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Abstract

We developed a technique which can increase the yield of one-to-one particle encapsulation by applying the dielectrophoretic
particle alignment technique using boxcar-type electrodes. Dielectrophoretic force generated by the boxcar-type electrodes
accelerate and decelerate the particles periodically as they flow in the electrode region. Further, the dielectrophoretic force is
turned on and off at constant frequency. The force exerted on the particle periodically over space and time can align them in
the streamwise direction with even interval. In this study, the boxcar-type electrodes were installed in the microchannel in the
region upstream of the flow-focusing channel in which the water-in-oil droplets were generated. By adjusting the on-off period
of the applied voltage generating the dielectrophoretic force to the period of the droplet generation, each particle could be
separately encapsulated in the droplets. The principle of particle alignment using periodic force was first described based on a
one-dimensional model. The flow structure and the characteristics of the droplet generation in the flow-focusing channel was
then discussed in relation to the surface tension of the fluids and the wettability of the wall. We measured the velocity
distribution of the particles flowing in the boxcar electrode region to evaluate the effects of the droplet generation on the motion
of the particles and the alignment performance. The results showed that the particle could be aligned in the fluctuating flow
caused by the droplet generation, and each particle can be encapsulated in different droplets. This was further demonstrated by
measuring the probability function of the droplets containing specific number of particles, which showed that 100% yield of
one-to-one particle encapsulation can be achieved under the investigated condition of particle number density of 0.4. Moreover,
the throughput increased 46% compared to the case of having the particles supplied randomly.

Keywords : Particle encapsulation, Particle alignment, Dielectrophoretic force, Boxcar-type electrode, Microchannel

1. #

<A T aPRT N A ZZBNT, WIS oRlE &2 BT D B 7B VAEETRIE (encapsulation), 1 FRAGfEAT
(single cell analysis) <CHIZEHAT D43 EF THFZERTE M ED B, —HTIEFERILI TS (Velasco et al., 2012,
Schoeman et al., 2014, Hirama and Torii, 2015, Klein et al., 2015, Pellegrino et al., 2018, Liu et al., 2019, Delley and Abate,
2020, Ding et al., 2020, Li et al., 2021, Shahrivar and Giudice, 2021). Z OHFAfIE~ A 7 v 27— L Chitv il L,
WRRAERL & 8 2 ORI« FMIFLOBIEEIT O 2 & T, mfENOLE L T ZIRMICEIATE 57217 T, &
M CRLET 2 Z ERATRET, AAR—XEIZHEN TV D, L LRSS, HEROBERET) &R BT 7
DEMBRREPEIFF S N A, IEHAEROEFENONTIE, ~A 7 aitEorlk, MESM:, FRmikRDEOFEIZH
THRPNEL S, HBA#EA TS (Anna et al., 2003, Seo et al., 2007, Shang et al., 2017, Montanero and
Gafian-Calvo, 2020, Lashkaripour et al., 2021, Nozakia et al., 2021) . Z #uiZxt LC, RKi-EAD I 7B/ ALEFIZ B
T & 72 2 OITIKR N ORL ORI T 5. 2 DU R CEORA-0MIE 2 532 7o o lziThi A =+
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Fig. 1 Schematic of the particle encapsulation in droplets generated in microchannel, and the effect of the number density of
particles in fluid on the fraction of the droplets which contain specific number of particles.

DOME & @i X A X > 7 HERAERO b O L[R2 2 L NEEZ/2 5 (Abate et al., 2009, Lagus and Edd, 2013,
Mazutis et al., 2013, Collins et al., 2015, Brower et al., 2020) .

B 1S~ A 7 w2 TR AR &R -3 AR, 36 JONRAR T KL ORCE BE & a2 & S D kL
THOBWRA ST W & 72 DIRIRICRI 7 Z2IRA LT &, Wil e & bICAT DR ORIRIL T v % A Th
L0, WRENORFEIIE D OXNFET D, ZOHE, 1IKHEIC LR FE2RHATAZ E2ERETHE, I
BAEEDDIITR - OEEEZ/NS L THLERD LN, FIRFICHLI 28 £ WIS K LT 7o
EMETS 5. —, KFOBEELZREL<T 5L 2L O 2 STl I S i, 1R 1 IRREA
ELTARBHEMERT D, Ledo T, KAOBEEL O CINEE BT 21231 L o MR & ki A ko 2
AT ERMT L2 ENEEITRD.

~ A 7 a g Ok & — E MR CTHIREICE AT 2121, Rz —FNEEF (focus) S, FRAANCFERMREIC
BINST DN L. R a2y T 5 51EE LT, MhSZEVRHERT 20, Jth, Eloh, &xh%x
W= FEDRSH D (Garcés-Chévez et al., 2005, Morgan et al., 1997, Wood et al., 2008, D’avino and Maffettone, 2020) .
ZOHT, KRAHNIIER SN DG K0 WR-128) < 2RI L TR 7 2 #8519 % Inertial Microfluidics & IFf
T2 FHE, BINLBEZRHHEERE SR IAR & eI F5 < 72, #Z < BAFE 41TV % (DiCarlo etal., 2007,
Gaoetal.,, 2017, Dietsche etal., 2019). F7z, Zi b O % AWK ~ORTE AN (b 7Bl OFER_EIC
BT 20 bIThI T 5.

Kemna & I3if& R OFEHEEZ HWTT ¢ — iz AR L, 0 2 WIRAUT & R & Mo & B N oL
& & F ST mOFRZ T L7z (Kemna et al., 2012). ZAUZ K0 FHiZERT 72#dm ARSI 31T 5 1R (1
AHRE) 1 RS A DR EE ) B2 #E L Cuvd. Lagus HIREARIE DT A7 b AR U CTHAUC K DR 1255
wAToTz. ZOWEE 2 OWHNIELE LT, WRIEASEICE T 5 2 & T2 FEADORER EA2#RE LT
% (LagusandEdd,2013). Z Oz, Abate 5372340 5 EPiE okt U CEAST AR 2351, ROt E
ZHREd S 2 & Chi IR A YT 2B 2 BI%E LU, R AERBEREIE AT 2 2 & T LR 1 HRRE ADIER %
MR &7 (Abateetal.2009). —J7, ZiALHDHIET i‘?fﬁﬁ%ﬁ?ﬂ:i DRI EE DT, T3 ARUEE
L*i%@@f“%)ﬁf"ﬂ?'ﬂﬁm%{iﬁ IRET D ZENHLWGAENZ. £z, Wl A6l L COhi1- M@ & IfE-3 2%

Fonld, TURICER T T I AR Bops O AR N SR8 T 5728, WO IS A o8 TR A RS 2 i3 %
%\%1735‘&’0 5.

DI HITHER T 235 0kEN ) & 25 & KR O Tc o THRMIRNIZZ b S8 5 2 & T~ A 7 vk & iiit b
BB O W B Wi N ONL i, FF T OMIE, EE, FLTHA I EHIET A EINAREL TV
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Fig. 2 Schematic of (a) the layer configuration of the microfluidic device with boxcar-type electrodes, (b) top view of the
microchannel with rail-type and boxcar-type electrodes, and flow-focusing region for droplet generation, (c) particle
focusing and alignment region in the center microchannel with the rail-type and boxcar-type electrode, and (d) flow-
focusing channel for generating water-in-oil droplets.

(Tatsumi etal., 2019, A, 2020, Tatsumi etal.,2021). Z OFEAT A i AR L HAEDEDL Z LT, @I

%&?ﬁ%%ﬁﬂ”é LRI VIR DO B 72 AL OB B FRETH D LB X TW5DH. ZO%A, FEikKE) 2k

WAVERT DREEI 2 A 2 5 2 & TR TR ZHEC X 2728, WA U CHiEIZimA T DR 0
F‘aﬁfim%f:Aﬂoﬁé EWTX D,

AW TIL, FHEKEN 2 HWTOR IS 2, IR AR A Fr o~ A 7 v iR 7T A 2 Z32E LT, 1hL
T 1 EEEAOIEN LERGET S 2 2 BNE 95, FHEKEINIT~A 7 a8 L. Boxcar 2 EMR%
FAWTART 5. Boxcar BUEMGEIL CIEFEEKEN ARG I EANI/ER L TR 2 IhE, ol <2573,
IOIEEE —ERIITAY - A7 UCHAIERT 2 EkEN ) & JAHICE bS5 2 L C, Kirad—ED
FRRE - SRR CEIIS A Z N TEX 5. R DORIMEIE, Boxcar WEMO IR SB I @EEDOA Y - £ 7JF
HMEELL D7, ZORMZEHERDORM E —HIELH LT, 1K 1 R FEAOINERZM ESE5.
X U2 Boxcar BUEM A VTR 75 D JFEL A7~ L7-#21Z, Flow-focusing Wit & FV 7 &R 2L s O E A
& EOMERERHMORER 2~ d. £ LT, WRRAERDRFREAIVERRIC G- 2 D B2 it L2121, 1 & 1 b o
IR LR A T o DRI 2T LT 58 OBGGRIE & i L7z,

2. RBFREEH

2-1 240 0FETINA R LEBRERE

ARERTHW e~ A 7 itk T A AKX 2 X 2 12737 X 2@ DN~ T X 51T, 775 2134 (Au)
Bz 2y B Y KD F 2 () BEEEEAE A THRIE LT 2 e 75 25k (BIRA v 2 —F > a )L
(CTHRE) L&, 205 ORICHHREE O TR L 7= SU-8 (MicroChem, SU-8 3050) J&, ST =—7 284 57=
DIZH T AFMIZHLY 117 7= Polydimethylsiloxane (PDMS) D71 v 7 Mo END.

BT AFENNNE, BEREEE WD CTRIEORAIL L LR T 7=, ~ A7 T 74 F—8 % (Nanotech,
LA310S) T SU-8 &% MAlDH 7 A FEMUTAE L7412, BRI T 7 2 b 2 di & Rk O E R 2 LT
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LTz RIZ, WL ARE (7 X7, MNP-001) % HVTIREE 120°C THIEA L 728 B IEE SH, H T A & SU-8
EDMTER T 4 o T aATo 2. D%, FLEHITTZPDMS 71 v 7 OFH%E, Oy A& W= 7T7 X~ 3K
AL (Fom, a2 %7 by F v — FA-1) LIS, BRI T A ERICHERS SE 72, EBRIIT A 2%
BIEL T D 24 LD ERGE L 7= 7o 7.

2N DT & 77T, $ilk T 2 5BRE & BT DR Z i T W O L 3 DO AN EFRT, FRA
H 2> DR 20608 U 7oK A, BAE L2 EREZE RIS K 0 BB 578 o 7 & VTt O TR L7z, 2 RO
WOANANBIXT Y PR 7 (HASEE, CFV-3200) %AW TKEIROAZRL, ZOE (0=05) Z i
T5HZ L TERBOMEBEZFE L. TRKOE W EEE HiX, T2 w=200um & H=50um TH 5.

AMFFETIE, Boxcar MM A FHITEEICRE L, WA HRIIZFHEKEN 2L, EiRFmofklm L miE &
A IV EHII L7z, Boxcar BUEMDHEE X 2(c) 2T, Boxcar BRI, EMFEEOHIZ, §F S0um, KX
40um DZE HFEIE S T ST S Lyia=50um ks TR S (242 A fEki ofE 5 M O &M (DL T Tt S
ERT) DS Lyian=50pm MMRICIE5) #iE 2495, Boxcar EMEIROE &1 4mm TH Y, JEHIGER OB 80
ThbH. EHIT, Z0 Boxcar BAEMD FiitiZiE Rail AR A 3% E L7z, Rail BEMRIL NS AT 2 ROE
T2 DAL S, FEMGEIR O EFiiE COBMBRRIL 100um TH Y, 2mm OFE S CTHFE 60um £ TR E > 7-%I(1C
6mm D S TEATIINLE T 5. Rail BEMIZ L 0 RS W DFEEKENINC L D, R0 20 FHafnE & m S 5
MACE 2 2 b S, B2 FRELE; CREME O LR RIED D Z L3 TE 5 (Tatsumietal,, 2016). ZD K
T, PR DR S RAT DRF1E Rail BUEMIC K 0 B EICED B, FiICHLET % Boxear
EGEROAA~EFESND.

Rail 74 R & Boxcar RUEEMUE, X 2()lnd K 91T, WO FREREIZ Y T U2 REMZ, TEEZIZK 2(e)ic
NTTEOBERE TR L TR EINS. Zb0EMITar 27 v -7 07 v K IC MiF%2HWTE
ML, Zrvrvarvaprl—4% (ZXTT7RIKERFT 2y 7, WF1974) 2RV CGERE Lz, EROBREIHIC
BUFAEFIIA e R a—7%HWCHlE L.

Boxcar BUEEMR 2 ek L7 &1, Tl T 2(d)I2~ 7 Flow-focusing it #& (2 Hefi 9 5. Flow-focusing Jiiti T
%, 23 HiCHRARD L DIL, AA NOFIIKOWERZ AN AR L, FIRIE 2§ 20 2K ICEI AT 5.
Flow-focusing it IZHIHE & LTINS 2EfekH & g5 4 A iE, K20 d iAo AL U PR
7% FAW TR Qoit1=Qoi2 Tt L7z,

B &I O R BN BAISEE & i E B 4 A (Vision Research, Phantom V1610) % AW TR L7=. ik
B OZEEIRAE L L, FNFH 1.40pum/pixel & 1000~5000fps Tdb 5. ki L7-BhEis 5, 2 ok FEEhfE
Wi 7 b (FA4 77V —, Movetr/2D Ver7.90) % N Thi DAL &l 2 Red 7. RO HOLE IR 7

MZ X o TR SN2 87 B BEO S EO TRE L, BFEE X2 OFE O LE ORI 5RO 7.

2 - 2 Boxcar B/ EE

3 CHERFELC L 0 R 7= Boxear TUEMUZEATE L7z & & OB S &, B YO B4 85K
%779, Boxcar "MEMIZE LA FIINT 5 &R HIZFFEKEIN AT S, K 3@ICHhDH L HIZ, EHREITE
FRD¥E TR E <, Boxcar BEMRDZE [ O T HIZTEA/ NIV, ZHUZ LY, FORERO T & Biafficds
W, B8 < =57 mIOFHEBIKENS) Forex 13, ZNENEELADEELZRT. S 6IZ, HOREBIHETIE, &3
TR DFEVKEN ] Foep, | FIEDEZ/R L, ZEAFEMTIIADEL L 5. 2 KD, KiFIFAREMRIC TE S J5m
W ER L, ZBAREICTTET 20, ENORNGIZEY, BGEE TENEIRLFITINE & RO S10MER
% (AR, 2020 ; Tatsumietal.,2021). Z D X 912, Boxcar BUEMIC IS 1T DFHBIKEN S 10A 1, B2 000E &6
D A T NS HIRNCTER T 5. S DIZJE ] tonor TR, T 7000 G AEUKEN /7 2 RERILT 6 L CJa )
HINCHEAET D Z & C, R ORFEMIRE tonotr, ZEMMIRE Lyen & L TESNITHZ ENTE D, £, ZHUThi v
T tp D> tp=Lpitch/ fon-off & FLL D LERT.

Z T, BESZe D EIRNCRLIER T A Z & TRITOMBN—E L 725 Z L 2 S T NV EHWTE
2%, B3OWTRT LIS, Kz, S5 FPRES Lo OIS TRZICEL L, 2O E 1
BICEET 25052525, 4, TH um DS Lyic/foror (% LN E L, K175 Boxcar MEMD S = v b Z @7
DIEHNZIBNTRIA DR 0 ROV EVDNEICHD T 5. 205G, KA HMERT 2 a3
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Fig. 3 (a) Contours of the intensity of the electric field generated by the boxcar electrodes, and (b) schematic of the alignment
principle of the particles flowing in the boxcar-electrode region by exerting force periodically over time and space.

G<x<th LT 5. KRFBRODEVDONENBINTGE EEBPIND-7256), 1 JAMOMICh Iz s 245
Woee IZR(DD L D IZET 5.

WDEP

0
Wpep = Wpgpo + —— 30

aw,
de = WDEP,O + aZEP (89(1) + 829(2) + "‘)
= Wpgpo — 2a8,0 Ve — 2a0,0@e? + . (1

ZZTOFRLAIZE (F20138) ONPMERTLIFROESTHD. & 0936=1,2,3. )FEBEREK L i ROETH
D, 0=00+e0® +£20@ + ... TH5. £72 Woro (TR DOV BVDOMEICH D & EDILHET, ZZTEED
EZ0 L35, £, -a<0)E | FAYITEEICKIT D F O x T2l ThHs. KD 1 IROEOEE %
5L, 0 =e0WTHLHDOTRQBELND.

WDEP = —2a909' . (2)

OXHFOBEBHTRNF—% K ET 5 L&, DVEWONMEIC S R0 1 AT 2 FiEE A, & 7
E, KIZBIT 23 EUEG)0 & 9 IcktE 2.
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_1_ oK ~ 1 . ~ ~(1) ~(2)
K= Emufw + e diy, = Emuf,_o +mily,o(ef,” + 20,7 + ). (3)

mIRLFOEETHD. K DOV EVOIRIED D DEULAK IFAK = mil, o i," & 7%, 2 ZTHQ2) & FERIC 1RO
HEEz, =0V TH5.
0, OVAMOM COLEBEZdY, L35 &, ABEdL, 1<K DKOEE dK TRTER@D LI 5.

dK = m, oda,’. )

dK V31 IR IS 70 TS Do LHE LWL B ZD &, miyodily = —2a6,0' L{ES ZLRTEDH. 22T,
& 130y oton—ofrl ZILHI L ZDHBIESZ aTH D L LT, REDBERIELND.

dﬁp’ = —W o' (5)
SIS, 00 LAMORICET SEILEAS LT 5 L, 80 = ) tonor® & I IR TE S, 22T, 1AM
WORSPHG LT HROES LB LT b S VAT, = —(2a0'/m)dt 2D, ¥7z, 4, = do'/dt
LRI ZENTEHOT, 0w, EREOCHEMT UL, BERIICR IR ORG L (BT 5 H 0B, X
OITTT LD ITMDHTEL Z LN TE S,

da?¢’ _  2aa

@ = Y (©)

R(6)7> B 1L 12T DIEEENG O D . EEROWEE CIIRL IR AKESIC X 0 EREA I E N, 0'1%
% < DYET 0 IR T %, Boxear BUEEMR A V28R ThLF OB 2 HE L7256 Th, K ONE &l
WTHRED L7223 52 0 AWVONLE COMIZINH L7z (Tatsumi etal., 2021). ZDZ &b, AFED K HITH &
ZERN e U C S IR 22 1 2 BER ISR FIER L7258 T, R EVOAEIINRT 5 L 52 5. 20
BVONLEIZ B BT RO ZER « RERIRIRIRIE Lich & fonot DEEIFUHIZFHE L 0D Z 2000, Kif-Z—7EM
bR CESIT 5 Z LN TE D,

AR Y, K(O)DRIRIL, 2V EVDIEDN-Q<x <@ ITHDEE, TRDOHIRHED Lyic/fonor & LNV E X
2D 2D, — 5, WD Loiew/fonot & IR DG TH, KA ONVLJRED Lyien/ton-or & F L <722 X 91T, DD
BVONEPBEET 5721 T, 0'0 0 ~OIHRIZET 2 AkOFEREZEN T2 LN TED. Thbb, Z0
e lE Woepo 132 0 T72 <, WK & Lyah/tonor & DFEZAH D DICMEREFITKIET HEEZFFOEE 2 5. Zh
TR O Z — B STEE, tnor BEZXD T & TH T ORFEMINEE tn o (SRXETEAH I EERT. LI
735, Boxcar BUEEMRAHI A DL N IR~ 2 Wi AR g & fAG o 7o & &1, KA DEINT ton o 2 51
HHIETILRA 1 EHEEADNEREZM ETE5 52 5.

2 -3 Flow-focusing FE#&

2(d) DA TR L 72 Flow-focusing it OO BEBUE Tkl A 4R L7z, Flow-focusing ¥ie#sid, Wil & 72 % 731K
FH & BRI A PR TEAL D PRI LT, HFeiH & FHIN DIRIEDER L TAWMT 5. Glabd FiciE, #E
IINER & BIERER 2 RIRI TR T T2, ~ A 7 i Tl 2 AR 20&B07e 5L LT, Tyunction, Co-flowing,
Flow-focusing D4 CTH1 5 1 5 OFREE A3 28T 5415 (Nunes et al., 2013, Shang et al., 2017, Montanero and Gafian-Calvo,
2020). AMFFETIL, Fit L ABROFREEIS KO/ « BILRERO~E, £ L ToHEUE &t oiie & ik %
T U TR O AERE 1 & ~SHEN T C X 5 B HE OR & ZBiH 2 Flow-focusing it % H 7= (Vegaetal., 2010,
Chen et al,, 2011). AR CIE, HEFAHIZIZT Y a4 A0 (EBALT:, KF96-50CS, BIKEE 50 cSt) 2 7z,
A A V% Flow-focusing JiEi& DRI HIE L, EEED DItAL DR Z1RE LT 00 O /KSR Ok 2 A4 A
BT AR LT,
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2-4 EEBEH

EERCHW=~A 7 R 71, AFRER d=12um, HJEp=1.05x10°kg/m*D 7R Y AF L ki1 (Thermoscientific,
212A) ThDH. VEENRAIE, SEFIE S U R 7K Millipore) (2, FEIEMHHRODZ 7 U LHRET b Y 7 4 (sodium
lauryl sulfate: SLS) % 0.1wt%IRA L7=/KIEiEZ VY, ki OEHER J OVEISEEC 2592 O &Ml L7z, ki
PGS 2 BRI R ORI TRFEIIT 9=0.1% & L7z, 20854, MIEIZB W TENLE DD Flow-focusing gz, 18
el (RpR) QAT DR OEEEN K 04 Ee o7z,

IR T BB OWMEIL 0+0:+0s =0.5uL/min & L7=. Z 0 & & OERITIIT 2 Wik 3w
un=0.83mm/s Td 2. Rail HIEEM & Boxcar BUEEMIZIL 10MHz OARELZ Vp=8.5V THINL7-. Boxcar 7
BT, 777 ary=rxb—2DEF—A MEREZAWT, RMEEZ B foor=14Hz (=1/ton.on) T
BIRANZEIN LT, Z O EMITHEHEAREIICER L, BIGERT 5. (FEOT 2—7 4 —LHIX 50%TH 5.
RCEEDEWEE IOMHz 1X7 7> 7 > a v V=R L —H DRKIETH 5. FH HITATHIIEIZ T Rail BB E
Ladder U EMUIZ BT 2 EUMEFIRIC LY, AEEEIC TRHI/ERT 235 5EKEN )13 oN OKRE S 2F5, Wik
YR 10um~10mm/s DFAFTHRIFZHIETE 5 2 & 2R LT % (Tatsumi et al. 2019) . AWFZE TH
V7= Boxcar BUEERR CHRIFEMETE 5 L& %, A CREESMH CEREZIT- 7=,

B, um & EREEOKDERZ AW TRO IO LA V21T Re=0.067 TH Y, R HEAEEDO LA
IV ZBAE, RiAEENR L, BOR L7z & & O3 Cd 2 il BAEHE 1,=0.70mm/s & FHWVTRD 5 &
Re,=8.3x10° Th 5. wifgetd (A V) OpiEl, X 20b) & (@IRTME 1 & 2 TEHEL L Qo i=Qoip=1.8ul/min &
L7

3. WRLEE

3.1 KHER

Flow-focusing Wit Cl, 1#GeAH & 0 BOHO SRR 1%, WA O R4 & i OReds L OVE 2 e 5 EE e
BERTHD. 2O, WHAEROSEME L TX Y BT ) —8 Campun/c AV TEHT 2 Z LRLW. ZZT,
uk o, FIVEIUTIRIROREE & REIET), um | ZWTHEAEAIRHE T 5. HHHE & BIEENZNDOF v 7 U —4K
Cac & Cag D3IITHIK T 5 & Flow-focusing Wit (2 331F 2 HifgeAH OWRAEDS FHRICHTY, PLRPEEEES Tl TR 23
B S D Jetting & FEIEN S IRAEIZZ2 D (Nunes et al., 2013, Roumpea et al., 2019). & 512 Cag BHEKT 5 &
Threading & FEIAL D K 912, WAEDS FHICHERF S AV DS IZRL S 4172V, L7285 C, Flow-focusing Wit 12 Tk
TR FTHEZ: Dripping & PRI DIREBIZ T D11, WMEEREIENIZTHEL T Cac & Cas % LEVMELL FIZRE
THMNENDD.

ARFEFRTIE, Cac & Cag DFFITITEAE OK) 235 i & ket (A L) DAL S M T um % H
Wz FEAKEAANVOREIL, ETNF1=0.89 mPas & 48mPas & L7=. THEERE LT, PDMS HOFiIZ
HT A% FREL LCHEE LI28B @ Flow-focusing Wil COWMMNAE BRI Lz, ZOHE, 1.0x10°<Ca<0.2 OHiFH
TIE, Caa 259 4.0x10* LU T T 5 5 CitauE Dripping RIEE 72~ 72, ZHUCK L C, MBBEOHMEA2EZ D
&, Cag 75 4.0x10% LLF CHIKRMMNE SRV AR R bz, 372bb, REEOME % 57 A, PDMS, Pt
Au b EZBHERLF v BT U —8TY Threading & Jetting DFRNB T DLEDBH 72, T HUITEE ORBAUVED
W AE RIS 5 72T %D (Baver et al,, 2010, Gu et al., 2011, Jose and Cubaud, 2014, Trantidou et al., 2019). %
2T, WA ERET 572012, v U a3 A A /W FEEMAI T % Span80 (FFIMET3E) % 0.5wt%iRa L

(Hashimoto etal.,2008), = HIZIEHEEEZHEK = —T 1 7 HITH 5 Aquapel (Pittsburgh Glass Works) THLEES
% Z LT (Kemnaetal,2012), BEHEIZIST DoHEAHOBEAA ZHRK ST, Oy W AZ W7 T X~ K&
PR U= F AL, ZDH T A% Aquapel TR L= 7 ADREIZ, FANVOFTKEHT LIZGEOER%
AT, T T A FREIEMEALIEE U720 T A2V, AU 12 FEUL ERSGE L CbRIE R T 72, &
7=, B R (AR A, DMo-601) % FWCHIE L7z, #' 7 A, PDMS, Au, Aquapel LHLT T AZB9 5,
ZA N OKIEFHO R mEEA 2R 11T, BMBLOEROENGG1D L 91, T A% Aquapel THEKILAL
95 Z L CEAMRA A 24.9°025%) 180°F T K T 7=,
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Table I Contact angle of water droplet on wall in oil.

Substrate Glass PDMS Au Glass treated by
Aquapel
Contact angle [°] 249 180 110 180

Table 2 Capillary numbers of the continuous and dispersed fluid flows in channels with walls of different material, each

corresponding to the results shown in Fig. 5.

Substrate (a) PDMS wall | (b) Glass wall (c) Pt wall (d) Glass wall treated
by Aquapel
Cac 8.0x1073 8.0x1073 4.0x107 8.4x1072
Caq 7.2x107 3.6x107 2.9%x10% 4.3x10*

&
(a) Glass (b) Glass treated by Aquapel
Fig. 4 Water droplet in contact with the glass and glass treated by Aquapel in oil.

(d) Glass wall treated by Aquapel

(a) PDMS wall (b) Glass wall (c) Pt wall

Fig. 5 Photographs of the flow pattern in the flow-focusing region in relation to the surface properties of the top-bottom walls.

X 512, Flow-focusing Ml 21T 5 _EBEDHTEIA (@) PDMS, (b) T R, ()Pt THHEE, % L T LETEEMN)
Aquapel LB L7= T 2 Th 5555 CTOWMNOER T Z~d . 8t & pBtHZNnEhoFx ¥ B 7 Y —4 Cac & Caq
i, 2212 RT KL 91T, (a) Ca=8.0 X 103, Cag=7.2 X 103, (b) Ca=8.0 X 103, Cag=3.6 X 107, (¢) Ca=4.0 X 103, Cas=2.9
X107, (d) Ca=8.4 X102, Cag=4.3 X104 Th 5. ITVF ¥ £ 7 U —HDOFEMHTYH, WREEEORmIERIZ LV Dripping
BALH B Threading WEAUICZE D D Z L 23553035 K 5(c) D Pt DEFAE TH Cae & Cag DAEITELREY/N S U723, Threading
TR SN TND. £ 1ICTEBMECH D Au OEA 1T 110° L HH R XV, 228 L Ol % 42T
DITIFREE B AT D Z LR HFE LW EEZLND. —F, 5(A)IZdH D X 912 Aquapel THLEL L 7= 4
AT, Cac & Cag DIEDN (D) & ()DHA LI L TREWVZH b L FERNERSND. ZHHDZ &b,
ANFERR Tl % Aquapel © Smin fli7- L, 7 A3 L OVEMZEH 2 K BAAEE L Cos R -5 AIZBET 2 1
ExEIToT-.

3 -2 Boxcar BUEHEIC & HHITFES|

AECIE TR A TN 5 5B O IKIZIES L7212V T, Boxear FUEMNC X 2 ki+H&5 DO MRE D FTAT,
¥ LU Flow-focusing Jit# C DU AU K D FEFN DB DWW TGS EAT 5. ZO%E, RIEOLRMEINL 1
~66ms ThH o7, ZHUTHDE TEMICHIMT DEEDOA L « & 7 JHH% tonor=T2ms & L7z,
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(b) Downstream

g g o o o

g il il el 0l S Ul B

Flow‘\(a) Inlet __
E>_f) :-:s o _.'..-'lcz
!

Oil channel

(c) Flow-focusing area

Oil channel
Fig. 6 Photographs of the particles flowing (a) at the inlet and (b) in downstream region of the boxcar-electrodes, and (c) the

flow-focusing area at which the droplets are generated and the particles are encapsulated in the droplets. Red circles
are superposed on the particles.

¥ ! 3 N { e I T { b2 o - -

Fig. 7 Series of photographs showing the droplet generation and particle encapsulation at the flow-focusing region.

2-0 T T T T 2-0 T T T T 1.0 T T T . T
- Particles 1-4 1 - - — Particle 1
15 | . 15 | i L — Particle 2 |
x_ L — |« L {*_ — Particle 3
<10 | 4310 4305
= — |37 | 377 st
0.5 - — 05 ——nParticlel - T
- 1 - — Particle 2 1
0.0 1 1 1 1 0.0 1 1 1 1 O'O 1 1 1 1
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 06 0.8 1.0
on-off tonoff t/At,
(a) with droplet generation (b) without droplet generation (c) with droplet and Fpep not applied

Fig. 8 Particle velocity distribution measured in the boxcar electrode region over one period of the on-off cycle under the
conditions of (a) droplet generating in the flow-focusing region, (b) no droplet generated (steady state flow), and (c)
droplet generated and voltage not applied to the electrodes. u,* is the target velocity (up*=Lpich/fon-ott), and Atq is the
interval of the droplet generation.

6 |Z Boxcar RUFEMRGEIRO AL & H <, 3 L O Flow-focusing Jiti& 12 ThI - L AR O 28 LT
GEZRT. £, K7 IHEEAERD 1R TRE Lz —E0EHE %2257, X 6(a) T, Boxcar BUEMO AN
WZHAT 20011 Rail BUEEMIZ X0 bt BIZEF T 228, RO ERF LB IXEYN TR, X622 083bh
%. ZHUTH LT, Boxcar BUEEMRO H VT < CTIIRIFIXEM 1 AR & Lo OIEERE & 55 LW TSI 5 2
EMIMND. ZITC, OB AR A T SR ORI ZAL & L, AL D tonor (E72IXT OREAE) &
D%, &3 5. X 6(a)lZ~37 Boxcar M EBEMFEIBIZ AT DRI T D 8ty/ton-or DAL 0.58 TH Y, D
FEVEMRZET 025 Th o7z, ZHUTxi LC, Boxcar BEEMRAEIE D HY 11 C D8ty ton.or DFXIE & FEVER £, EhZ
N 79X10% & 1.6X102Tho7-. ZDZ & DD Boxear BB X 2k FHFNOFEE D& S BnD.

Boxcar FUFEMAEIL o> H VTR 1 JEHARER CHIE L7-, OB FIZB 2 BT AR u, D434 % X 8(a)lc
R E T DT, Flow-focusing Hiti&IZ Tk 4 AR L 72\ VIREE T Boxcar B FEMR I TR 2851 L 72556 D
up 534 2 [ 8ONTIRT. Z DI, Sy EE T8 D KR D EIT Owaer=0.5 uL/min & JEHAERFOHE L& 1L <,
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HGH TH DA A NV OFREIL Q=0 pL/min & L7z, F72, FIEIT tonon=50ms & F%E LIZHEORERETH D, 72k,
B OBITHAREBERIC L VE SN D720, KT up 1Tk 2R CE 28I bz > TURT.

X 8 (b) TlL, ZNENARITD uy AT —ET 572, X 8RR ARG Tl uy XD DE R A5
%. ZAHUZ, Flow-focusing Vii&IZ TR AN ERK SAVHBRIZ, X 71237 & 5 128U @ Ger O+ AMtiuc X
DR S, SIS RS ARRE L, 80 B S vz & SISO R ms LiRlicBihd 25 2 Lic &
DR DENNEINT 5720 TH 5. ARFFETHWZR L F1E, HRAHnT 5 E 25 2 & Ttz
FEL TS, 2072w, RENORERRGTCE N ENT D &R T OEHIENGENET 2 £ Tkt @& 21k
T5. ZHUTINA T, WEENOENEENZ L D F 2 —7LCPDMS 7 1 v 7 DL TOWENEE Lt &En 2T 5
[ 8(c)iZ Boxcar BRI L 72\ GG C ORI DRFH /040 & 737, B O RE ) i A= s 5 3 o TR
LTCW5. BEIKENIIC K D RiAE SALE OFIE 2 72 T2 DB A OSSR E TR 72 578, WEETORINL b
UV, 2D X DI, TRIEARRIZ L0 AVCIREN A T, X 8@@)2s L= K D ICFBEKENIC X ki 2551 L
A THEOREEZ T CREBIIER T 5. —J7, RO/ tonor DIEMEMRAEN 1.6 X102 TH D Z &b,
Z 2R LN ONREID T 1 Boxcar BUEMGZ AW TR 1225 TX 5 Z E¥mynoiz.

33 RIFH AWREDFH

1 B2 5 A U7 O O E 2 5Hl 9572, WMIZE A SR+ O% % IE LT-. 9 IZE AR T
%9 2 AR O AT Ao 9. JE LTSRS S2 B Ch 5. E7o, B2 A REIRIC 7 v X A
bR Tt L= A Ofe=534i & LT (Collinsetal,, 2015), (NIRRT RT VA0 RO I EE, X9 (A
& LTORT.

P(n)=exp(-\) \'/n! (7

nITRFETH Y, UL VKR D2V IZEEND R Th DH. 5 TR L 912 | i FE AU A
HATIITRI T OB AR ST DLERH D0, Fil21E31=1.0 OFE TIXEHEISh 1% 2 Bl B TerERIX
P(n>2)=026 THY, 1¥EHE 1 hirEAZ BRI E T2 EREENRE . —7F, 1701 TiX P>2)DfEIX 0.0047 & /)
WS, P(n=1)=0.09 720, 1 & | Rir-EAOZE LEEE) /S0

FEBROTIIRIAHA=0.4 TIL, KTV U0 HROTHERN 2 HLL LR 1% & TefeRlT P(n>2)=0.06 TH
L. ZHUIK LT, K9ITRT L HIZ, Boxear BUIEEMAIC KV Ki 12 HS| UT- A OFEARER T, WHEICEIAE
NORAEIT 01 THY, 2L EOKF2ERISE ENOEIGIEL P22)=0 THD. ZDZ L7»b, Boxcar
WA VD 2 & TREBREIFICONT 1 VR EADINEREE 100%I2TEHZ EEMRAETE . 7o, Al
WDORT ) AT O &g T 5 &, Boxcar BUEMZ VD 2 & T Pi=1)Dfi % 46%IE KT 5 Z LN TE .

32 Fi G2 X DS, AR IS t~66ms TdH D Z & x5 Boxcar BUEMROEE B E tonor=72ms & L7=.
MEZERIC—BIED ZENTERDSTEDIE, 10 1XFRR L ICERRE & REPERIZ L0 59+215ms O#FFET
5o, FHEMEFICEOFEMZ EMICAFEL 20N L7220 TH D, tonor? ta D H, WRIRAERK &K1
MADH A I TOMFEBRTID. 727210, RIS TOIUL, o> ta DIGE, MAATITH 1RIFIZ
FHAINDRFEN 2 LD Z LS T EITFRETH 5.

ARFEERTIL, PR HA=0.4 L 70 DRI T OB LR CICRAFHl L7z, 22 K& LA TH, Boxear il
A TR 28592 2 LN TEIE, SWIIERZHERF L, IRE AR ZFO D ATREEDR & 5.
S, SHICKEVAUTET DEREAITV, MRBAFHET 2 Z L EECTH D, —FF, Boxear WA TR
I, XA T EHEITD5E, BY|TE DRFOEEEMT ERA S 5. 1 BN 1 R FARE IS
7o, EHEEL L CUIERSTMHTZ0 18/ Ly, FTREBEE L LT U ot fonon DFEEFIMEREE 720, WREE
PICBERA - 2 505 B 2 I3 DRERRIT A L7220 ), A=1 DSRISICHE T DR T OB ED LR E 72 5.

£z, ADMEKT 5 & Boxear MEMAEIKICA DT, [F—EHIC 2 HLL ORI IET 5550365, FH
1 Boxcar BB 2 JATIISEIC C, [Rl—JEHINC 2 KiF-2MriE 3 25512 B3 S BEF R & 3HA 1TV, 36
EVKEN /) & RO S SIS LY, 2RFDBER L, A5 Z L AMR L T\ D (R, 2020). Z
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Fig. 9 Histogram presenting the normalized frequency (fraction) of droplets which encapsulates » particles. The number of
droplets is 52, and the average number of particles encapsulated in the droplet is A=0.4. The Poisson distribution gives
the results of 1=0.4.

DY, 2 RFITEWICEREL, Sty 5. 20%, mSHROFEXEINICLY, ERORFA RO %
FTOBZ D, TUWOKAIMAREMRD LN CTRETEDE, FIAMOFEKREN /N L VBT 22 LT 1
SROBFRAMA~EBIT D, R 2 RF e 250, RERFIIZOES 2§ L TEXD
EE CRE L C, TOMEICRE S LD Z L&A LT, ZHUT K0, KO3 EEA R WIRES DR FELA T (A<1)
Tohiud, KRR L ERIRICEY| U CRIBAERBICIHR TE 2 L B2 b5,

4 %

AHFFETIE, Boxcar HUEMRA FIV T 22 & BRI L CJRAIC BBk 2R IS4 %5 2 & T, =17
2R A A DR A SRR I HE S L, Flow-focusing Wit 4 I/ AE R ORI 2 Lo kv, )
BirH2=04 OFEMHTH, I 100% T 1 Ki B DR ZEKT 5 2 LN TE . iU, FEHFETT U2 A
KT 20 LTS B BT BRSO RO IR IS LTk L=, $£7-, ABFETIE LIRS ki 725 AT
HZEHRENE LTHEMLTODDD, tnor=tan EEETAUX, HHAE (n ) ORLT-ZEA LIHERE AR OIGE
b ECEXLAREMERH D, A%, ADMEAHK LI5E ORE LR EZTHIT 2 Z E0FETH S, Z oz
AFEFREOREMNB L BIRT AR TOX A I 7 HEWVIEE TR TEZ 3 EERHD. 202 LD,
Boxcar BB A WINCHIE L, EAEIUBIOR 20 L TEYIT 5 Z & T, 1 KRR DR F2EATES
HIN~ORZBAET 52 Z L b EELEZ TN D.

il

AMWFZEiL JSPS BHFE: 18H01381 & 18KKO0306 DB AZZIT7-b D ThH D, <A 7 uF 3 REEO—ERIT K
IRBIFTER Y NU—27 | WHRFEFT )T ) aP—nTMEOFRICLIH5HDTHS. B L THELZERTS.
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