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Control of self-propelled motion of droplets using a microfluidic device

1. ¥#8

Belousov-Zhabotinsky (BZ) K&IE, SOGIEH OfLZFRE D
BEDSEMNICE T 2LHARBIOSO—FTH Y, SUSIZ
o TRIGKOFRIEN b 72, FHENELT 5 2 &3
BRTWBEY. 207, A A IS BZ ISR OWE % &
< ERMLEE T~ T v I=5Hi A4 U, Wi O B3 7 EE)
MBI END. ZOBRKEFHALT, ZhETicHaL
A BT DR E A K ST AR IRE I TE L
@@ LA, ZoH R OEENE, A OO
AR N O SUSE R OALEZEA e EFE 2 OERIZ L - T
RESFEIND T, EHB) 7 CHE AT REICHIET 5 2
IFER SN TV, I TAETIE, 75 = > Mk
EHETH~A 7 afilEmIc BZ JOGIETHEZEAT 52 L TF
OIES 2 —FFENTHIBR U, B E AT EICHIE T S 7200
fRetaGs - L2 HIELE.

2. BZ RIGH&®E

BZ SUSHHEITT 11X, RISIROEMMN a0z ke
LTHEsND (Fig.1). ZOBOEIL, KIGKDZERI
TN DR — U CT2ODEXNRH D Z R8s
TWBO, — IO BN R > TRIFHCZE(LT Dk
= (Global Oscillation: GO) TH Y, b H —DITEENIZED
B2 DHAR OBEEN B, 2 0MERE LT < B (Traveling
Wave: TW) TH 5. T OEGITIEIRN O 51 DI & s
FETE LT Y, ZERERRIEN Y /N EWRTIE GO 723,
KEWVRTIE TWHBBEIND. AAVPIC/ERILT- BZ X
IR CRIZR SN2 GO & TW % Fig. 2 ISR Y. EEMNNE
W E REWIETEE T, TR GO & TW BB ST
WBZ ENSMND. BZ RISHEOEGIE, ERPICEEN D4
BEEROBEAL - BIOREIZHE L TRBY, TW TEEIND
HOR O G IS E XN TWS . £, &EERD
KT CIRAE L RTTIRE TR AR 2 RAER N 2R L, &R
AL LTI mMM DT zaA 2 aE AT BZ RIGHE TIEE T
IRHET 64 mN/m, FR{LIRTET 68 mN/m Td 5 ©.
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Fig. 1 (a) Images of the color change in the BZ reaction

mixture. (b) Intensity of the color change as a function of

time.
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Fig. 2 Time-lapse images of the BZ droplet. (a) Global
oscillation. (b) Traveling wave. The time interval is 1.5 s.
Scale bars indicate 1 mm.
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3. T4y aNTHORBEDES)
3.1 EEBAE

M ER ST BZ SOSIRIE OWNETIE, BUSIZFE S &
e REENEIC L > T T I =it rso d
BEIHNTND, ZNEMERT D120, AA LTz Lz
BERSS MM DT T ATy 7T ¢ v 22 NIZ BZ G DRI
EERLL, ZORIGOHTEBLE L. EBRTE, WE1sT
4y allRETHOEESTD, TEALT 7 A7 v F#iEE
(CYTOP, JEAN 1) CHEAMBLZ M L7 A S— 4T 2 (30 x 40
mm, Matsunami) %7 « v ¥ = JKEIZEW . 2218, fm
TEPER] (Span 80) % 2.2 vol% DS TR LT- I R I /LA A
N6 mlEZ AL, 1~5ul O BZ RISIRE AT T LTl
ZERLLU 7= (Fig. 3). SR OM L% Table 112759, Mixture
1 & Mixture 2 OSEABITENZEI, 3~5F LK 60 TH
ST RISOETFIITVZLET A I AT (HC-VX980M,
Panasonic) # HWTHEIZE L, MO, USRI
Z T2 EAZ 10 um O~ A 7 1 £ — X (Polysciences) % h L— 2
T5HZ LT

Digital video camera

Fig. 3 Schematic of experimental setup.

Table 1 Composition of reaction mixture. MA denotes malonic
acid, CH,(COOH).,.

NaBr NaBrO; MA  H,SO, Fe(phen)s®*
[mM]  [mM]  [mM] [mM] [mM]

Mixture 1 10 540 300 540 7
Mixture 2 30 200 100 600 4




3.2 EEB#ER

TW D Z 5 U A X O GRLERIE Mixture 2) (2B 10 um
DO~A =R EMz, TOHWNERAA A —PHREFH
% (PIV) ICXk - THRTZ. TORE, JSEOBIES MO
B U CRBRICRNAE LT D Z & 23450 - 7= (Fig. 4) .
O & E, RIS ORIEET 2 1A & (ZEK 209 pm/s OE
STBEIL, Z0%, HBK194um/s OES THIBLEZ. 20
Zemn, BZ RISICHED BRI E(R ~ T v F =3t &
FlER L, ZORE, WEHSHBEMIER 2 Z L8300
STz,

Table 1 @ Mixture 1 & I\ ThE % 72 (RO 2 /ERL L,
WA C 2D RSEIZ DWW THIN T, 2 ORE, 1 ul Ok
TIEGO DS, 2 LA LD TR TW A nE g s ni-.
ZoLE, TW BRI > TWAHIKFETIX, RIS R .0
MOLELDEGE E, ZNLSNONENSELDGERH T,
FUSTE DIEANE « AR OESC &0 & 5 ICBR
TLONEFRIE T 5, WO HFOLLND B KR DA T
BB ICIETE AN EE T 5 Z &3y (Fig. 5ab) . Zh
Y, R AR R R T 0% O E R & ARV BB S R AT
52 L CTREENCABNEL, =T T Wl Sk
SNl B OND. —F, RUSENEEOF LN GAE
U7zifa & GO ML Z » TV DAL, RiMOESITE =
b7pinod (Fig. 5¢,d) . AiH, & O S sk 2 kic 22
72 BITHENA U Wni=ls, T v =Xz & 2 11058
B SN ER Lol B2 bhD.

4. T4 ARBATOREES
4.1 EEFE

AIFEOFER T, BZ JUSTRENIGH OEET 5 m & L FH
ChE A~ L, 2ok, %R 28038z, &K
DOEW & — RIS 5 7-0121E, Zo%RERZ L 5
VERHDH. FZT, TFxy MEEEMATZ~A 7 ik
ERHWD Z LT HFmOEB AR ML, O AR
ETHRTEHLMZTHZ EEBRLE. MIREICT T = v
MEEE AT DA 7 0 iEOHIE, <A 7 v eiEpiiE
(ACCULAS SI-C1000, D-MEC) # FHWC/ERIL, BERERHT
WA D72DI8Y LUBIBEREES Lz, ThEaRI Y
AF )Ly axPr (PDMS) CRIEY L, KA /ER L7~ (Fig.
6). ViBHBES, TENA T 7 A7 v EMIE (CYTOP, JHAST)
ZRAOCTEKLEEZ N L7, B PIE 2.2 vol% o S TEPEA
(Span 80) AVRfiR L7=AA NV TCii7z L, £ ZIZ 0.5~2 ul ®
BZ SUSHRZ BN L T A (FR U7z, RORIRIZIE, Table
1R L7Z Mixture 1 &2 VW=, i@ OREF1Z, S Rz 7
/L& (515 nm~555 nm) % i L CEAHEE (ECLIPSE Ti, Nikon)
TEIZE L (Fig.7).
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Fig. 4 (a) Marangoni convection of the BZ droplet. Dotted
arrow indicates the direction of the propagation of chemical
waves. (b) Velocity of the droplet as a function of time.
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Fig. 5 (a) Time-lapse images of the BZ droplet of 2 pl in
which the traveling wave are occurring. (b) — (d) Position of
droplets as a function of a time. The chemical waves in the
droplet of 2 ul were propagated from the (b) edge and (c)
center of droplet. (d) Droplet occurring the global oscillation.

Fig. 6 (a) Design of the microchannel with ratchet structure.
(b) Fabrication schematic of the mold. (c) SEM image of the
mold fabricated by stereolithography. (d) Microchannel with
ratchet structure obtained by releasing the cured PDMS from
the mold.
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Fig. 7 (a) Schematic of the preparation of the BZ droplet. (b)
Schematic of the observation setup.
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Fig. 8 Schematic of the wave propagation (top) and time-lapse
images of the BZ droplet in the microchannels at t = 0
(middle) and 5 min (bottom). The ratchet angle is (a) 0 and

(b), (c) 20° . The chemical waves propagated to the (a), (c)
right and (b) left. Scale bars indicate 500 um.

0.6 mm DOFEIEHN TR 0.5 wl DIFTHABIER L. DR,
F7F =y MEEDRWEE (7F =y MIE0°) TIE, Kt
VP TR S 3 9~ DRI R S 7203, M E L
BEIIEZ 572057 (Fig.8). —F, 7F =y MEEEH
THHMYE (FF =~ M 10°, vy FkE 0.2 mm) TiE
SUSEDOFAENME (F121F, EETHME) 1S U CREE
DOBEIHENE U, BOGHE SR A2 b A £ 12
%ﬁé%éJWWﬁ@quMn@ﬁéfﬁﬁ%ﬁ%@bt.
LinL, RIGESEMEIRIET 2856120, iAo R
DS A TNCARHE T DRI BR S, IRELOB
T Z Aot Eiz, WEO O B RS A%
AL SAITE, 3K 39 pm/min O S TA A & ISR
Liz. ZOZEhn, 7F =y MEEITHEOESTH M OH]
HcHTHDZ LR Dol

422 BEEEEILHT IBEEAEOLE

W O ERFENZ OFEIEEICH L TED L S ITHEET S
DINETRDT0, \*7/1/73’4/1/'C{?E71L7101LE% (77‘3:
v MG 10°, By FRIFE 0.2 mm, JEEKIE 0.6 mm) & HWT
0.5~2 ul DETHOER 2852 Uiz, TORER, WHARIK

ELRDICONTHEENEE DN/ NS 2D Z &3 mi-o iz (Fig.

9). ZOFAL LT, ZHoDFREMERBZZ L. —oHIX
WA AR E <725 2 L CHiBKEETR & ORI K &
720, \EDHEET T2 DI EENREE2ME T LTV 5 ATREMET

(n=3)
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Fig. 9 Velocity of the BZ droplet as a function of the droplet
volume.
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Fig. 10 Velocity of the BZ droplet as functions of the ratchet
pitch and the channel width. (n > 3)

5. £z, BZ RIGDOIGHEIE, xtm L T< 5 R &l
2T 5 AT 2MEEA T 5. EE, 2 W O TIE

FEONEBIAZTE DM & D E2 DB DI NFAE L, *HH
B A0SRz, o2 Enb, “HOHOAREM L
LT, K& TIERS R ORI X - T ES O BR
A L, EERHEME T Lz SRR S D,

423 HRBBESFzv FOEYFRROEE

©y FIEIE & B A3 i O E B S 5% D A
Rz FA IR T AT A NV ERG, EWHEEEE 7T«
v MAEEZZNEN L ul, 20° [ZHEE L CEREZIT- 7.
% Fig. 10 1R T. EBROMBER, 18O K Z 720k TIXikE 2
LR TB 2 NNl TR, 422THDERL
FIRE, RSB R E < 725 2 & CIREAIBEEm 2 5% 5
BN SLS D Z ENFREEEZOND. 2, 7F =
v by FRIRBN/NSL 0D CEEEENEHLS D &
Byt 421 TR X 510, &R O RIS FE
S THATHMIZME - Wi+ 5. 2o b, vy FRIRINN
STNEREOENMEEZTF =y NTIRZADZERT
&, WHOBBEMZ D LNTES. FOi, EEHHE
P Fpo - EHERI S D
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Fig. 11 Velocity of the BZ droplet as function of the viscosity
of oil and the ratchet angle.

424 SFzv FAELAMILOHEDEE

T F =y ME LIRS D A A L O R DR O E
BHEIC ED XD ITHETHONEF. FERTIE, By
FREIFE2S 0.1 mm, FEEEHEZY 1.0 mm OF 4 2 &2, K
1ul OETHEBIE Lz, A NVTHEDRRD A7 T LY,
ATT 5y, IRTINAFAN CHEIZZENZERN 120, 285,
325 mPa s) & HWWTEBREITo AR, A A NVORED /N
WV R OEBYHEENEL 2D T RN inoT. Fe, A
ANOREIZEDL LT T F = v MAER 200 O & X ITHKTH
OETFHENRRKE R D Z LB’ ootz (Fig 1), 7F = v
NYEDN S W T, i & T T v MEE OEAEFE

MRELRDTZDITHEIBAH L, HERTAIESREZShDS.

—%, 7F =y MAERKEWE, &R E 7T = v MEGED
BER DS BRI D < 723, i O%IBES M b <
5. THOOEBMNG, WRIEOEBEED KK & 7LD Kl
7 Fxy MAENTFETIEEZLNS.

5. &5
S TNEAINTHTZ LT 4 v > 2 NI BZ KISIEIRD

WHEZFR L, Z0EBOKRFEBIE L. TORR, Kk
FOBEET M ECKENIBEI T2 Z L8 nhoTe. e,
SO D T DALESCHE A A2 L » Tk, i oEBN
B HRNWI ENShotz. Z o EHEEEEOES 2 — )5
MHZHIBR L, & OEEHEZRET AR TEHALNIT 57
W, 7Fzy MEEERTHYA 7 o EER L. 20
it B PN TC DI D ST A MR A IS RIS R, TRERIE
TFxy ME, Vo THR, WRIEER, 4V RE D ED)
HEOHREIZEG L THDZ ERHLNITR 5T,

BtRIE, SEBMITE1T O 2 & TIN S ORT- A EENEE
WCEDEHTHEELTWADONEHLNIL, MENTOH
SRR OB 2 BT 5 2 L &2 BT
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