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Abstract — Recently, droplet-based microfluidic systems are widely used in various areas ranging from fundamental
science including chemistry, biology, and physics to material science and engineering. This article reviews recent devel-
opment in the droplet based microfluidic system from basic fabrication of tiny device, principle of droplet formation,
merging, mixing, control of droplets, and application for the synthesis of novel functional materials. We discuss strong
advantages of the droplet based microfluidics in point of control of particle size, morphologies, shapes, and structures.
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P AFA] A28 (microfluidic system)S ©]-2-314 A& = U=
Ao 2= 20 AOES AN, RESAIZRS] o=, thekst 27190 4]
HE shte] Fef|A] shHel =888k 0 24 high-throughput screening
o] 7Fsslth= A 5ol Stk mAlfA] Al4klo] 7HA|= olefgh &
AEE A3, A A 7zt vlo]a = AAI LA L] FA12 S5
thet e A7} HEE o] ghti1,2]. ©]71 A= point-of-care A]
2ELS Q1R kg R3], 718 [4], AEAF5), viol AR RS
71[6] &, ABES I FE 224, 318 Foll o] 27714 theFst &
ofell AA Qlrt.

AFAR HAA Al2~RlelA 2] fA12] S5 vile- v #lo]
E74*(Reynolds number)E 13l 7|24 © 2 Z-5F(laminar flow) 3
S wA Ft}. A% 355 (continous-flow) 7]H+2] w]AlF-A] A|2~E]
2 o] FFE o] gElA FEARl % Alo[7], AEAFES $st
Al Aok s (8] T2 vt mlo|a R S 28 =
I Tk, kst ulAlfA ARl Y]] AA1De] fA1] &
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S2del 2 R7F 2005 el 2270 vk QITH9). 955 F
Al2BEE ARESRE oA fAl E52] Aust Aloj7} 7hset
, Tshe A3 77t Soldel wEt X9 A% AL A
o5 27V s H7) witel =9 AU % (scaling-up)
of $HAE 7HAA Pk, 58, o8 E S 55 S0 I8 J W
o] fA2] e E3oll= olEeo] it

W, A2 4olR] b= T fA1E o83l FEZE Y ey
24 Ha] 2 v oA ZRke] wlAlfA] Al2EE 0]8-3]
o olget ZAIE AT 5tk A2 A7)E A s vh
Fet A shke] Aol 3 = QA "ok ) uitellA et
2 (shear force) 52| 24 PO Z A3l P NFL v fAs
A71E 7KW, 11 A7) S5 ®iSlelA Aozt 7hs ek 1~
100 pm). PRo]AE AAD A2 52 324 o] F-on| 2 Qe &
g 2 o Ade] A= AR 7 BT ghtel dast A
27t G717 0% FZolEA Ha, o]y st EA o= Qlal] F vlelA <]
|- w2 Whgo] 7l Xt

A 71ake] w) M|l AR Bt ZE7e] Ao ok /A
L AP7E 7hssitt. A vl 4= v Bl 271 wEE vt
A= A 11 7ol she] mlo|A® W7 2A o), =3,
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A ol ol8e] & = ITH10,11]. B3, Bl & AIRE Qkel] A
2 535 v vo| AR W5 3494 &
7 A

throughput screening 5-2] -§-2-f §lo] 71£2] A& WE--7]¢ vl
et
£ FAeM= 2000 ) o] % Eis] At =W vhest e

SLARA A o)k 919
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2. OIMIRA &

vAA A E REEEH AR AR B FAe AFE
FAS] T AA AARE o] 83 KA Pl JEE T
T3 WMot} 2719] WA AAES frEl[12)9 Al (13]
52 ©]€3t MEMS(Microelectromechanical Systems) 7]&-2 0]
&l "ol olelet fref gl A 7] mAlA] Al A
5 S5 1A AEE AYD AN AR 9] AlE Fgo] B
Febal vl-go] Wol Erh= WS 7 AL Qi

21 0%, A F RS g thekst EokE nARA 7o) A
Hell wpe} feuh el 22 71457 o2t poly(dimethyl)
siloxane(PDMS), polymethylmethacrylate (PMMA) 53} 2 I3
2F AE7F AREE7] ARSIt 14]. o2 gk 1EAkE o] &3l Al

w] AR AR = gro] AE] Y88 o= AR < Qo]
AESE Aol $-83 A dos "y S A & gl v
w4 'S AHEA 288 7 oH[15], AxE AT
(softlithography)[16] 3-"8= &3l T B4to] 7ha3itt.

v AfA AR XS e ARSO] EE 7 disEA ] A
=2l PDMSE thd oz A-dt 714, AT e LTS F9
7F2d, 71A FaKE, 8 TR 5o vk ARE 7L Sl
HEA | ekt -7-71-8-1 (organic solvent)ll 2J3l swelling S~ H3 =
© SAS 7L Qo] Aol ARgE = Sl Aloke] FR7t Alg
Aok SAE 7 QiTk olelgt @R S5S flEl Hol=
PDMSE] A4 A5E Tel= 7HAHA f7]8ulel W=-d-8 71
+ AlgF] AEE sol-gel W= o438 PDMS H & Ald #de &2

AN )

Fig. 1. Photographs of microfluidic devices made from various materi-
als. (a)glass[52] (b)silicon|[53] (c)PMMA[54] (d)PDMS|37].
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Y= 59 7% Harw vk Qluh17). Fig. 19 kst A5 5 o]
£l whEolzl mAlGA Al A=) 7 vEeR Sl

3. DIMIRA AILEIS 0188 HA |y

‘:‘]'O]ELE. Z:?ﬂoel—o»] @'414 r= O]Jx].t o_}l:%x-hﬁ— /\V\E“(drug
delivery system), H}0] @414 5-2] tofel] ksl &84 = Qe
TS 7HA AL Qlek. 1 4] B8k, AEstA AL 1 7]
o} Fefjol] X7 YRS v| witell gt ]l 27 2xdollA] of
A& A= Aol mke- T skt sHAINE 115k AEAR1 o
2 gl QIxp A WS v Bl Afo] = EE THAE A E 9]
A7F ek RS 7B A Q18] whA, mAA] 7] o]
Gt HH 1% ok v F2 Alo]= WS VA= 47 4
o] 7FsatH19].

2 EHLTHY FE B3l T A 7Nk mARA] Al~E
A= A e 221 2felof] whet | T-junction, flow-focusing,
ulo]FEM B S o] &5k FJ o= o] Itk &gk, o] I AAY
o] Adellx] HAE FAggte) glo] mlg- Tk 94 F shue A
g2] A4 (surface property)?1dl, PDMS7} 7122 02 7EX| 11
A= 29 (hydrophobic) H AR Q13l] A4 KA F3A1717] 9
M= MEE PDMSS] S JEsks 2go] Hasi).

1 9ell, A2 E ATy 3S ARSI ki, el A
(glass capillary)yS ©]€3] W& S 2 co-flowing streams TH50]
oﬂ?(-] e} 63/\4/\]7]‘— H]—lﬂt o]&o] 5] o]q ] H]—‘ﬂP_ /'\_LEE]}\
12 3o vl vl AZego] Hatelehs o] YA,
waro] 5 Afdle] sEelol B ek F9o] 7] ulel e
A ol WHA] kol A 52 F19 ] A S ARl
Kk 0] FRssich, e 2 Aol AR Ae] SHow <)
3l PDMS 7]1be] 4319} el Thaket §7180% At lo] ol 43t
% Slehe A ek 713 9o,

wlAIGA Al BAE 0|88 Ol g BAISR: 71t
WS 53 7159 2ol A= AlolA] ok T el frAlE AR
U FUTE S8l mAA] AR A 2] el S A|skE wle]
A7 AR FYE sk 7 Ao wakshs ARl A sk
Wolth. Az AlolA] b= 7 Al 1He] =2 Al oSl A
oz Ad wre tist =2 23 (wetabilityys 7FA 1L =
TS AEYoEA WS Bl 52 ¥, oA ow vt
S A 7R Al RS BT 5 A5l sEel wEk A
g& ol EahA ok vAlfA AlLRLS o] 85 Theket A EA
el #ek 2l F7F 2007 A%l A707E 2 bk 2dTh20].

o]} FAFEH W] O & A -AARERE op e} w|AlA] AlAE A
2 Z 0] 83 7]A|-HH) HA A AEo] 73 A% o] Hol [Tk
[21,22]. ©] glells= 249, Astet, ] 72 A vAfA Al
2 A o] G35 A Adol| Fost GES 3| ®rh23,24].

3-1. T-junction

Tjunction ©)-&3F FolM= T} deje] A= R0 = Hal Q=
A A EHF(Tjunction)el| A A2 410]4] 4= 145 (continous phase)
¥} B4 (dispersed phase)] 212+2] inlet® & F2¢J0] Hof Thi F
o] ZAAC] AZA Frt, ALVt FAVEE AlSEA -Zr‘ﬂﬂc’ﬂ
we} L] AAEL 71 obEe- 5 AR So7 M| Hlo
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Fig. 2. Various methods for generation of emulsions in microchannel (a)T-junction[37] (b)Flow-focusing[43] (c)Microvalve[29] (d)Co-flowing

stream using capillary device[12] (e)Digital microfluidics[11].

St o) e Ak (shear force)oll 28l sl AN Aol
= =2H4Q1 FE FHell (pressure gradient)’} 3/ €Tt o]ofl o8| T

junction ©l YIX[BFL QU= EAMEe] B Fte A} 7oAt A4
= Aol 28l k3] FolA|A H a1, oA EolA FAPH o
AL AgAte] 558wl vlAA AlAE AR 9] 5 AdS uled
o]E A k. o] FAgo] 7 o] A% Fel 23l WA
O Jofu} Ut Hzjo] A%KA o7 PAJETH25](Fig. 2a). oW
P AH o A7) FHOoZE FYd = F AAY 745, Ad
o] 371, F 7371e] AH7E (interfacial tension) 58] TRFSH W&
& Alojghoman xdo] 7hssltt. HA Ao s = HTE
¥} Tyjunctions ©]-8-gk N2 G4 wzUFe] thal] 2006\ A
o=z v ul gt} 26].

3-2. Flow-focusing

Flow-focusing WS 0145+ oA FARST} A200] A
Al A28l =] 9] 7F 9T AL HIHA ThA] Ea, oA
o7 EAlskE A573e] 74 AR s e ddEs FEl
Hrh ] /g Ajo|a o] 2 1 HAE A& 5 JlTH(Fig. 2b). Flow-
focusingol|4] & o] ¥ PE) 2 shear-focusing HH o] AT} o]
WS wAA] AT XS] ZF A e] AR fAg
(nozzle)s &3l FA1E SAIA AT U< ekt 2L 54
o] 231[27,28], ©] =S Fal EAHYY] HA EFORFH wUFH
HHo] FPAdx|o] AL o Wolx] vh2rt. FAdE= HAe F7)
9 oA P e A58 2] A5 o8 2dE 5

At

Jo

T-junction ¥ flow-focusing W 25 FA0|2] detel] 7|25 711
71wl 7 WS o] 83k A o] P HE A W]
ofaf @S A Aok Ade] x, 155, A9 AR 52 4
A L Aofol] & JEE F= WMotk

3-3. Op|a=28E

HE §429] A% 355 o] &3k vARA] AlAE A= o]
2 2AYe] fAlelA 7HE 4 Qe okt SR QlEl ofe]
ofef] o]-go] Ha JA|T, A 38, Y= &2 flE=
ok o Fwet fA19] F1) 9 3 Alojrt skt vl
U A2l st 35 Aol Sl8f rlo]a=MHE AR A
2] dah= Aol o] AR HH S XA A FOo M PR T2+
A9 53} WS A AR 2488 5= Qloke o] Qi o]
W g or QlEl, nlo]| Az MHE AARRE uARA] Al X E
o] g5t thatA slsh-g[6] 58] Aol = ofgo] Hojx gt
F ol o]¢l mpo] A2 ME AJARLS o] g3l A ek A
So] Ba7}t §1 QIUH29](Fig. 2¢). Zo] AEE= 7)H dgj=
T-junction®]L} flow-focusing WH I} FAsHA| M2 40]X] o= 7
2P} %S o] &allM Ad® FYEta, 7 AV TYE Al
< Ade ol RbES Theo] A ot ok, 9] F
HETR] Aol tibdo] A%l 507 HF-o F=¢o] &
£ Zo] of} Fabdo] = AHEE f-940] H+= junction F-w-ol 7}
o|lAZWMBE $X|A]7| 1, o] ZZMBE Ay = AR} 7111
EE AlofatA = = Aol s A4 A7 s FE 4
Alrew 2Ag gl 287 wite] o] WS V&S] T-

Korean Chem. Eng. Res., Vol. 48, No. 5, October, 2010



548 AT -

junction®]} flow-focusing el HI8)| Z}2+2] @ Ao st 2

A3k Al7} 2} golsit,

3-4. Co-flowing stream

Co-flowing streams /J5}7] 913t 418 o2+ | =A|
FH(glass capillary)S ©]-8-5k= WHo| Qi o]i= 1) wjo] A2 u|E
2AILL] A E 2t ] BAle] R v 22 278 2
FAT YE(capillary needleys A3l 224 A|Zto] Fri12].
TP BAE UEe] 2R orificeE B3l O] Fa, AL
WS el EAEe Eal F5lo] |tk Orifice -5 S3l HAMY
oL 04*‘"8'3 AEE WA w31, o] gA g fAe A543
2} 327 A}, oju), FAVIS- orifices T3l T AER
o7t} sAlell gt Hsto] HAE FAeP] el + g
FAY} 2] 9b=T(Fig. 2d). Wil Co-flowing streams ©]-8-3}17]]
= Qo) TR ST 2] AEe] el aA gk
A 23 L vAGA AR ARE FEl FeY 2 A5
NALS W= Flo] 7hssitt. BEg, of e 7H-4 FEEATE Jds
AAEO ZH, Tl NAHE O]"/]E]'O]% = = HAS EHA
33 = Qlvk= A 5egk 7 1 gl

¢

O

mln loiv

3-4. Digital microfluidics

Digital microfluidicsi= electrowetting 7148 -3l 2= 9] o
o] YA FA S Alofah=r]zolek. fA419] AllE sl HE
U e 5o ZIAIARl FAE ol &shs ¥ TeEde 2,
digital microfluidics= ©]-8-8hH =5k A7l eJalix] 4z e] 4
3, o, T 54 Ao} 7hssh, M) A5} AHES e
2 8] okt sHAIRE =o] gk 3 o] Aol thE W Eell
Hlal e oz sk, d=5o] )]sk oA o) upet vt SIS

Aelgh vpA] Hg-2 37] Foll iwEo] Hof Q7] wiel] Akt A
Fpoll whet A2 S o]F= A7} evaporationt th= WS 7HA 1L
ST} 2007 i FF =2 3 digital microfluidiesE ©]§-
Sk oNze] g4, Alo] 9 G-8oll thall 2pAI3] dot = 5= ITHI.

4. 28X Ho

912 7ke] ) AgA AElel thet wo] EobqrA 3 vl
Ao] o] Fyunk ohlet yxe] Ral, 8 E vAGAl A

& Uhellx o] ez o] thekst Alo] 7]=e] ZiE it

‘?ﬂé.\—EE 7]‘?} vl AR AR B o, A4 7aE A
A Al2~Ho] A= AR ERE =S A 2]FH(high-throughput), 2
*J (scalability), & 3 (parallel experimentsys 53t AlZF H w5
_04 ;Ho]: E_o] 011;]. U]Aﬂﬂ—xﬂ }\]AEﬂ Xl—z]a o]ﬁ_o]] 64/\-1% 7_}7_}94

AL 2h) ThE S-S ST 4 Gl SRk vlol Az W3]
I S ek o1, AR A2 AT B P o)
&) 52 T oo R Rateh we BUd AlkE el
Rl B A 9 o] A 4 slol e
Ag 93 AR Helsye & &9tk e EE PAE o
o] gk ol Fute] mAlgA| AzelelA vl FR 7)ol
ekt 3 % lek. R, ofv] FAYR oH e Aokl Fug 2
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Fig. 3. Various methods for droplet fission|31] (a)T-junction (b)branched
channel (c)channel obstructions.

Asl=d] 7] e 7]szo] o] < Qlh28]. IAHTAl Al2ElelA
NS e 7P iaEAe)l e == dexl Tjunctlon[28]
7HA7E = AL 30], 283 A wfe] AelE(31] 5 AL =
£ o]8shk= Yo th(Fig. 3a-c). 4% ] B @ML«] 57 A
o] o8l 244 4= A=Hl, F 7/IZ 4= junction FEollA] A
o] ol Aefi= FAle] Aol om AL 2 9718 7 A
o] A O 7 o] A A 1L, T-junctions AAIZ ZeHl 7 719
Ao o), glo] 5o MgE dgtozH o Alde] e &
g o] FH AR UE A7]2 A4S 28 5 ltkFig. 3a). T &
Az il A= o] he] 7] AEE AHA o wix|ghe =4
Hx ¥ shte] HAE e F2E o8l AR A e
2 U 71E% 2709 B) Qlth(Fig. 3b) [28]. AHA] A48
25 o]gal FAE HAL AR %_}E}X A opet = A of
o A1 Aoll=ell osiM L 7 7, 2 1 o] A o= vy
o] A 7 lrk. o] Aol Aole] x|eh Bk, ol whet v
oA A o] A7) B At A7go] FrkFig. 3e).

4-2. %™ Ft
UAFA] AR GAE ol 8al FA9s AAE A el §9
Sh= 7lES vol A AAILE] dAF A, Sdt A, sk,
AARA 3 5 ol wolell A 580 E 5 3171 vl -
T8 uE 7L 3l ol S8k T, A HkSelME 7
7‘4 NAE §o= Aok A o= A= Xﬁl EAA
i o] Tasitt eivkebi fF e ool 9A] o= Alel o
Oi‘a‘* 3ol AEE 5 Qs A v iEE _‘?_%U WA=
B2 7P50) Z17] wHEolTk. PALRA A8 3R A TS
230 7K oﬂx{q §3rS XA s= HhHo] Wol o]8x 1 Ut}
(Fig 4). 01212 o1212] §31 1 M 5 ) Sl 1s)
3k b 24 se) A el Sfsher, B e
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Fig. 4. Various methods for droplet fusion (a)Channel obstructions [33] (b)expansion channel[28] (c)fusion of different type of droplets|34]

(d)hydrophilic patch in microchannel|35].

x‘HLéﬂ Z5 olg3t M g3 why %— stk Ade] Ags
o] Tl Fst A
1 %%~ %POH“' = Ad 141?—01] W olh33](Fig. 4a).
T O O ® = nA A AlE] R o] g8l S 3 &
Aol Zo) Yol FRHe wHEo] FoeM Al | F 1 01*‘
o] AAS s sk 71%0] SIh28](Fig. 4b). 22 T2
NA Qo v M A28 ]9 junction FaellA AR TRE
T &R S wdlE g stal olF thA Hil Mg o]
S olgato] §3, 1 A¥HER cadmium selenide (CdS) LHrI A
S WS Bk vk QITH34](Fig. 4c). A 7325 o] 83t
Wy o]glel] B T W o 2 Ald o] S ol gehs
Ho] 2UTH35](Fig. 3d).
A, AAF R Agrde] HEAdEE 2 Alde] Aol
WS B8l 2199 A (patchyE 3233l 537, junction -0l
WO F F5e] WA NAS PAS ot F9E AHe 5
AES A 5 Ald me 2154wz oA A %—Hcﬂl 2
oA X5 iAol diel] ATiA o ® He A5g o ] 9
AIZFHEY QA Bt Holo] o= thE FHO) dA % wAd Y
2 15 wiH] Yo WEEA Ha, ArEor F FR0] o
A& ME o] Hof Hojo] A%A 0w == A&t ) A
do] syt o o)FshA €t

(2

RN

N

5. A 7|dk OJMFA AILES S8

5-1. 00|32 HK87]

wAA A X o]-8ato] AR Zp7ke] HALe- 11 XA
7} 5]'"]'94 SHE WET|EA s & qlvk 710 A A~
AY, B2 37 2AD N2 wEgel vl A o= w-g- 2k mf

oA ZnE] AAYL] HA A qE-go] o]F0]%|7] wliTe] F-]of o
sk A2 v7} ufe- 33, 4 A, 24 A AR G ARt
ol A ©rt, 0]e]3t o] 8- w]A|8A] A|AE x| U)e] HA-L- o)
L3l WhS-5 BHAl HW HESAIES ©E, 171e] Al ARE kA,
e 25 WERE Adg] ue} thekst 3ok Al 1
A3} 5 oy 7H] o)iE & o vk B=TL 38R W14
7|2 Aeke] E3to v e EdstA it

7122 A% 55 7Ee] wARA] A"l ke B Flo]
w2 2 olet 2R 5207 ol3 = AJoke] B3O 7} Aloke] A

Alelx 2] ghitel] FA] EsHA Ho] G872 0)A] SFTE WA,
2 719k mAfA| AlAERE o]8-8H] HW, junction FarollA] 3
39 vl (plug) FES] NAE T 20 Ads FIAIA
FozM N 7o 7128 &3 (chaotic mixingyS =3}, ©]
£ o] gall A&%EF 7INke] nAGA AL AR E o] 79l

H3)] vl A g2 Q1 £315 k= Zlo] 7FssltH36](Fig. Sa). P
FEZ vhEolx] A o] S5k Al e W A4S v
3l A1) 55, 2 AR A, Aloke] F5t 5 ole W
of o8l YEE HR=TH37]. oA AATEE B o] 2ol m]AlGA] Al
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\
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-

carrier fluid

Fig. 5. Droplet-based microreactors(a) mixing[36] (b)nanoparticle synthesis[38] (c)catalytic reaction|[39] (d)organic synthesis[40].

28 A ol 9] TRt 231 S o8-8 A WieflA o] vt
el AIZ[38], FHHi-E[4,39], 71373[40] T wiol AR whE7]
2] A 7|k wAfA] AlEe] S8l Bigh 97} 2] o]
o]#] 3L tHFig. 5b-d).

5-2. IS AH

oAA AR GRS ol S @3] oldel HE
REE7] Sl T2 ARl HE S AE 4 % =
2] (batch) HE--719F 22 11291 W7ol =9 § ik
Fupioll SAPde] i#o] FAJE = sk ol ofu)
NA ] 7= ARSShs A1 T, Ak, AdE, 4
ANAF7] S18l H7veks A EdAS] T 9 51 5ol 9
At SPAIRE o] 3 WS o]k ARt A7) HAE o
| oA 57 el 2 =1719] thAHd (polydispersity) Sl
dafjok & Fagk IASI. vAfA] A2 o] 83 o)
g 71=e) FAE de & 3L, H e bl 44 9]
G op e} 71 AlAElel Tk ] PEY the A

Korean Chem. Eng. Res., Vol. 48, No. S, October, 2010
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n4

t
rlr

A

fr N o o 2
o B

P
o

UL Augt Alof7} 7hsa vk s A4S vHET] gk wAl
A AL T/ F FHE PDMSE AR AT E AN ¥
48 T3 TRl R 9t ] BAIT GRZ o] Zick T %
X B oF 2 ks RS vEET] HlEl] AR AolA] G T
APt A57de] Aol AR 0 ® ¥ o dojuAl Hct. &
A9k =] 8] 221 HellA] Z}o]7} Qlth(Fig. 6).
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Fig. 8. Non spherical microparticlces generated using droplet-based microfluidic device[47].

(a) 2% SDS a)

AHPCS

- o —
—" I Allylhydrido polycarbesilane (II)

\*/

oo o o

UV So ul‘((.,

(o]
ﬁ» é;: + N {Fire 5ea]
(o}
® 0

(c)

25°C
E——
PH=6

Fig. 9. Janus particles generated using droplet-based microfluidic device (a)organic-inorganic hybrid Janus particles|48] (b)Janus and ter-
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