3 @&l

ATEE O BRRRIC LAUE, ARBICHB T 2ikAEENL, S & 289106 I L - ThR
I LERIND. £ T, AEH T, WMEIAD=XLEZHLNITH720D
/7 (ACET force) , #W#7) (TB force) OBEDH WA I 2723 /7/— A (Table 3.1)
OFRENRDLZ LElE 7=, Table 3.1 [Z8W\ T, Casel WEE) LR ) 28 LT- KU
—ATHY, Case2 BLV Case3 l1EMHED 5 H—2>D ) DK% ZEE LTt D r— A
THD.

Table 3.1 Simulation cases for evaluating fluid flow, [37], © 2019 IEEE.

Consideration of ACET and TB

Case 1 ACET and TB
Case 2 ACET (without TB)
Case 3 TB (without ACET)
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F7o, B EENIARDU L BEIKEN I OA ) THREN SIS, FEEKEN) ORI
& 72 % CM factor D FEFB Re[K(w)] 1%, ARFEHTTIT/NT A —& & LEEOEIZ DWW TEEA

L7c. ZDORe[K(w)] %% 21235 IX Casel DIfNGTOHITHT-.

3.3.4 Ytt(E

AJFEAT T U 72 PEfE % Table 3.2 12779 Bl oDl il e il oD 8 42 2B S s S 4,
Birix e MR R E R SR (MRC-5) |, FiRIZF <y 2V kg4
K (D-PBS) Z48@E L CTHENT L7z, TR0 EERc=14S/m B LKL 1B d,=
17 pm [ ZSERNZFES VTV D, CM factor D FEHS Re[K(w)] 12 HF DL DEZE L T
HREZIToT. MORTOBMEITITRIETH Y, BIHEEHO 22 WEIEIZSTR[38) %2 55
IZLTW5.

3.3.5 BREH

AIRHT OB % Fig. 3.3 \nd. BHOFE T, BEHERS X OFEEEINE
DEEZP= 0BV =46 VELNLNIEEL, MMOBEIL @ OHEST A DA % F
(BIREE =0) & L7z, ZO¢ DMEITERIZET HHREE EEBOMAOMEE NS S L5
ICHHEE L= DO Th D EBERTIZT A AN OBEFIRET-CHARETC X 5 BIER T3 H
DI, 7y rara X —2IZX5MNED bIRICEIINE N DRI S < 72
HEEZEZBND., Tz, WNOFHETIE, BEHOWEKEEZu=0 GV 7L) &L,

TR R CIE S p=0 & LCWA. BEUCHOWTIE, 810 H L 7= JEps ool % W
Bl L, B TEiciE, FEE~OBRBEEET S0, BURERE hw = 5
W/(m?K)FB L OSNVKIRE T, = 25°C & 5 -z 7-.

3.3.6 IHISH

fERT O (FEZ t=0) ICBITH5EMEE LT, AU W TR u=0, JE/1p=0
&L,hﬁ:omfi,mET:%C&ﬁzt.m%_owfi,@@%%&LJ@JA
(R X DK TTIERIRE (8w =155 um) THFF 1000 # Ok 7% Bl L7-.
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Table 3.2 Physical property data for simulation, [37], © 2019 IEEE.

Region
Physical properties Value
(Material)
Density p [kg/m’] 1050
Specific heat ¢, [J/(kg-K)] 4300
Thermal conductivity A [W/(m-K)] 0.58
Viscosity y [Pa-s] 0.00109
Electrical conductivity o [S/m] 1.4
Fluid 80
Relative permittivity &/& [-]
(D-PBS) (used in [39])
Thermal expansion coefficient fr[1/K] 3.03x10* [40]
0.02
co[1/K]
(used in [4])
-0.004
c: [1/K]
(used in [4])
Density p [kg/m’] 21460
Electrodes
Specific heat ¢, [J/(kg-K)] 133
(Platinum)
Thermal conductivity A [W/(m-K)] 71.4
Substrate Density p [kg/m?] 2190
(Quartz Specific heat ¢, [J/(kg-K)] 740
glass) Thermal conductivity A [W/(m-K)] 1.38
Density p, [kg/m?] 1050
Diameter dj, [um] 17
Particles
Real part of Clausius-Mossotti factor -0.25,0,0.10, 0.13, 0.14, 0.15,
Re[K(w)] [-] 0.25
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\ Fluid boundary (z =4 mm)
{ duloz=0, 8ploz=0,p=0
0T/ 0z=0
Symmetry plane (z = 0)
Side boundary (z = 4 mm}

>
Ou/oz=0,09/0z=0,0p/0z=0
Symmetry plane (z = 0, fluid boundary)

Upper and lower boundaries (v = -3, 1.55 mm)
B =5 W/(m?K) , T, =25 °C
T

I

b/
oT /ox=0 I
Side boundaries (x = -5, §.55 mm) : -

Channel walls (y=0, y=0.55 mm)
u=0, 6?/6}; =0

Voltage applied
electrode surfaces
= <= 0)

qu:0,¢:4.6\/

= > u=0, p=0

(GND)
/ z
u=0,0¢/0x=0

Channel walls (x =0, 0.55 mm)
Unused electrode surfaces (x = 0.55 mm)

Fig. 3.3 Summary of boundary conditions.

This figure is a slightly modified version of [37], © 2019 IEEE.
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Unit: [um] Flh """ l * 1000 particles (10X 10x10)
oW channe * Equally spaced (&,; = 55 pm)

s s CECEEREIERCREIR IR in each directionat =0
alal i
LS ”,E veoee e e IS Center positions ‘
BN PRI of particles
2 . B 'y

_._.‘:._._._._._.'_7_'._'._'._'.'_. :::: _Symmetry plane
g (z=10)
~
(o]
495 =9%55 Electrodes
27.5 | Omi=55
' Y

] s HPNP I T I -
] Ll — enter positions
i I R of particles v
e R P, I ’
Syl ﬁ—lz

s} A

o~ Flow channel

(o]

Fig. 3.4 Initial particle positons for Lagrangian calculation.

This figure is a slightly modified version of [37], © 2019 IEEE.

3.4 fEIRER

AENTIL, BIROMNTFE - 2L 15 BEOY I 2L —ya v 2 {To /R %
YL ARESCIREN N Y — 3D 1 B CRELSEb L, ZOHOMENRIIIIZIEE
WL ol FIT, RERIEATH D =15 DFEREZ W CHRBIEE A #E T 5.

341 Big EE, BRAN REHOSF

FEHEr— A (Casel) (BT t=15s OELME, BE, EEG), BGEH oW =
v 2 —[X% Fig. 3.5 \Z7”7. Fig. 3.5b)2 L2 &, EGEEITEMIIT TRE <, B
DHEND L & BIx Bz FRNICARKITIK T L TWD., ZOBESSMICKHIEL TV =
—/VRENC L0 BRI IS &I AT S 4L, BVEBIZ XV Fig. 3.5(c) 2R IR E A
DI S D . I E % & AALE T EMmm ECidZe <, & 50 LBEN - x =30 um
FRONE & 2> TWD. ZHUE, R L 0 & BWEEER O S W B ~DOBYREIZ LY,
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BEM] (FRICEME) (222> THRENME T T 2720 EEZ2 65, EBEJIIX Fig. 3.5(d)
IR T X ) ICEME T TR OB RE < 100 NmM 04— —L 720, B LEEN DI
NTRHICHEAD LTWD . IREDRER & 72 HALEAHTIZ VT, EEUNRIRE QRO
Mz ML THMEZRESEZDONFEPTHD. BWF X, Fig. 3561 L9
IZH KT 20-30 NmP B2 CTH 1, BBEIT A TR AMER 4 H/h . BUR T D541
KQ2)IC X VIRENA & RO AR L 72 . BRGEEE CIXBEINTEE S L0 LIEF
IR EZ WD, B DN D & EBAINT2HICEA L, B S 200 pm FEELL HHE
o LBEFNNERI % LR TS,
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~F D (z=0: Symmetry plane)

Flow channel Electrodes
: :..._A—&‘ Y A (y=500 um)
e B g =275 )
¢ Jg o ¢ (=50 um)

X z
(a)
Casel,r=15s
Electric field Temperature ACET force TB force
T f18
[°Cl [N/m]
I35 I30
Tl T 24

33
18

A

. I12
I R0
B

(=)

(b) (c) (d) ()

Fig. 3.5 Contour plots on the slice planes of (b) electric field intensity, (c) temperature, (d)
AC-electrothermal (ACET) force, and (e) thermal buoyancy (TB) force at # = 15 s for Case 1.

The slice planes are shown in (a).

Reprinted from [37], © 2019 IEEE.
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3.4.2 HRAEOREKRA

BN LR OZEOREEEZ T3 r—2A LR DO RENR DL Fig. 3.6 (2
RT. ERENT) L BRI DM & B LTc Casel TlX, Fig. 3.6()l "7 L 912, 3RILD
PEEREDTERL SN TV D, BT < TIEHEE 100 um/s LA O & CHMEZR RIS AE
L, MR & SOHMAICIIRRC D 72 TR N4 LT DL Wit 5 pm/s LUk & 72 28601,
Wrimi D (z=0) TIXEME SHUDO AT ZER<IZFELTH Y, z FHIZIL, Wrim A,
CXxv, B8EXZ900um (z]<450 um) OHIPHTH 5.

BN OAHFEE LTz Case2 TIZE, Fig. 3.6(b)IZrT X 9IZ, BT < OFEIKIZ Casel
& FIER D EEDOFRAVDIFEA L TV D D3, EBhm) b BN 725G OPRAuXEs . Jidl 5 pm/s
PLE & 72 D %PHIE, Wik D CIXEMMAI 250 pm, z HHEI2IE, Wik B £V, 520 pm (|
<260 pm) DOHFPATH H. £z, MAULETRFRE 2> TWD. THUE Case2 IZEET)
EBRELTWRWEDENORELZ T RN THD.

BRSO FHFEE LT Case3 Tl, Fig. 3.6(c)lZrd &L 9512, &< T hAgE, Rl
TR & R 2B AE L TV D, RIEOKRKIEEWTE D (z=0) (28T 20-30
um/s ToH Y, BIROERES T THEAL TV D, WE 5 um/s DL E & 72 2%, Casel
ERFREETd 573, Wik D I3 C, B O A5 XE 5 pm/s LU T & 72 2 $i[H 73 Casel
L HREW.

F 72, Fig. 3.6(a)-(c)Ztbizd % &, (a) Casel I3, (b) Case2 & (c) Case3 % /& L&abH7c
RORSAT LI TND Z EWNbnDd. ZORRIZEY, BT < OmEOPEILIZER
HNZEDbDTHY, £, ERPLEENTZSLFTORNIBGFENICL LD THLH Z &
BB o T
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Casel, t=15s Case2, =155 Case3, t=15s

205 um

L

A

D X
(a) ACET and TB (b) ACET (c) TB

Fig. 3.6 Contour and vector plots of the fluid velocity on the slice planes at = 15 s for (a)
ACET and TB, (b) ACET, (c) TB. The slice planes are shown in Fig. 3.5(a).
Reprinted from [37], © 2019 IEEE.

3.4.3 RHIFOEHE

Casel DWEARDFEAUZIBNT, FHEIKENSID/RT A —2TH 2 CM factor EEE K 2
7o 4 2, Re[K(w)] =-0.25, 0, 0.1, 0.25 (=53 2 b - #Uf 4 Fig. 3.7 IZ7~"9. Fig. 3.7 1
LpL, BEMSEENT-HT (BX%Z, x>50-100 pm, |z > 150 um OFFH) %77l
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%ﬁhﬁ@W%@ﬁﬁW&%&?:kﬁ?%é —J7, BRI CTlE Re[K(w)]IZ

K- URC AT R =N BN TV D, Re[K(w)] =0 1%, FEKEIDAER L Tuauvikie
THY, R HIXRmROFARTEEINC IS T D A b—27 AHU)CTHRE) S H, ik & O xbEH
/NS W, Casel DFRAVCIERE L TREIT 5. Re[K(w)] = -0.25 (FADFHEKE) T
BV, FLIXEMNOESH)ND X OIEBT 5. —F, Re[K(w)]=0.1, 025 [ZIEDFH
BIKEITH Y, FLHITEMICHEFEOLNDL L OICHEE LTV 5.

Casel, 1=0-155 Particle velocity magnitude u,, [;.Lm-/s]

0 20 40 60 80 100
2:0-100 pm Re[K()] =-0.25 Re[K(@)] =0 Re[K(cu)] 01 Re[K(@)] =0.25

.‘::'\\ LAY \l: E \ \: :::E E‘\\ W j
N o N
Electrodes L
_f_. S
Cross-sectional T
_channel e 7
Electrodes (a) Top view (y: 400-550 p.m)
y:400-550pm  Top view RelK(w)] =-0.25 Re[K(w)] = 0 Re[K(@)] = 0.1 Re[K()] = 0.25
‘. Py — == S ISR F====5

“ | Flow |
| channel

(b) Cross-sectional view (z: 0—100 pm)

Fig. 3.7 Particle trajectories for four values of the real part of the Clausius-Mossotti factor
Re[K(w)] =—0.25,0,0.1,0.25 for 15s (¢=0to 15 s), in Case 1 flow condition.
Reprinted from [37], © 2019 IEEE.

3.44 ERICKDETILOREE

AHETIE, va2ab—3a v OfREFERER R LET VO RS ZREET 5.
AR D KR IEFRIZIS\NT PTV IZ K o TH L2 AHE Eoo 10 8Ok F-#Uf 4 Fig. 3.8
7. FIRICBW T ey hORIIHRFEEZ R L TWD. 2tk s e, Eam bk
DOAIZITH 10-30 pm/s OE TEME HiE 05D K 5 ISEEN L TV 5. SO IR x
fifi (z=0) I L THBTH Y, B LN SHEIHRICIER > TWDH LIRS, %
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B C OB OB ORI L ONEEE X Fig. 3.7 1R L2y 2 2 b— g 2 X Bkl
B, W LTS,

100°um - -

Fig. 3.8 Cell particle trajectories measured by PTV.
Reprinted from [37], © 2019 IEEE.

WIT, K VFEMREROTD, @$@f¢ﬁ®*ﬁ%%%ﬁc:ou\f*ﬂaﬁfocttii, AT 24T
9. Fig. 3.8 TR U7zl & 13570 5, TEMRAHT 4 @i 9 2 M 2 st 50 x J7 10 o iE S
ZRRHT L7- 5 % Fig. 3.9 (27”77, Fig. 3.9(a)i%, FIKIZHR TR L7Z#RS (x =25 um, —25
um <z <25 pum) Zi@iE L7z o0OMiao 0.2 BEONLE LR LT 5. Fig. 3.9(b)iL
ZDOROOMIAD x FEREDYIEZ, $5r 8% OB te 2R LTy LT
HDOTHD. £7- Fig. 3.9b)I21E, D78 Casel DT I =2 L—3 3 AZBWT, (=5
sIZ/ (x=25um, y=500 um, z=0) 2>5HH L7k ORGRIERE] ey = -5 s 1ZXFT
L xFERE AR LTS, 2033 a2 L—3 3 URERIE, Re[K(w)] = —-0.25, 0, 0.08, 0.10, 0.11,
0.12, 025 O 7 FEEOKMETHE L7 b D TH S, Fig. 3.9b)IZH1T 5 BHE D AR ISR
WD x AT upe 725 . Fig. 3902 LD &, Re[K(w)]=0.08-0.11 DO#FiPHDRL -3
FRER E K<L TEY, fe=1s K TIE Re[K(w)] = 0.08 23,  tres = 1-3 s DHiPH
TIX Re[K(®)] = 0.10 2%, tes =3 s LA_ETIiZ Re[K(w)] = 0.11 23 ZEERTE RITITV. Re[K(w)] =
0.25 OFERIT, FEBR L IXWICEMAMICBEI L TEBY, £72, Re[K(w)]=0, -0.25 D
RIZHOBEEPRKE <, ERRER L OTEMNPEETHS.
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Fig. 3.9 Comparison of particle motion near the center line (z = 0) in the x-direction in the
simulation and experiment. (a) Cell trajectories on the focal plane in the experiment. (b)
Simulated x-positions and the average x-position obtained by the experiment shown in (a)
with residence time from x = 25 pum, #.,. The error bars in (b) represent the standard
deviations of the experimental x-positions at each ..

Reprinted from [37], © 2019 IEEE.
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Fig. 3.10 x-components of experimental and simulated particle velocities with x-positions,
which correspond to the data shown in Fig. 3.9(a) and (b).
Reprinted from [37], © 2019 IEEE.
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Fig. 3.11 Contour plots on the slice planes of the particle-fluid relative velocity upgp
calculated by Eq. (3.1) assuming Re[K(w)] = 0.10, d, = 17 um. The velocity vectors (in-plane
components) are displayed with constant-length arrows for each plane in the range of upgp >
3 pm/s.

Reprinted from [37], © 2019 IEEE.
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DEER o, 2T A= L LIz b & DEEES (o205 % Re[K(w)] D FHH B % Fig.
32b)0IRT. ZOBITHE, AFFEOMIRES L UL BROEESR, FHERELKL,

T EMROEROE 0.1 & LT, fMOSRMIE Asami & O SCHERO £ %58 FH L 7-.

Fig. 3.12(b)IZ £ % &, {KEF Tldo, 12K ST Re[K(w)] =-0.5 £ 725705, &EEFE Tldo,
IZ & D Re[K()|DIBEWRBLILTE Y, AHFFED f= 10 MHz Tloy, DEIZ L > TIXIED
FEIKENEL RDZENDND. 2L, TOEFAOEME AT A —ZEMED Z ST
DWW TIIHRRR N LETH S .
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Fig. 3.12 (a) Schematic of the double-shell model [41]. (b) Example of a calculation of the
spectra of Re[K(w)] using the double-shell model. Some parameters are assumed as follows:
R=28.5pm, R/R =0.1, &g = 80, o= 1.4 S/m. The other parameters are assumed to be those
of lymphocytes [41].

Reprinted from [37], © 2019 IEEE.
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FHEKEINIXQ2D T AT TH Y, Re[K(w)] <0 (ADFHEEKE) TH-TH, ki
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%%i&@ﬁTﬁﬁ%HOK.E%%ﬁ,Ewww®xﬁ%ﬂWWM@ﬁﬁﬁ@ﬁﬁ
L5,

3

Fopvaite = 47{%”] eR{K (@) 4,E, a—i(Ax*Ex)} (3.2)
ZIT, A =1/{1-2K(w)d,/4x)’}, ¥FEFILEEZTT. 72, KBTI K(w)DHE
W7 T BE b MBI /2 D729, HiiR® Double-shell model i H L, Re[K(w)] =
0.10, Im[K(@)]=0.15 & LCHE L7, Fig.3.1312k 5 &, x>20 um Tix > OXDHE
REBFFE—ET D0, x<20um TIE, ZOORDFERITERRY, Fopp . (X Fppp, &
D R&ZeNHETeo TS, ZOREEND, x <20 um OFFEIL, K —BEOMHAE/ER
X0 KQL2YBARIEMEIZ R DR EFHECE 5. LL, ZOMEKOKE XL, K
Wrisi A XD 20453 D 1 FREToH Y, BB OFFEIKE) O A ZhFEEII 3 L THai/h v,
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Fig. 3.13 Comparison of two different DEP force calculations on the center line
perpendicular to the second electrode surface (y = 337.5 um, z = 0). The two curves are the
x-components of the forces Fpepy, Fpep-waix calculated from the x-component of the electric
field E, on the line. The Clausius-Mossotti factor K(w) = 0.10 + 0.15 j corresponds to the
curve in Fig. 3.12(b) with o, =2.11 S/m.

Reprinted from [37], © 2019 IEEE.
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ML CHAETIUT RO B E B LG AR R L 2V, K L IRIK DR A0 &
L6 DR FEBO THREZ M LsE5 2 LN TE 5.

BRI, WPEEOREMRAFIEIC DWW TEET L. KL, S8 L U0BE 0T
TARTIREICL2EEE, FEEBLIOEEOE(LELEBEL WD, LorL, Xhd
FHREX TIIEHEOI I ORERTFEZ BB L TV RW2, IREE (LN KEL 72
LHEETNANOTHRENMET T2 EE20N5. RERTIL Fig. 3.5 1285 & kWi
NT 6 CREDIREZLN S D120, Z OREBCEHIHOMIEMEDOELEE 2D, Fik
FHE DRI I T 2 B MM OIR LI 2 2 {bEIE Table 3.3 DL 9D, 2T,
TR, WER FEROB(CFRIL Table 3.2 OEEZSIR L, KE, HE, BMzEROLE
(LRITIRE & MBI O FR[44)0 HHEE LT, Table3.3 12K L, KHE L EBERIIMOY
PEE & 0 S ZLRP KR E <, ARERD 6COIRBEZEIT3 L THE L 18%IET, #EER
X 12%IN4 2 & WAL bILD. fEo T, ME LEEROREKRMFEOZEITEETH
% . RS DJRFTI e A, MPENE N L CHEENM 2 2L S, A b= AHHEN
L Ch i E AL S 5. FEERORFTRE0IE, B X ONRES %221k
S, EEIIRBIE A LIRS 2% KIET . E72 CM factor 24T L T
VKEY ORI T HEZ 2L ST D, ZOXIITHEBITEMETH L, ET AV TINDDOIRE
KIFEZ B BT IVUTERBIZICRT 2 TRBERM ET 5582 5. 12720, ZOBEIX
TR OIEIEMECHER D E R 2D D72, RESDDONEEL L 25 AN D 5.

Table 3.3 Variation of physical properties of water with temperature near room temperature.

Physical property Variation rate with temperature [1/K]
. 1 dp
Density p -Br = ;6_ ~—0.0003
1aou
iscosi ~—0.03
Viscosity u PEn:
1 Oc
Specific heat ¢, Za—; <107
1 04
Th 1 conductivity A ——=0.003
ermal conductivity T
. . 1 0o
Electrical conductivity o c, =——=0.02
o oT
10
Permittivity & c, = ~ % _0.004
godT
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FTEEE LB L2 E0D, EOFEKITHD EHHIEIND.
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B L ORI Y 7 b U = TIXRTE CIR R LR L TH 5.

K%ﬁ?ﬁaﬁéﬁ%i,ﬁg4umm:mfioﬁ BARSHE DI I
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VKBRS~ DRI iE T 5. BRI L HWMARRENITESG AN ET L7290, K
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Pattern A (ZATEOMT LR CIEAXTH Y, FHID 4 Ehz (No. 1 225 No. 4) (252 AIZF]
M35 THD. ZUTxF L, Pattern B, XV RWELZ/EAT-DIZ, Pattern A |2
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Fig. 4.1 (a) Schematic of one cross section in the main flow channel of the device. (b)
Schematic of pDEP trapping on the electrodes in the device. (c¢) Electrode excitation patterns
evaluated in the simulations.

Reprinted from [45], © 2019 IEEE.
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FRNT D /XT A — X FTE % Table 4.1 (23 ¥ . BENNC X DIRETRENCBEIT DAL L
T, ADROEMEIN AT —2 DIENT, MEOEERLELELZET Lz, mAOEESR
OFIPAIL, o= 0.01 S/m 2> b RTEDOMENTIZI 1T 5 D-PBS O FEHIffioc=1.4 S/m DAL L
7=, BIEIZDWTIE, RIEOMIT CORE ZSEIZ, HIMELEOFEDEE ¢ =3V &5V
D2KRAEL LTz, £, FBEIKENIICEHT 5 /37 A—4& & LT CM factor D FEH Re[K(w)]
ZAEH L72. CM factor B1E, NQINIIRT XL O1T, ki1 LA OEESR, HERL
FOREEEIC X v EESN D0, 2 2Tl EOFEBEKEIOFPIHIZEB VT, Re[K(w)] =0.1,
0.25,0.5 D 3 ARE L7z,

AEHTCIE, FIROEMAIN Y —2 3 KHE, FRIROEESR 3 KHE, EFIE 2 KIE,
CM factor i 3 KHEDIAE ORI L D454 F—ADHBEEITo 7. T CHEMA L2
WIPEE S X OB R SE, Aii#EC/R L7z Table 3.2 B L OV Fig. 3.3 #54A L L, Table4.1
IR LT/ A— B i U CE T — ADHE &5 L.

2%, EMREIN NS — 2 Pattern A (T 2 BY DERFMHFITIBNT, BT D 4
MM (No. 5 705 No. 8) [XIEHEEE & FIERICHR DN T WD, ZOREL, FEMEANT
AL —IE & 72 B 72N D IERERAR N TIE 72 WS, 246 OEMITEEFIINERmRD 5+
SBEN TV D 72O N O EN TN S <, KT O BRICEB W TR TE L EEZXD.

Table 4.1 Parameters for simulation of particle trapping, [45], © 2019 IEEE.

Parameters Variations

Patterns A, B and C shown in
Electrode excitation pattern

Fig. 4.1(c)
Medium conductivity o [S/m] 0.01,0.1, 1.4
Applied voltage
(RMS of electric potential on electrode surfaces) ¢@. [V] >3
Real part of Clausius-Mossotti factor Re[K(w)] 0.1, 0.25,0.5
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Fig. 4.2 Schematic of the experiment for validating the simulated pDEP velocity.
Reprinted from [45], © 2019 IEEE.
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Fig. 4.3 Time histories of the number of trapped particles N,4 for the three electrode
excitation patterns (a) Pattern A, (b) Pattern B and (c) Pattern C.
Reprinted from [45], © 2019 IEEE.
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Fig. 4.4 Mean trapping rate for 10 s (t =5 s to 15 s) R, in (a) low voltage cases of g =3 V

and (b) high voltage cases of ¢. =5 V. The R,, values are calculated from the data in Fig.

4.3.

Reprinted from [45], © 2019 IEEE.
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Fig. 4.5 Contours of the non-dimensional electric field intensity ¢|E|/¢@. on the cross-section
z =0 and the channel walls for (a) Pattern A, (b) Pattern B and (c) Pattern C.

Reprinted from [45], © 2019 IEEE.
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2 =——(E-E
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ZOERITCEED x FEOpMEFERE T I 2 L— g Tl L7-fE% % Fig. 4.6(b)
RT. FIRCEBWT, v ab—ya UREREE, EamoFbit (Line A) BB
HZREHADOfEERLTEY, EBRFERIL, MIRED uo ZI0E LT5HE0OX@.4)4
WOfEZ R L TWD. Fig. 460K 5 &, HIIBEIZ upw ZWENIRET HZ EITLD,
Uz b—va URERICR L TC0.15 [ O T KT 5 ENbND. 2O oD
Bzt U CIRE L 72 upeo DELFH (upr0=16.9-61.3 pm/s) 1L, 4=5V, da=80 DL &, ki
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Fig. 4.6 Experimental pDEP velocities of three cells in the upper part of the flow channel.

(a) Cell trajectories observed near the center line (Line A) on the focal plane. (b) Comparison

of non-dimensional pDEP velocities of the three cells and simulation.

Reprinted from [45], © 2019 IEEE.
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Fig. 4.7 Simulated particle trajectories and capture regions. (a) Display ranges of particle
trajectories for the side view and front view in (b). (b) Comparison of the particle trajectories
for the low conductivity cases of o= 0.1 S/m and high conductivity cases of o= 1.4 S/m.

Reprinted from [45], © 2019 IEEE.
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K BMENIN /R Z — 2 & CM factor EHB Re[K(o)\Zxd 5, AR Q) & EER DR
f%% Fig. 4.8b)I/RT. 22T, Qu DFFEICITIGE w1 t=15s OFEREZH W=, £z,
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% (O = 20immode) T D. Fig. 48T LD &, TEATE Ounld, HEHERAZLLHI LT
T2 2 ENbnd. EBMEINN/ 2 — 22Tk Pattern A, B, C DJIEIZ Oy, IFHEN
LTW5. 72, Re[K(NIZOWTIX Re[K(@)]AKEL 72D & Qu 1 FMEDTHID T 5 1EH
M RSZT B 5. 2T, Re[K(o)] 3N 5 &R sais Ay K& < 722 0 525 (upgp
=3 um/s OEfHEHE) NEMOLEINDHTHEZZLND. ZHEOFEAE Qn DfH
1%, Fig. 4.4b)ZIFEHRREN TR LB R, O¥ S O &P Tn 5. £ T,
Fig. 44(b)D % Ry DT —ZIZOWT, HEHENo=0.01 S/m D & & OFEJHHEFE Ryeon
D6 DAY %,

ARm = Rm - Rm,cr:O.Ol (46)

EEFL, On & DEREXIRT D L, Fig 44(c)D X 91272 %. Fig. 440Nl LD L, AR,
3, LT, RN AR S — AR ST, On ITHBIT 2 & a3 2 L3 TE, Re[K(w)]
DI 212N TABLN DT 2 IR OB THEITE 5.

AR, =C(Re[K(@)])n,0, 4.7

C(Re[K(®)]) =0.33—0.20Re[K ()] (4.8)
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RIEHTTIE, mREE SRR AT E G HIINRE O FEARGRENC £ 5 1E D5 E K S D HE 58 2
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K¢ = IZBWT, HEHg, CM factor FH Re[K(w)], BB n, 2 D =D>D/3T A
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Fig. 4.8 (a) Schematic of inflow into the capture region. (b) Relationship between the
inflow rate into the capture regions Qi, and conductivity o. (c) Relationship between the
increment of the mean trapping rate AR,, and inflow rate in the cases of ¢. = 5 V. Here, A
denotes the increment from the cases of o= 0.01 S/m. Note that the values of Q;, are twice
the surface integral values on the model because half of the domain is computed.

Reprinted from [45], © 2019 IEEE.
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KRETHE, BRI~ A 7 afitfhT A RZBTF DA RudAF Iy s 7 4—h
U TWEDA F o BT OBUERRNTIC DWW TR R D . ARFEATIE, Y RIS A kT
BITTREENICBIT D 3RITDA A R ORENHFZFRL, FERTA—=FTHD
Tk, VA VR, N7 VBPNRESMICKIET TR B BT 5.

5.2 A%

521 fBHFrETIL

FRMTICITAIRIAFERE 2 @A L, RO ABRAFEIEILN Y 7 b STAR-CCM+ 13.02 (&
—AVAPLM V7 TR B L. ARHTTIE, Y TR~ A 7 viiikickd
BANA ROBAT v T T d =R TR & A 4 OERBREEEHEZ 3 KTT
FTEHET S, AT TIE, Fig S.1@IFT LIS, A4 - RiTE2Eieth 7L
WEENHEZEERNWI—RKE Y TRIRE ORI 2 DAY AD LS LTIt S,
VU INE B TEICEED ZEARET S, B2 E TR LI, T
BROV—AMRITFREE, FREORMMRAZIGE L, 2IROREIZBIT 24 4%
Bt OIEB A BET 5. BRI EFIRAEIZIS 1T 5 Navier-Stokes (2.32), e
Ki(2.18), A AV REOBRILHEN(2.33)B LR FREOBRFEXQR35)THY, =
O ITA FRRFRE CHERBIL L CRE LS.

T VOFIR % Fig. 5.1(b)I2, %% Table 5.1 (233, AETI/LIE, 52 E TR
BGREEA~ A 7 QiR T S A AR5 EERE A2 0 LR L T 5. R
Wik, EFEEHROMHE Y FAGME THY, v 7 vl L < AL DK aE
D—2>ThD. RN TIL, FEEER % Fig. 5.1(b)D X 9 IZEFK L, KK (Main channel)
B L OV (Branch channels) OO R Z A E LT, FEREORNA ST M %A
x FAZE 5.
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KT T IV DA DLENRILE Fig. 5.1(e)RT. BF5EN21E, STAR-CCM+HIZH#
WINTWD N ARy 2 EMEEIND T oENEEEA Uiz, Ziud, EEEIZh 5
EHGEELVEEARE L, BHR Ty NSN3 ZmEEE L2 AW THET 5 FIET
b5, RET VOV NABEIT 866,698 TH Y, /¥4 X1T (Ax, Ay, Az) = (50 pm, 25 pm,
25 um) Z_N— R & LR bic X 0, R -i@isEiE < Ay = Az = 12.5 um, &
PRI CAx=Ay=Az=12.5um, EMA ETA=Ay=Az=625um &72> T\ 5.

fROIEARIFE Z ORI 5720, WHEOEAARE VD y BL Oz FEO®ALY A X
2N EN LI LR RS RO 21T > TV D, ZORER, AMATHIFE T b 24
BNRKELL 2D EEZ N5 Re=20.7 and Ou/Qsam =30 (BT D5 1 Wrin (x=x1)
TORLT- BB EIA T DL A A PREC DFERN 2% KM TH 7. DO Ehb,
ERDOFHHEAE FIIA AN T s RG22 A9 % &R L 7-.

728, ARET VL Fig. 5.1(b) (IR T L D IS EPRIKICER M L 72 23 S 2 5 0 1A
ATWBR, ZHUTIRE TR BB N T, BROHREEZITI O THS. KED
FEHTCIE, 2405 OEMEOW I OPREEEER & RO E LT 5.

Table 5.1 Model dimensions.

Channel width or height W [um] 550

Channel length Li, L, [mm] 5,20
Model Confluence angle « [deg] 30
dimensions Electrode locations in x-direction xi, x2, X3,

1,5.5,10,14.5, 19
X4, X5 [mm]

Electrode surface dimensions m, n, d [um] 200, 75, 50

Reprinted from: Sato, Kawashima and Takei, Concentration Profiles of Ion and Particles

under Hydrodynamic Focusing in Y-shaped Square Microchannel, Scientific Reports 11(1):
2585, 2021 [46]
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Fig. 5.1 (a) Schematic of hydrodynamic focusing in a Y-shaped microchannel. (b) Model

geometry corresponding to the device developed by Yao et al.[7]. (c) Isometric drawing and

computational grid of the model.

Reprinted from: Sato, Kawashima and Takei, Concentration Profiles of Ion and Particles

under Hydrodynamic Focusing in Y-shaped Square Microchannel, Scientific Reports 11(1):

2585, 2021 [46]

73



5.2.2 fRiiEH

ARAEHTTIE, FERZEROTE TR - FHEiT 2720, WHESCTE AT % EEE & s
IC—FSE MBIV, XERITATRO E BV HRITLTH H78, FEEITITWHUE
BRRE L CHEZITo TS, fifHI Sl % Table 52 (IR, B, REEITKMHESEDO—

EEE L, A A2 OYLESREL D AZIE NaCl KIFIRIZ I 1T 5 NaCl OJE#fRE[47] (B
BIPPESARICBWNT Na A A & Cl A ATkt » TBENT %) @A L. 7277
L, B2 oWTIE, bR D 235 L CTHIT 21T o 72, Zhud. B 7 v okn
ST xET B KR OYEEAR S % Stokes-Einstein 2. CHFE S 5 & D ~10 m/s & FIEFIT/NE
<, VB A BT 5 BITILEIC & - TRENT 2 IBERS G R A XL b/hsneH
AONDTeHTHD. R OILBIREZ EH T 5 Z L2k v, Bl iRy ik
IR A A R T 5 7o D ORI 72 B A X — A (k) 295 Z E R FRE L 72 5.
ZOXDREDOFEMIC LY, WD FHRE 2RO L E D5 THRAET 2 8Er 72
REDIERNF, Wb DAL HE (false diffusion) [32] #1KIKT 5 Z L3 TE 5.

AT DO /RT A —=21%, BIROXEKE T L E 2 bihd >R, > —A—H o7
wﬁ%mwngmkv4/wxﬁk<%@ AR T, Table 5.2 D FE:IRT &

(2, 7= Qu/Qsam & 6 KHE, Re % 5 KHEREL, ZNOLOMBEDOEIZI L4307 —
A DFE & T LT

Bt % Table 5.3 127, MAOXTIE, WMEEAD (Inlet-1, Inlet-2) T u %
HE, Wt n (Outlet) TH p Z8UE. AR CHEV 2 LEMN (w=0) 2L T
Wb AT BRIORAFOREDXTIE, BUSLLIEA A VRE ¢ BROY ¢ ZHREA
HT (o7 lz 1, v—2 1% 012) BUEL, Mom Tk, REDIERG AN %
(012) BUEL. ZZTnidhmE OBMIERSY ML arT,
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Table 5.2 Simulation conditions.

Density p [kg/m?] 1000

Viscosity  [Pa-s] 0.001
Physical

Dynamic viscosity v(= u/ p) [m?%/s] 1.0 x 1076
properties

Diffusivity of ions D; [m*/s][47] 1.5x107°

Diffusivity of particles D, [m?/s] ~1013 =0

Sheath to sample flow rate ratio Qi /QOsam 1,2,5,10,20,30
Dimensionless

Reynolds number 3.03, 5.56,10.6, 15.7,
parameters

Re= Qtotal/(WV) = (Qsh +Q.vam )/ (WV) 20.7

Reprinted from: Sato, Kawashima and Takei, Concentration Profiles of Ion and Particles
under Hydrodynamic Focusing in Y-shaped Square Microchannel, Scientific Reports 11(1):
2585, 2021 [46]

Table 5.3 Summary of boudary conditions.

Boundary Fluid flow Ion and particle concentrations
. un-— _Qsam/W2
Sample inlet (Inlet-1) Ci=cCo=
Qsam = ReWv/ ( 1+ Qsh/ Qsam)
un=—-Qu/W?
Sheath inlet (Inlet-2) Ci=Ce=

Outlet p=0 Ve,-n=Vc,-n=0

Channel wall u=0 Ve,-n=Vc,-n=0

Reprinted from: Sato, Kawashima and Takei, Concentration Profiles of lon and Particles
under Hydrodynamic Focusing in Y-shaped Square Microchannel, Scientific Reports 11(1):

2585, 2021 [46]
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MO XEFHFEXTH 5R(2.32) & X (Q2.18)E, JEN—HEEDOREfRIEEL LTHD
1% SIMPLE (Semi-Implicit Method for Pressure Linked Equations) {£[48]1Z & - THE I,
WE uw LIES p NRED. D%, BONEEES u 2V TH(2.33)F L 0(2.35)
DI, HRSAE LTeA T UIRE a B X ORAFIRE e B8 KED. 22T, KFRE c
L, AIRO & BV ILHIRE ZFE EIRE L TWDH T2, b EBER O TIX 01D
DRI L LR 7e 7. 20 &5 e /piR 2 b &, BIERI 261G
JETHENS GREIZFMEOMEN LN HRVWE H12) FHRT 2121%, B3 2 Kk
REEBULA T — LR BEE L 12 5. & 2T, RET VLTI, KR EF R OBITHEIT L,
HRIC (High Resolution Interface Capturing) A % — A[4INZHD < @R E A % — L %
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5.2.4 FRRISEER

KETNOEYMEERFET D720, HRERIZL O NS XA F Iy T T4 —0
T TREORLATEIE A Lie. EBROMNKE Fig. 5.2 1R, ERILEL, H2ET
ARIZEBBIEE~ A 7 0 iR T S, A, VY URT, BAREE, mEE D A T TRERK
ENTND., BT NALAD Y Fhl~ A 7 afilgd DO OS] v
VIR T PRSI, b TR, b O b RN ENEN Y TR
BN SN D . Yo FRITR D 3+ 1 um DR REEE 0.1 vol%DFESE D ¢
KICBE LK THY, > —RAEITIKTHD. ERTIE, £V IR T 006 —ER
BZIEK L TWDIREET, Fig. 520 RT L 912, & 3 WriflZdov T i o Bl
TERLADNE Y T E DRI OV TSI L AR AT 70, 7ok, Rif- i i 2
PTG 2 72 D O JRTEAERE R (0~End) #RO XL S ITER L.

(a) (b)
Syringe pump 2 Electrode-multilayered microfluidic device '
(Water) 0, ,/ / Main channel
| Observation area  Main channel Microscope
Z! st 1204\ 130 |4lh/ |50 video camera 1 Water region
05 i yx é:—) e &
— | | ome | | .
; : Ui *-Particle
- | Electrode embedded cross sections o0z passing region

Syringe pump 1 g R
(Particle suspension) —_— Electrodes

Fig. 5.2 (a) Experimental setup. (b) Schematic of the particle stream observation method.
Reprinted from: Sato, Kawashima and Takei, Concentration Profiles of lon and Particles
under Hydrodynamic Focusing in Y-shaped Square Microchannel, Scientific Reports 11(1):
2585, 2021 [46]
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5.3 EREHR

AREICIE, BNROMNT T - Sk, Y FREICBT 50, KadfFv 7
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FREEND 3 RTTHI72A A2 R ORESAOFERER L LT, EWiEE 3 Wim (v=
x1, X3, X5) \ZHUT D, B A A PR o3 L OWALRL TR c. O3 Af % Fig. 5.3 IR
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ZENTE D, Fig. 531085 &, Kiromm@mEiPEIIim & r OB E B EE f
(z=-W2) IZHELERINTNDLZ ERbD. £, ERINTRFEIE, VA
IV ZH Re DHANZAEYY, HIER (v =0) (HETHES, MEBER (v=+w2) TELIZ25

INZEL TN Z bbb, £, HARESMIK T E & bIFRELDLT
TEDONAATRE TR CTHHERF L TV D, A A BE LRI TR & [AIRRICER - £
LTWD28, it PSRRI K0 IREZ LS Z 2460 (FUfm) 2MERLT TV 2 /A
B, ZOIEBIC L D RE O 2 HEOgE, FHRE (=0) X0 b, HIEESE (y=
+W2) FHERKREL o TWD. 2O KD RILHIC L DIENARII A 7 T A ZH[19]
ELTHBITEHY, FEEEHITE N OEE A6 X o Tl R 23 W N ONLE IC K- T
HipbZ ik TRAET S, Fig. 53 12knE, ZOEEICEL D REOEL, LA/
JUAEE Re DMLV LTWA,. £/, ZOIGRIC L v Em (EmA) oo 4
VIREIFI R & E BT L TWA Z ERDS.
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Fig. 5.3 Normalized concentration distributions of ions and particles at the three cross
sections in the main flow channel for the three Reynolds numbers.

Reprinted from: Sato, Kawashima and Takei, Concentration Profiles of lon and Particles
under Hydrodynamic Focusing in Y-shaped Square Microchannel, Scientific Reports 11(1):
2585, 2021 [46]
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5.3.2 RFEBHKEOMF VRE

Tt TUZLE S R DA A PR E DWW E G & E /A3 5 728, i1l o Wi F
BIA A YREEE, O x 750 & RS 5 . Fig. SAUSHTTE A A L IRESARO—F & & b
(2[RI T OO kr F- IR D O BE R A R TR, 2 ORRRIN O A A PR oW I &
R EE P O WL A A R e EER L, RADOHES TRD L.

J‘A c.c;d4
L ¢, d4

c, =

(5.1)

ZIT, AFMEOKmAZRY. £z, x FROSMEZHMET SI2H720, IRz B
L7 R x' 28 AT 5.

X = \/(;/j /Pe _ L % (5.2)

Z 2T, Pe=UWID;= Qual(WD)IFZX7 VELTH VY, U= Qua/ W? 1ZEFEEN IS 2 Wi
EHFRETH D, RS2)DOAEWNIRT L DT, MRITHEE x' (XA 5 O
REE /U A2k D IREEBE D/ U)'? Z i A X W TR L7 D L BRSNS, 4230
= ZIZBWT, S (c=x1,x2, x3, X4, x5) LA A URE G 2HH L, BRICHE
B x' \CkFLCFry h3 5L Fig. 540)D X 512725, Fig. 54002k b L&, BT
Htx ZBATLHZLT, BRIV A NVAEOe Bt r OISR TR TE, r 23
BN 51250 C, x' T 5 OBMABRKEL 2D 2 Livbnd.
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(a) (b)
Evaluated at x//=1.82,10.0,18.2,26.4, 34.5

0 0.5 1.0
- C; - I " Qsi‘/Qscmr: 1 Re Pe/1000
| %!%&2&2? e A 3.03 [ 202
08 | Rwotx e 7 %ey |[W 17556 370
m,g “a .. 10.6 7.07
(o - » B
5™ 0.6 ‘t:;x . *5 157 | 104
y Y . bl 2
04- B ‘K‘ : ..' * -, ’IO _07 1_3.8
02 b "a § 920
“*30
(} 1 1
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Fig. 5.4 Decrease of the ion concentration along the flow direction within the particle
stream. (a) An example of the ion concentration contour at a cross section. The dash line
shows the particle stream shape in which the average ion concentration is evaluated. (b)
Change of the average ion concentration ¢, along the dimensionless length x' =
[(x/W)/Pe]"?. The dotted lines are polynomial fits to show the connection of the data for each
flow rate ratio.

Reprinted from: Sato, Kawashima and Takei, Concentration Profiles of lon and Particles
under Hydrodynamic Focusing in Y-shaped Square Microchannel, Scientific Reports 11(1):
2585, 2021 [46]
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BN 2. AR D X 912, R FRE AT x FIANTIZZEL LW E Bt 5720,
ZITIE, B3 c=x3) ORFIRESAMAZHAWT, Fig. 5.5@)ICHR LI Z20D)E
R a, b uRDT. O, BEBLINIFEANLONFRICEY, BrEoP.L (y=0)
BLOMHIE (y=+w2) O LB N Te, =05 b mz2REbofas LT, El (2
=-W2) £TOHEREZRDZ. ZNODEE a, b Z IR W THERITTL LT oW B &
W bIW D, FEE I r = Qu/ Quum (2T 2 2% Fig. 5.5(b)EB L)z Ehrd. FIX
T, VA IVAE Re 23T A—=H2 L LTEY, oz n, X238 TiHEEINS,
Re < 11ZxfIind A 72 FUm COBGREIEIW 2~ L T\ 5. Fig. 5.5(b)F L WNe)iZ &
Dl aWBIO bW L bz, WEL r BEMT 21250 TR LTnD. sk r=1
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DA, MEEITELL, LA I VAT ST —EED a/W=5b/W=0.5 TV HinE
JEaw & —FT 5. r>1 T, oW 1XIW L0 HFEITHELS, LA OV ZERENT 5
IZONTELS RDDIZR L, BIWIZIW L0 HFITEL, LA VBRI 512>
NTEL > TWND I ENRbnd.

(a) (b) (c)

xW=182 | < 3.03 xW=182 | « 3,03
0.6 0 5.56 06 o 5.56
2 10.6 L Re 2 10.6 - Re
. 0 15.7 . " 0 15.7
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Fig. 5.5 Cross-sectional shape of the particle stream. (a) An example of the particle
concentration distribution at a cross section and description of the symbols for each part of
the thickness of the particle stream. The dash line indicates the theoretical particle stream
shape assuming the flat immiscible interface. (b) (c) Changes of the thicknesses at the center
and on the side wall, a/W and b/W, with respect to the flow rate ratio Qsw/QOsam. The solid line
is the theoretical particle stream thickness calculated by equation (2.38).

Reprinted from: Sato, Kawashima and Takei, Concentration Profiles of lon and Particles
under Hydrodynamic Focusing in Y-shaped Square Microchannel, Scientific Reports 11(1):
2585, 2021 [46]
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IRFAIZ2 8 (% 150 B4 BUiE) @ ¢ mntiZz L T\Wb. £72, Fig. 5.6 (c)iE, Case2
BLOCase3 IR LTmy R 2 b—y g VEROK FEESMZ R L TWAD., 2 b D
BUZ LD &, FEBREHGOMEEAE & R O3S T Tlde s, Fig. 5.6 b HED 7 77
2BV, HEEEE ORI A= N BAZE & e D %iPHO RimEt o & (Fig. 5.6 (b)) 5 Fig.
5.6 (T2 THIWVARR TR L2 &) BNEBRTOREBENMNEELZ R L TND EEZ
HID. I, HEEORFEAEIN EIh OB L > TRETLZNLTHDL. 20
FEEEZSE) RO AL, V2 2 b—ya VICBIT A REONME L IR L TS Z
D, RETNMIEIT DR FEETROZYERHEGER SN L EZXD.

(a) (b) (c)
Case | Case 2 Case 3 O =1[mlh] Q.. =1 [mLA]
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Fig. 5.6 Comparison between experimental and simulated particle stream thicknesses. (a)
Observation images for three cases of different sample and sheath flow rates. (b) {-direction
distributions of the ¢-directional average gray value and its time variance of the images in (a).
(c) Simulated particle concentration distributions at the third cross section under conditions
corresponding to Case 2 (right) and Case 3 (left) in the experiment.

Reprinted from: Sato, Kawashima and Takei, Concentration Profiles of lon and Particles
under Hydrodynamic Focusing in Y-shaped Square Microchannel, Scientific Reports 11(1):
2585, 2021 [46]
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53.5 ERTHICKLEE
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%, A JIVZEL Re BEOYREL r OBIINE & HIZHERRBIELIW H DO XU KRE
{72oTWAD., ZOAXUE, Nasir HIZ &> THERR ST IEMER (inertial effect) [25]
IZEDERBOERICHIET DO EEZLND. BEDREDR N Re = 0 TiX, Kt
BEOREIZTFHLEZRY, BEIX, XQ3)ICELIHERBEES IR EEZLND. £
2T, JEEa b EREES EOXVLEERITULT(S—a)/W B LD - /W ITDOW
T, Fig. 5.5(b)(c) TD Re B LW r DB E[E U= iR (1— Qwun/Om)Re = {(r —
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Fig. 5.7 Scaling analyses of the ion concentration profile and particle stream deformation.
(a) Relationship between the normalized concentration change ¢” described by equation (5.3)
and the rescaled dimensionless length x* described by equation (5.4). (b)(c) Concave depth
(6—a)/W and cusp height (b—3)/W of the particle stream as functions of the scaled Reynolds
number (1-Qsan/Osi)Re.

Reprinted from: Sato, Kawashima and Takei, Concentration Profiles of lon and Particles

under Hydrodynamic Focusing in Y-shaped Square Microchannel, Scientific Reports 11(1):
2585,2021 [46]
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RETIE, EMEEN~ A 7 aiffkT 1 Z2IZF1F 5 HDF RFOE G HHPR -1 H &
JE DOBAERTIC OV TGRS . AfiEdTiE HDF B OBESNREEZIA L2572, Y
TR BT DA AR L BIBOFHEIC LD, BEARE N e O vV EEE T
5. £z, B£HREE B LT M X0 BVE D DKL R E O HEE R A S
L, ZOHEENITHES SR A RHHEREORMEZZ45T 5.

4

6.2 AL

6.21 ETILIEDHEE

BB A =5 AT D B BB Sk E LT, BiEO Y AR
BT T BN T, MR T OFEIR 2 KRBT DM e ERSENZITV, ZOERITH
JaFR Y OEBFEFRCFERAHE L CHAET LI HENEZ NS, L L ZOFIEE, kL
FAZx LTI A ADIEFICKE < e B2 TIEFBEE T H KT 5720, 27— 2
DINTGA—=ZZZT 4 PKEEL 720, +53 05l T A WM B 5. & 2 TR
Hreix, RifFiRA KRBT 2 & 9 RBERNENZ1TOT, KRN EWIEE OV EHE H
W, FLFPFIET 2B DA v E— X U RAEWET 2 EEBLL, TOHIEIZLDY
LA RRHREE OHEE 24T o 7. AHEE, ROZOOETAEMENT 5.

O Y FRfHET L
© ERjEHEMiET L

I B DFET VA TR B R EEHE E 15 O UX % Fig. 6.1 1R

F—DETNTHDL O Y FHRIWKKET /L (Y-shaped channel model) (%, RIFEDET
NCBSGOHEZBMULIZET AV THSD. ZOET AT, Fidl, 4 REICMZT
BHEEET L. ATEOMTEL, NI A—2ELTLA JIVAE Re Lt r 27
fbEw7ob &0, WREHEAEFEOEVEREZIHET .
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B _OET NV THHQ EREHHMAILET /L (Simplified focused-layer model) 1%, HDF
kD ERMICER SN DS EELROE L, GEL—ROBEHIKTERLIZET L Th
5. ZOETNTIIELZOAZFEL, ERBES 2T A -2 LTELIELE
DENVERERDD. £z, ZOETVIETDEES 2 AWV Chi Rt V. 2E
T L, BN ORL 7 O BRI 30 b IR S, &IKE Sy DBk AR D 5.

AN, Y TR ET MCBIT DEELZRD 5720, LELOWET VOBV EER
kZFl—HT 5. 2K ZOoDET VA BEEST THIR L, Fig. 6.1 OARRKE] 4l
% X 912, HDF /3T 2 —4 Re, riZxtd DIRE S 2 HEET 5.

(@ Y-shaped channel model

simulates flow, lon concentration and electric field

* Reynolds number Re Cell constant &
* Flowrate ratio » - -

@ Simplified focused-layer model

simulates electric field

| Focused layer thickness 0, Jﬁ_ Cell cor-lstant K
v I

Detection volume ¥, I‘

Sensitivity S #

Fig. 6.1 Schematic of sensitivity estimation using the two models: Y-shaped

channel model and Simplified focused-layer model.

6.2.2 YFIREBETI

Y FHRREEET VOIS L OGRS I, AR CRLIEETALEFELTHY,
Fig. 5.1(b) )R LTz &R0 THDH. Y 7 MEAiE L[ U STAR-CCM+ 13.02 (32—
AVAPIM V7 by = T8 ZEH L.
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AMEHTCIE, EHEFAUCET 2k 0 X (2.18), #EEHEON(2.32) & 1 4 U RIEDORKT
P34 2 R L CRE S, ZOFERG O D A A RS A & BB A R L
T, BERNZEHTETIHEAEOELEORQI)EMELS . A T BE ¢ »hHEERe
ORI R AE Tz,

c=0,,.¢+o,(l-c) (6.1)

sam 1 S

fiENT 51 % Table 6.1 |2/~ L, R, A A U REOILIAEILE 5 EOMHT &
FUTHD., Vo7 IEOEERIIEFE 3 ETHEHA L7 D-PBS ORIEEZEHL, v—

AROBEBRITZNL Y 3H/NSVME (WIAMY) 2Lz 72, HFELRICONT
T T, =AM TCRE— & Uiz, =W 5 Wik O BARE 1213 Fig. 6.2 [Z- 3 =B
EAE LT BIERN R 2 — (2 X 0, Table 6.1 (/-3 4RNE, JERE CAZMEL 2 HIN L
To JEMTD/XT A — 21 XE S EOMAT L FERTH D03, it r =40 © 1 K¥EZEINL,
235 7 —AEERE U, 8RS % Table 6.2 12787, JiidL & A A IRE OBERGMIX
55 B TIRAT R L AR DR E T 5. I EHIT OV TUE, EWAEIZHBWNTART
T VOIS, BEERE L, MO TIIRT v L OIER S AR EFE L EEL T
W5, 22T a i3ANEE ORNMNERY bvERT. BAERE, KQ40)ICHESEIK
PLR LEEReNHRD S, HHLR I Fig. 6.2 (R TRIBEOAAIEITE L, RRIRL
-EME CTOBER (HEFER) »OFET L. HERATOWTIE, A AVBENMIZK
D —kk LR BN, Wik fE D' /VER A FHET 572 DIiE, WiikifE DK OB ER
DLETH D, &2 CTARITCIE, ERANCBW TR EEREERE VLT, K
RIZE VB VEHERD S.

xKk=0’mR (6.2)

Z 2T, &%, Fig. 6.2 (IR EME OO (2=0,x=x1, X2, X3, X4, x5) O YJETE
R, m XEMECTHD. FHPEELG T, R(6.D)EM-T 70w, B LR Lo
A A PRE S B IR THET 5.

6°=0,,¢+o,(l-c) (6.3)

sam~1 ‘

89



Table 6.1 Simulation conditions.

Density p [kg/m?] 1000
Viscosity y [Pa-s] 0.001
Dynamic viscosity v (= w/p) [m?%/s] 1.0 x 1076
Physical
Diffusivity of ions D; [m*/s][47] 1.5x107°
properties
Conductivity of sample fluid G5.,[S/m] 1.4
Conductivity of sheath fluid oz[S/m] 0.001
Relative permittivity of fluid &=&&)[-] 80
Voltage Amplitude Vy [V] 0.1
application  AC frequency f (=w/2 ) [kHz] 100
Sheath to sample flow rate ratio
1,2,5, 10,20, 30, 40
Dimensionless 7= Qu/Osam
parameters Reynolds number
3.03, 5.56, 10.6, 15.7, 20.7
Re= Qtotal/(WV) = (Qsh +Qsam )/ (WV)
Table 6.2 Summary of boudary conditions.
Ion AC electric field
Boundary Fluid flow
concentration
Sample inlet wn=—Quum/ W? g
c=1 Vo-n=0
(Inlet-1) Osam = ReWv/(1+ Qsi/ Osam)
Sheath inlet u-n=—-Qu/W? .
Ci— 0 V¢ ‘n= 0
(Inlet-2) O = ReWv/(1+ Qsam/ Osi)
Outlet p=0 Ve, -n=0 Vé.nzo
Channel wall u=>0 Ve, -n=0 Vé-n=0
Electrode GND: ¢3 =0+/0[V]
u=>0 Vci -n=0 -
surfaces VIN: ¢=V,+ jO[V]

n : Outward unit normal vector on boundary
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Electrode center line

Main flow channel { X =Xy, X, X3, Xy, X5

z=0

Electrode surface 17‘45// _ V=Vyexp(jor)
ZYX %__"_‘[ @
Y ’@I I =_1~0:xp(ja)r) 7J7

R=Re[V,/1,]

Fig. 6.2 Voltage application pattern at each cross section.

6.2.3 £HEHMEETIL

LR EHEMALE T L OFIR - ~F5% Fig. 6.3 IR T. ZOF 5 /L% HDF BFIC EHEEE o
AR BT T ISR S DR (R ER) A 8ER OB AR TERIL
BTN THD. LB E LEMO O 26 PRm & Lz 12 JFRET /A E72> T
5. XEHFERT, HERHOMEICL Y EMbSh, ROT7 7T AFRALERD.

Viy =0 (6.4)

ZIT, yIdERCEMTH D, BRI, EmECT Y TR T L OEER]
mﬂ&—ymﬁmLfJ@ﬁ3:m¢i9: =1 £723y=0%5%, MOmEIZyDIE
MAFMARZEE LTS, FEIRO LB, KETNLONRT A= II@RES THY, ¥
HIZRT 14 77— RZHOWCEHR L. HRFIEITAREFEE TH Y Fig 6.4 1277 X9
I aE R L. ZOETI/VOFHREIZIE, OpenFOAM v8 @ laplacianFoam Y /L3
—ZfER L.

BIVESIE, Fig. 6.3 OEMIE B, B 2B T Dy OARNLRAUICEIVFREINS.

m/2
J.J.EI’ES(Vt//-n)dxdy (6.5)

K=
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Simplified focused layer

W, L, [um] | 550,750

25, 37.5, 50, 62.5, 75,
8 [um] 87.5, 100, 125, 150,
€ 175, 200, 225, 250,
275

Fig. 6.3 Simpified focused-layer model.

0.182 0.364
a Ay, Az =1.57-6.25 um

Ax=1.57-10.2 pm

S, /W=0.091 I

Z$x

540,320 cells 724,060 cells 834,328 cells

Fig. 6.4 Examples of computational domains and grids of the simpified focused-layer

model.
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6.2.4 HMFRHBREOHESE

F2ETHRARIZE B0, IFEEMRL 3T DR RHRE 2 HEE T 2121%, Mg
B V. 2D UENDH L. 22T, ERBHEMELET VOREIES & HHIER V. OREES
FEITV, 2N L TURE S22 it 2252525, \WE, Fig. 63128\ T, EM
O ERELE & R DM E B R, ROLIITET /MET 5.

V, =yWmé, (6.6)
ZIT, yIRERTCORBRETH L. K(6.6)2NQA)TRATIE, KXEHE5.

3
ﬂdp

Sp = 6.7
K 4yWmd, 67)

A6 ED &, B SpIIRTEE d, D 3 FIZHBIT D72, ZORBENIEFITRKE N
Z e bnd. (6. NABITBWT, Ki7£E d, A OF 3 13k -3 VIR AE TR £ 5 72
W, R R E L0 g2 B LTELED D LEFTH S, 22T, R(6.7)
DL % () W) TR L 72k O BIR TeAr$pa AT 5.

Sy

(d, ) Ao,
AR TIER (6N EE D T LB SIS T DR B2 H T D, KA dy 12k 5
JREE SplE, ZORELIZd/WY 2T TCRODZENTED. 728, ERLE 2 &I
BWTHEREZRE Lo ESWTCER I TE Y, Sy OfFEIE 0.1 FEE AR 218 7E
LTV, ZOFRPHIZEBWTEDOND d/W KT DIRE Sk 158 DR EXRT 5
& Fig. 6.5 DL D172 %.

(6.8)
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Fig. 6.5 Relationships between the sensitivity Sz and the coefficient S

for the several values of relative paritcle diameter d,/W.

6.3 fEMTHRR

6.3.1 HDFEOEERLEREFEDHH

Y FRGRIRE T A OFRERER & LT, EIRE 2 Wi x =x, x5 ([C8BF 25, Bk L7-E
B0 — o) Gsam—0sn) 3 £ OMER LAk U 7= BB L JIJo D53 4f % Fig. 6.6 IZ~" 7. Z 2T,

ITERBEFEHONRT MLORKREEITHY, Jo= GuVo/l=1,120 Am*> ([1Xy HHd
EiE >~ F =125 um) TH 5. Fig. 6.6 TIL, B % r=0u/Own=75, 10,40 O 3 /K,
LA VA% Re = Quiad(Wv) = 3.03, 10.6, 20.7 O 3 KEDFERZR LTS, 7,
B R (0 — o) (Guam—ou)l T, FU(6. XL 0 HREALA F PR ¢ LE LW, Z
D3AfIL Fig. 5.3 LRIk E 72 5.

Fig. 6.6 (IZX % &, HDF | R (—z ) (ICEPEEEROBEIRD B S, £ D
N TERBENELSRDZENbND. £T2, A4 OO LD, it FICftE

DEEROIK TR LI OWEHANOERIEE (EEERFEM) OWRIZEY, TR TIEE
T B LTS, SR OEREE M2 R D5 &, BREEE, =y PRI
D B ERILEE T < 22 Y, B LN D IO TR LTV D 2 Enbnd.
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T A =B DOEBIZONTIE, LA JIVREL Re BSEEINT 212240, X7 LI Pe 3HE/N L
PEER D BPFXIN NS 725720, TROEELRB LOEREE IR D —H,
B r SIS 2 EEFBEN L 22D DI O FEEZ T+, TROESBR
BILOEREEIIMETT 5.

x;: x/W=1.82 Re=20.7
Xs: x/W =345 x=x | x=x;
(O-_ O;h)/( Osam™ O;h)
0 0.5 1.0
m |
r=>5
JIJ, g
0 1.0 20 |
m |
(O- O.-sh)/( Ogam™ O:sh)
0 0.5 1.0
m |
r=10
Jiy
0 1.0 2.0
m |
(O-_ O;h)/( Osam™ O;h)
0 0.5 1.0
m |
r=40
JiJ,
0 1.0 2.0
m |

Fig. 6.6 Distributions of the normalized conductivity and current density at the two cross

sections for the three Reynolds number and the three flow rate raio.

6.3.2 HDFEDEIEH

Y TR E T SR T 5 B VEBORIICHTZY, £, WrimmoEER Lo
FetE 25 2. BMRE LR EOSEREER G LR R O R (x W) D4y
fi% Fig. 6.7 \Z™ T, ZIUHIEA A U RENSA O EE 2T 572, Fig. 6.7 DREHHITE
sﬁfmmt%ﬁ%%ﬁbkﬁﬁﬁﬁﬁw(iﬁm)%%wk.ikJ@ﬁﬂ@:%w
THEHh, B L 72 B ER( G —oun)/(Osan—0own) (BERGRIE HH LR LD A A R er
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HELW) ZRLTWAD. Fig 6.7l L5 &, HROuHEEx 2H0W5Z 81280, Y
EEK G, Re [IFITESTIREL r I —D>OHBTEIETE 52 L03b0 5. F
PPEBERGIEL, M N & & bICld L, 7oiiidit r I3 51250 T, x' 1ITxF7 % 6°
DOWY DRRENKEL 2D Z L nbnnd. RIZ, Fig. 610N LD &, IR IZHOWT
HEERRFERR, x' X L CREE r BICBXE DO TEHETX 52 L8 bMs.
2L X ST B EOBAITEER TS THY, WEEEBITEARL, HEL
DHEEINT D25 T x' IZxT 5 R OEIMORREIZRE < 2> T3, Fig. 6.7(b)IzHB\
, MEEOKRE WV =40 TIE, Re BRE < RDITOILTIK Re RO HIFRE L 0 b kG
A TWD., Zhid, &5 mETRATBEMDIRIZEY Re 3MHINT 213 & RO EE
WS BT D EEZLND.

(a)
1} — Re | Pel/1000
IS os | ﬂ\-\FZI —~— [3.03 | 202
I , \ = | 556 | 3.0
s|s 06 5 106 | 7.07
S0 44| b 0] [==1157] 104
ol oo | :‘*-\,20 207 138
' 40
0 1 1
0 0.05 0.1 0.15
x!
(b)
16
40 Re | Pe/1000
bl — [3.03 | 202
— = | 556 | 3.0
S s _ 20 106 | 7.07
= S [ 157 | 104
=l ° / 101 [55T207 [ 138
égﬁé;
0 - L r=1
0 0.05 0.1 0.15
xl

Fig. 6.7 (a) Normalized average conductivity on the electrode centerline

and (b) resistance at the five cross sections of the main flow channel.
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iR o EME R EOTEREE R G PR 05, X(6.2)FHW TRV E KR F
H9 5. Y FRIGHET L CR-R % F20i L7- 42 35 77— AIZ2W\ T, Re $5fg D4 Wik
TV ER S LR r OBIRZE Fig. 6.8 IZ-T. 72F, BAEHKX, BB LT x 1T
LTy bT5L, F—MELTD Re BUZLHEBWRBHE L 72D, ZOMHEWNER
fEL DB\, T CliaEb r AR & > THEBE L. Fig. 681285 &, rBEX
O Re BEEINT 22N THAIEMLTWD Z ERDND. KL A J VZAED Re = 3.03
T, r OHEINZHEY, B x=x TlX r=40 Tx=05f2E E THEMT 52, £ LY
TR T aldsh EEINE T, k= 0.44-0.45 FREE DRV ME & 72 5. Re AT 2122 C,
FWREE & BICTIROBEINT H XL 12720, Re=20.7 TiX, r=40 28T i
Tx=0.65 (x=x1) , FIMEPTx=059 (x=xs5) BREFTHEML TS, TR THLD
BEIMDBFED B D DIL, i Re BT LR Pe B TH O A AL DI OB/ NS L, miE
BROERBIZIKD TILE TR SN TWLTEHEBELLND. 7275L, B ReTYH
r BREWEEIE, EFRBENHEL RD72DIHOFENRKE {20, i PP
TTaEEXLND. 2 THBREVDIL, Re=20.7 TiXr=20 28\ T LS Tt
FTx=053-054 DIFFFRCEEZ LD ETHD. ZOFRMETIE, HOOEHEHIZBWT
[FIFRPE DRESE CIE 21T 2. 5 FIREMENR H 5.
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0.7 0.7
—+x, | (&) Re=3.03 —x, | (d) Re=15.7

r r
0.7
—+x; | (c) Re=10.6
x;. x/W=1.82
Xy: x/W=10.0
Xy x/W=18.2
X, xIW =264
xs: x/W=134.5
0

Fig. 6.8 Dimensionless cell constant at the five cross sections of the main flow channel.

6.3.3 EXRBHMIEETINIZEDEILEH

HLHEHEMLET VOFEBRLOF & LT, BIREEIIIHET 5 & TH H MK ITEN
DABDOKE X |Vy| Ds3Ai% Fig. 6.9 17T, Fig. 691285 L, BME(HLIC & ETT
B L IR DR SN TN D Z DD, Fig. 6.9(c)D X 912, EHREIES 2NE W
L, BEPZDEM LTS, @ERSEERITEELZ TR0z, Bk LU
VAEEIIFRE L LB 2 Bivd. —J, Fig. 6.9(a)D X 512, EFHEES M3
B2, JERS 23 < 72 213 E @ IR B EALANEME S 45 7o ol LUV ER
TERTHEEBE2 LD, 20X RFFEOEEFMO D, FREEOHEFEFIZON
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TG L - TRO =BV ESZBIEICH L T2y 925 & Fig. 6.10 DAALD X
I1Z7%. Fig. 61010k DL, S/WMR02RELIV/NSL DL, PRMIIKRELA
STWDZ EWNbND. KN TIEZ Drcd 6,/W DBMRZ R OS5,

Cp
(&./w)
Z 2T, Cu Con I TERITOEHTHY, Ci=0411, C5=0.0224, n=162 55L&
Fig. 6.10 ICHRFEMRTRT I IV I ab— a UERE2 IS EHT L LN TE 5.

V|
l/rnm]
Electrodes

4, /W=0.091 o,/W=0.182 o, /W=0.364

K=C,+ (6.9)

Fig. 6.9 Distributions of the potential gradient of the simplified focused-layer model.

0.9
0.7 |
0411
M 0.00224
05 t 1.62
0.3

0 0.1 0.2 0.3 04 0.5
S,/W

Fig. 6.10 Relationship between the dimensionless cell constant and focused-layer

thickness of the simplified focused-layer model.
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6.3.4 HDFEOREHTR

R ofEREZ LD, BALVEEN L DREHEIZHOWTEZ D, EREHEMLET LT
K- EE & BIEOBE O E(6.9) % AW TR6.8)D 8, ZiHET UL, RE D%
BB LENEBKITOWTROBZANELNS.

S, _ﬂwtx—c;jm 610

(a, ) 4rm\ Gy

R(6.10)1%, EHRBHMLET MIESE RO BNVER EIEEORBEBRTH D0, KR
W<, K6.10)0x%E Y FARKET VOB LVER LR —L AT LT, Y F
METNVOKELHET D, ZOWEIEORYMEERGET 2720, Y FAREKE T /1
BT, Fig. 6.11(ITRTEGEOMIREK (EEEo = 0) ZE LEHEOEI%E
R, & UCHE L, MM 7e WIGA OIRBL R & D727 H(2.39) TIREE Sp & 74 L 7-.
Mok BERR S EL T IR 72 DX Fig. 5.1(ICR LR+ E W20 Th Y, fEKRTF%
BEZPTICHBEBRECDORZ L DHBERLT20THD. 20 Y FRET WX D%
Sk N DARE LA KD, A(6.1004121C K o HEEA & ik U7-#s R % Fig. 6.11(b)IZRT. Z
2T, REE S0 DARELB B RO DESITEE & 7p DRI TEITIE, MERREEIR & [FRFE O ER D
B2 d, = (6AxAyAz/n)'? 5 lERE & L CHWZ, Fig 6.11(b)IC LD L, RiDiElt
E LA VAL Re, WriifiiE (Ui FEERE x) 1S3 1T 2 EOFREL %, H(6.10)I LD
% y=0.875 LT 52 L THERERBITETRY, ZUMPHRINTLEZXD.
2T, K(6.10)DBERE VT, Fig. 6.8 (TR Lz BV E S x OfEF0s &k F I
EOREE AR D, £, BIEOMEMIE, Fig. 6.11(0)ZHB VT £ 1T loxt L HRIEEAR
FIZIIN L T b7, Bk r & LA LV X Re 12k 2 & E OMHBIE, Fig. 6.8 D
TAEBOMEM EFRFETHL EZZOND. DF D, FidEkk r BEXOLA VR Re
DEEMT DI ON TREILE L 720, & Re FLTIX BRI E & HIC PR ORE &<
5 EEZBND. BARIEREDO A — X —FHlix1T 5 &, RikD r =20, Re =20.7 T
BT D r=0.53-0.54 (%9 5 JRE ORI, Fig. 6.11(b) LV B =30L 720, EEd, =20
um ORI BIRENL, Sk = B (d,/W)*= 30X (20/550)*~ 0.0014 ~0.001 & RFEEL 5
no.

7o, BRI, W - BRI T LT, RS GREL
LA VAL Re, HEWOTHE FEEEE /W) 2t LCRICEA L 2 B2 b5, ZHUT X
D, KEEREH N THEREZ G L T2D OB A AOMF N TH L. flziE, b
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IRDELE d, =20 pm ORI F-OBNZIBVNT Sp~0.01 215 25121%, H(6.10)I2 LV, T
i ~HE W BRI T UL vy (HETBRIC R Wim &2 —7E & 37U SpocW 2 L 72
0, BEIX EROMED12)3 =8 %1272 5) L) ZENboD. 7k, ki OWiEN
FIRHIENRF CCTH D Z EERELTND.

(a) Y-shaped channel model

Ax [um]| 50
Ay [pm]| 37.5
Az [um] | 37.5

Vp [um] | 400
z, [pm] |31.25

1/3

ay A d, = (6AxAvAz[7)
Insulating region (o= 0)

(b) 5o
Ci=0411
10 -(31f5233224 — T
= e[ 10 [207] x
30t ® | 10 [207 | x
o 40 [ 106 | x
20 F ol 40 [106 | x
10
0.4 0.5 0.6 0.7

Fig. 6.11 Estimation of sensitivity from the cell constant by the Y-shaped channel
model. (a) Settings of insulating region. (b) Relationship between the sensitivity

coefficient £ and the dimensionless cell constant .

ZZETIE, BEDRANEDBREICOWTiam L TE 72, EREN CIXEREE
M—EE TR, Wi N ORL BRI EIC L > TRIVEBENZELT 2B 1 61 5.
INEBRTT DT A NIEEEZ -V 2 b— a UAETH DA, AR OBHIC
FV Y FANREEET LV COFMARFNIEE L. 2 2 CARMATCIE, HEREE L
TV R BAEE T T B W TERIR OMIREIR 2 5 E L CRE O Z a2 Rl L7z, Z
DEFREORE L fEH % Fig. 6.12 12737, FHAEMEL & FHE 11X Fig. 6.12(a)(b)D L 912
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@ (b)
Simplified focused-layer model

Insulatiﬁg region

(excluded from the computation)
c
©
Cs=0.411
Cz = 0.00224 SE W |y | dw (ﬁé’ed)
60 pn=1.62 .| [0]00455] 05 [00364
’ A 10.0455 ] 0.727 [0.0364 | (oo
QUL O]0.0455| 0.5 [0.0727
© [0.0455 [ 0.727 [0.0727
63 | [®]o.0s68] 05 [oozed| o,
20 | o A [0.0568 ] 0.727 [0.0364 |
; x [0.0909] 0.5 J0.0364] |
g o + 0.0909 | 0.727 [0.0364|
X
0 ; L ry AI
0.4 [ 0.5 0.6 0.7
K
0.136

6/W=0.182 0.0909 0.0682

Fig. 6.12 Estimation of sensitivity from the cell constant by the simplified
focused-layer model. (a) One example of insulating region in the model. (b)
Computational grids near the insulating region (c) Relationship between the sensitivity

coefficient £ and the dimensionless cell constant .
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F—I, RIMBEHGEOET VBN TTHRERELR e EXTWD . Kia
T, KL SRR OBEEZL LW, HE L EERORERTFEOBENEE CTH D Z
LR LTe. DO EZBE LIZfITET V25 L TGRSO R & g,
FEL TV ETZW,

AT, RIMEEBARIC X 2 MREEIC BT 2 AOFEKEIC OV TG LiznweE
2TV, R TIHEERE OXMEEEE L, BEGHE L EOFHBEIREIOIEHIZ DN T
i U722y, miEEREUA CITAOFBEIKE 2152 OITENE S Th 5720, BN L
ST DN RL D IREE ORFETNLICEE D L O 2 BB 2R T 20REE L TV E 720,

AT, RinEESS & HDF % H\W 7o s AR 3 B DUV TR L Tl & 720,
AWFIE TITIEARR 22 R 2 B3 5 7200, RIEHEBIGII/ Ny FTHAE, HDF [ difik
TECOIERZRE L2, MBIRZEH Ldkiy e #Eb alge L B 2 T\ 5. HDF
kv Ety v 7 EANCE T BT, BRI OREZAIC X D EERSAAN T
X5 EERFIALT, Wi fE SR 2 BBk THiTE L2 Y, RIS L
T CM factor B Re[K(w)]|DH 72 5 M ENR TE HAlREMER & 5. ARWFFERCR 2~ —
AR ED TV E T2,

BINS, BUBEMNT TIEIZ DWW TE, EBEORL 734 XCTO XV Rt 725 H Tk OB
AT TWE TV RIFRTI, B2 B ARRE TR -7y, K VFEEMRFRETED
Ex bbb, FIZIE, EEKT S HIARERGHRIC L FIRY A XKL Ok o8 %
KRB TED. 2O L) RFiEEN— AR NOELFHR 2 M AIA R, BEE T OFEM
PR 2B OVKEN T D45 ) DR A EAER R R T DRI FIE AR L T E .
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