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Analysis of Effects of Line Tension and Electrical Double Layers on
Electrowetting Phenomenon
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Abstract

The Lippmann—Young equation has been widely used in electrowetting to predict the contact-angle
change of a droplet on a insulating substrate with respect to the externally-applied electrical voltage. The
Lippmann—Young equation is derived by assuming a droplet as a perfect conductor, so that the effect of the
electrical double layer and the line tension are not taken into account. The validity of the assumption has
never been checked before, systematically. In the present investigation, a modified Lippmann—Young equation
is derived taking into account of the effect of the electrical double layer and the line tension. To assess their
influence on contact-angle change in electrowetting, the electrostatic field around the three-phase contact line
is analyzed by solving the Poisson-Boltzmann equation numerically. The validity of the numerical methods is
verified by using the past theoretical results on the electrostatic field around a wedge-shaped geometry, which
shows fairly good agreement. The results of the present investigation clearly indicate that the effect of the
electrical double layer and the line tension is negligible for a millimeter-sized droplet. On the other hand, for a
micron-sized droplet, the effect of the line tension can become a dominating factor which controls the contact-

angle change in electrowetting.
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Fig. 1 Schematic figure of electrowetting

Ao AAe HHZE AA, A2 wEA7 L, B
g 2 EMIe RE AL g A9 H HaA
T8t FRoIh® @A olg3t uTAs & T3
gt=d 7 T8 AAZ moez3: Qe A9
pTAS FoA o8 AAFEE 3317 AT vlA
F539 Aol 4

AF7HA pIAS oA mla F53F9 AE 9
3 g WHEC] AHgEHo b aFoA F
< F4HEz JdE WHFY st ANge
(electrowetting) VA4S 383t Holoh HAV|g&
2 HAANE 298 AF 9 Add A 9
FAG)E 718kd dA 9 A& (g)ol HaltE =
@S it} Fig. 1). A71E58 A4S ¥ A
, 23 gnRezn {F5E A4
T e, FtgH oz {A 2 old E Aost 7
ST AFES AL YO ol FHEL
A AAH9 wE o]FC) B Iy &xof O
a2 Fo A2QH Fo| SEtuA e AT
7} @A 43 APz Qo

Z1E9 B AFAEL ANFE g U
;AL ¥l AAH(macroscopic) FHY oA
AZ WHE ol&dq gl J)E9 AANH
B AYA FE PPE ol gsld F=EH ol
9] Lippmann-Young 42 A F7kA] A7) & a4
AX 2R JtaiE Agel thgt HEzhel w3
£ Adgstes Fa% Hoz AAH g4 ®

& ye. m
7124

cosa:cosa0+~1—
AN 4 = aAne FAE, 4= 2AA
FA, 5, FA-4F AW AW #Y, ada
cosay =¥y —¥3)/ 7, © A710l A& W #A
S A% 2z FAAZ dE A3 U (three-
phase contact line, TCL)| A 2] z}zteo] AAA= o
HE2Ae] @Al (Fig. 2 Hm).

v 99] Lippmann-Young 4] 4H & o)A
Al AZA(perfect conductor)2 7}R st S=H
Rom, =3 TCL 23X A7|Fe] o] =435

957

et A &k 9 A A (microscopic) T oA
TCL oAe] A& Ar|Fe] F3ge ngsid 7|
£9] Lippman-Young 2lo] uEl}z] ¢k oA
BAFANA EAs= H7] o] FF(electrical double
layer)@ TCL oA 2Ast= X132 (line tension)?]
Fgo] FHH oz Yegve A& & F Aok

ANEE @A TCL &H49 A7|%e o4
od dig dFE AAF ArisE 4o diF o
ot ArlGE "o A o} wAx ge x3}
2 BdAAO T3 22 FH4E U YA9
AL 98 dasit a8y A7EE d4d
A71015F T AFHol oE oulg AR o
A AAA AAHQA AFEIE o)FA Al
7} glol ol g mEo] "3t

£ =794 oo #HE dAFY A A==
A, A71EE @A YeEldE A d4e »
o WA B A BAEr] Ysted BA A7)
olFFIH AP FFgo] zeEE FAHE
Lippmann-Young & #E3%¥g. 28z
Lippmann-Young 2o F7}3 o2 uUeghts A7)
olFFH MFYHY QIS HFHo= Fi] 9
A FAHY B FE3. ol A7) o
5N A dgS P HA8AME TCL 2
Aol X AAT A7]ge sidel "oy g
olt}y, wAlY A FAHAL ALEFozH V)
o AAMA #AHY AR A2 PHAME 7+
T UAE A7EE& A A7) olFFe 4
3} Digilov $%%) AAdHoz AAEH A
S8 @AM AP AFEL AFHo=

stebe £ ek
2.0 B

A7lee A2we AdAe A ol A
% QA 9%, T2xn ddL S FA=
FHEAGO 28U BEAE ol B £284
o @Y fAle 43 zem A s
TCL & 9392 Fig 2 9 2L z 5 4y vy
Zolg e WA A2de neistqich

Fig. 2 oA Al=®"s] AR Afolixg ot
B RE(G, )F AANNY RE(G,)eE TR

=]
H ojfe} 2o}
Grech = Y1251 + V1350 + 72525 @

TR EEed Axde 94 9 438 sl Avle
A3t A% ZRl(charge reservoin)E E gt}



958 ARE - Ay

Droplet (1) O,

Fluid 2) Q, 2

S ;Sn X

Substrate

'S

Y 2
Insulator (3) Q,

Fig. 2 Coordinate system and definition of variables

G, ==, Be|Vef +Ip)de- @

HAN g = A% Gl QoMY FAE

(electric permittivity), i

rir
i ot
~ R
i
»
»
b~}
rir
o,
)

Z e 99 Ao
g Ze i999 AH, o, Uo,UQ,, 23

tot

M(p) = AFFLZ olziegt Zo] Fojzirt(d

(electrostatic potential), Q,

Ko

II(p) = 2n kT [cosh(ve/ kT) ~1]. @

AAA ke BEZT F5(1.38x1070K), T 2
2%, vE YA7Hvalence), e ©Y AL A}
F(1.602x10°°C), 28| p &= TCL oA " 2

o] oA e] o] &9 4 UX(number density)o]t}.

Ao digk Z AQelAe] e L 9Y
1 oAA 217), 99 2 2 99 3 A= 218)0)
"o}k AAzAL 9 FAAAME HAgo] o
I Zletd e FH BHge2E vertl, ¥A 8
FoIE Wepol AHAHS ZEte 2o FE
H At}

A2 AA7H AFAAR(G, e, FAY
Ao JoHoM TCL o A43e wAFd A& o
UA(G,» )k Aol TCL o dFe wiAg
AFAURA(G, ), 2 TCL o F&o] g 9
o AFAUA(G, D) Foz oldigt Zo] Ye
d e

G, = Gzl(b) + Gﬂm + Gel(e) ®

A, 99 1, 2 AA G, P& ot Zol Y

£ 2

ol 3E - HUH

G, =] . [ 1361 250F +Tip®)ldbds - (©)

Aol A 22 = 2xsinh(fp® /2) 1 ER, W9 W

45 RFAUA(g,O)E oladst 2o T £ g
q_'(lz,lii)

4e, .
2. = —;’;[1 - cosh(—’%ﬁ"’—)} Q)

ANl M o E TCL o FFol 313 HA e
aA3 AAA AWM A9, 2R « 9
pE otelsh Zol R,

x? =200t [ekT,
B=uvelkT.

99 3 A GO E oLy FUEI golmz
HEerol ol Foi(Tip)=0), °HAS AH FF
43}

(Vo) (Vo) =V -(¢Vp) - oVp)

Gauss BBl 2l(3)o ALt olzle} o] 73
F JuEn T8 (14), Appendix IIT F2),

G (c)=__J‘ fs_(V—Coxm)z as . ®)
el s, 2 d

AAolA @ WA AfA IR (g, )e ot}
2.

@ _&V-0.) ©)
8o > 4

TCL dX g e Fg 438z Yshd o
&3 Zol FoAr}

G, =FL. (10

AN L& AR% BAAL Pohe A Fa)
(perimeter)2] ©j o] 2 vehirc)

A (59 BANA ARAUA(G,)E HolA A
T8 A 7HA AR Foz oA vehiE
ohesh gt}



A58 ARNA AF A7) olFF Tl HFE Y 959

G, = .L g !(b)ds + .[sc geI(C)dS +F.L- an

e
13452

AL 9 AH zA FA3PlA Y HE el
et A2Ee Hio AFAUAE A B
g B =AM zEdle 49& 4F dAA= &
Astd RS A AAAI) Hete W WA E
o082 FJL& u, L2 L=27R°] B} o9 T2
Aol H9 AFAUAE ZE W AFE
ol EAY BAZE Z2A HEd,D o2 3}y
sl AH ] ol ¢Ho B O ¥MEY
& AMgsld o2y 2L g 7 £ ok

G

tot

=2”R5R(712005a+713‘723_ (12)
+g, +gzl(b) +F/R)=0
A2lo] Aol groll WA FF AE wEFF)
71 YEiME BE Qe o] o] Hojof Jir
ol& F3 ot#fe} 22 ¢4 E Lippmann-Young 2]
< 78 7 U

&

Yid
— 48"‘; [1 — cosh[%):l - _.f’_.
4 2 Ry,

4L 71&9 Lippmann-Young XA 5% L&
Z A WA g A oFFe Jen o WA
gl MaFE e ofgko] FrtE Ae] Hrl,

s

1
cosa =cosa, +— V-9.)

ol

3. =X

1.1 Xjof 2 A

=]
A2 WM HA= otk &L Poisson A
A& HEFIo.
Vig=-ple. (14)

A2l Al A3t YE(p, charge density)® 3 A8
Z(symmetric electrolyte)®] -9 oleje} Folx).

p=ve(n® =m). (15)

oA7A pt & Fol29 = "Wxolm 4 &
29 £ HWxojgh ¥z o HehE(weak
electrolyte)ol] Whale] <go]23} Fo] T
9} et ol 9} 2L Boltzmann X E ul&t)

A 15), (16% 2 (14)°] dYsE L e
o

=1
Poisson-Boltzmann A4 & 98 ¢ @

VZ(p=2n€Uesinh,B¢- (17)

HAMNZ M FA 390, EAA 49
(Q,)dAE Aste] A7t o] HBZ 4 (14)]
A B35 Q8% go| go| H Laplace WA 40l

A2h= 3
Vip=0. (18)

AAA, A, 23 KA A2 BE AD
s e 2e 39 B ANV A%
z310] Agarh

P =95 &0, = €j¢n(j)’ 20 =0. (19)

A9A i, jE 99
qo) FARNN e %z FAsA ot
o
[}

1,2,303 j#;, nE %
3 T =
baF e, s AlFdl P e ol

sx g

(20)
X Akl < 40,000 719 node & 4zt Az}
(triangular grid)S ©] &3t} A4t dH& A3 A
71 ¥ o]zlY Laplace W23} Poisson W4
2 AHUEFEM)F KA AHEFEVM)S ol &3t
RS A=)

A ARed nustd Btk I3 wedge o
Aol ois dAEg ooz 3
Duplantier’”2] o] 243 % H w3}gich



960 A3 - A8y
V@, =sinhg, V@ =sinhg
Fluid 2) g, Fluid (1)
g, \TCL o,

Fig. 3 Schematic figure of numerical calculation

Chou¥7} s18 & 492 AriEE @3 2
A7 de RAer 7 o] AwY= A
A AL =(5)7t Fig 33 2o] FoA 73 O]E}
Chou'®& Ay A& B3t olaigh Aol
oA TCL A9 HAY +X & ofeliel & o]
Aoz 3t

o, +0, +5 (21)

Pu(e)= ( )[(szle,—l)a/n il

Aol o2l FAEHM ARE olfdto HE
zZtg W3k A7) TCL dAe dY FES vl
st B9kt

Fig. 4 £ A9 o|&21 FEM, FVM, 18|11 X
g FVM FA A A3 vag Zolgh AF o
&4 Ay FVYM FAHH Y die vxnd Z
dxslg o), vy FEM 3 FVM o 3 84
AFes AEFZo] 60° olstol A vl dF e FIt
2 Q& Ay o] BEue ¥ AYPXNE YE
Wtk ol A% o|E4 A Poisson-Boltzmann
WA 53 EF P9 HI} BEIF tEH
2ol p=_zen®sinh(zep) = zenzep A H71H7]
gEoz gggcht®

Duplantier(”)E A7l&8 49 A8 B d¢
g Fig. 5 9F 22 wedge o Aol W3l z Wk
@9 do] 3 Y9 AFANUAE dEH L o]

E4E B8k T3k
G =—% ~1]ds-

(22)
A AN g, = AARANY A As L= o]

4 g@E A 10l BD vhsh 2ol MY
o 71A% A elliA ol

REER

A4

(1)  Analytical Solution

1.8 1) (2) Linear FVM Solution &
(3) FEM Solution f%
@ (4) FVM Solution o

15f

S

=% B

12

oof

e —T 080 80
o (deg)

Fig. 4 Comparison of various numerical results of ¢
with the analytical solution (&, =1, &, =1,

G,=2, K, =Kk,, &§/6=4)

60
@ Numerical Sohition
a5
fla) 30
15
0 [ L L " I TE i i 2 . \ | n
0 20 40 60 80

a (deg)
Fig. 5 Comparison of the numerical result of F, with
the analytical solution (&, =&, =&, =1)

Fig. 5 & wedge &] Z=o] @& 9o xR A
(G, A A 29 #F f()& ¥ FVM 2
Hoz 7@ AAHE v Aol Fig. 59 27
g ot & FAANe) AIe BT T

At AL ¢ F AN

N

4. A3 A EE

i

golt BAA TA S ke Aol
Ao16e Aol A FARN PR A
of sMateh ot H2 ArEE 2PN
e olgsted xHHoR AMNGE B4

N o & i
flo ot (2t



ArlE e oM 45 A7) olF

-5.0E-09

-1.0E-08
z A
-
-1.5E-08
208
a (deg)

Fig. 6 Line tension versus contact angle (a )
< FE37] A8 ZaA —‘:rﬂﬂ %A wEC
e #AE AR Aolt. B FANN 54
d dAA9 FAE 3nm 2 o]E wetRokdlA A}
4313 Q& Self-Assembled Monolayers & Z ¥ A
2 ol8% A §A Ao

Fig. 6 & H&7to] wste) wg Ao us
vehd Zolth. MAH(F)E A (1)E o83
ofggt Zo] TRt

£

F, - Ga- g, ds - I ge,(c)dS:I @3)

S13+ 823

AR A FhaR AL 0.5V, Z FHol
AEL g =78, (g =8854x10"? Cl/m, 3
3 L), g=¢,, &=2¢, 22T BAA
5 L=1m A Z%el disf
A A Azfolrt, Aol e} Zo] XY
8ol Arle HEZol A we} Frlse A
% & ARfen, 53 AFFLe HEZo|
a=50" o8l A =7slhr AEzbo] HA
} Hoge 2= Aoz ‘—}E}‘XA‘E}

Aol A LAG AL G, 62 B
710l G0 L F Lo ¥

A71E Zevus Rold F A% g 2 4

‘i)é

g2 7% AU 2ARNA lAdhe
Rolt}.

AuE Hr)E AP 93] Mol 7
ARL A9 57 wslol oig AR @]

olFZFY 4%¢ ZEHAY. 4HL & mm A7]
o] wAEE 717 0.0M AFE, gn XFE

59 4% A #HY 961

E¥ FAE F@HE A E FS 43
F A9 BEFEH(y, )2 7,2572mN/m o] Hx
FE A717F 10°~10°N o] H22 4 (13)944
A&7 Wste] o AFHe FFL cosa Ol
A& 10°~10" 9 A712 WS FA Yehtes A
& ¢ F ok a8z AEZ] WAsd U A
7] olF%9 YA g, P& AFH ¥ B}
o A vevde & ¢ F 21253 g 24
AE o]l &3 A As|EE AN E AR
g} x| o|F5 FFol 5'—345]74 Ee 7N
Lippmann-Young 2}°] E}FAe] = oz wet
g a8y B AAME AVlsd dRAA
Zh Adel FAst= EW Hst dx=E 1A
astth. Zt Aol e EH ASNTEE 285
HE A A7) olFFY Pl ¢ AR F

= 7] w&ol olo did PEJ} F Fol A}
gz %\:}.
A71&¢ @AY RFAg IVE A (13)E

53t & ¢ A vpe} Fo] AEF7he Rzt of
& Ao R FARyy) )N FRHY BAZE
Aot dA ArjEs AES FE £ mm A7]Y
NAES 7H 4HE ol &dtn ey, F F o
G Aleke] BAM A% AR FY o2 Y
& @A 77 F opm A dFHo] A1LE
F2 ok ol F$olE A (13)d 3 A7)
& oA Mg o] A F7Ed F
Ezte] Wil 4 ud F USE ¢ F Yo

Fig. 7 & =304 o 73 HFHE o] &3}l
A13)0lA BAH WA W3le] wWE FFZo|
g Age] g WgE dehd Aol
Ao e} o] AF HxEol R=10"m °]4
e AVIEE YA NP o FF
2 A Yvelgch agxg Ao ol
R=10"°m °]3te M= 4] (13)dA 9 b& od
59 4 oz A8 FFo] A5 W
o 714 FasA 4 RAolge AL ¢ F AU
o}

58 8
AFAMNE 7€ duA F2 el ¢
xl?fﬂ*—i NEe =4t A7) & @4 W

B2k AAAQ A4 Y-S ALEg. WA, of
23 dPdAME HUss d40 gt 2o An
HQ A& HA W] olFETH AFYY A
o] #7}9 44 Lippmann-Young 4-& #X3t%

onf, o AolA UE G5e d%g FAH4



962 R e S
0.8
_06f
CIN
g’ |
= 0.4f
02f
0_ Y . b
107 10° 10° 10* 10°
R (m)
Fig. 7 The effect of line tension versus radius (R) at
a =30
PHe Botel AR oz FET
A4 BRg Fokd A WAF] &
mm ¢ AVE MR E duEd AriseE
o

X A7l o|F23 AR o] A&7 o
ol A YEbgoh webA 0131‘?_ BE¥E 7IE
9] Lippmann-Young 4o} & ©EH= A 2
Adet. 28y &F9 7|7t um dHE FHold
g AFgHe] AuiAI FFE 712 + JdE 7t
TARAE ALE AASAT

7|

o

£ d3E BK21 EFgFHusa 7AAE Y
243 2002 A= POSCO 7]&7Mdy]e] X A3}
4 8 5] 2 th(Contract No. 1UD02013). A A5 7314
< =S AHKOSEF)S FHAH| A sl &
A7 E 5835 cH(Contract No. R01-2001-00410).

olz]g Al dall AAEY FAE EdH
IS ol

(1) Prins, M. W. J., Welters, W. J. J. and Weekamp, J. W,,
2001, “Fluid Control in Multichannel Structures by
Electrocapillary Pressure,” Science, Vol. 291, pp.
277~280.

(2) Kim, C. -J, 2001, “Micropumping by
Electrowetting,” ASME Int’l Mech. Eng. Congress and
Exposition, AIMECE2001/HTD-24200).

(3) Reyes, D. R, lossifidis, D., Auroux, P.-A. and Manz,
A., 2002, “Micro Total Analysis Systems. 1.
Introduction, Theory, and Technology,” Anal. Chem,
Vol. 74, pp. 2623~2636.

(4) Welters, W. J. J. and Fokkink, L. G. J., 1998, “Fast

ColRE - 2

Electrically Switchable Capillary Effects,” Langmuir,
Vol. 14, pp. 1535~1538.

(5) Berge, B., Vallet, M. and Vovelle, 1., 1996,
“Electrowetting of Water and Aqueous Solutions on
Poly(ethyleneterephthalate) Insulating Films,” Polymer,
Vol. 37, No. 12, pp. 2465~2470.

(6) Lee, J. H. and Kim, C. -J.,, 2000, “Surface-Tension-

Driven Microactuation Based on Continuous
Electrowetting,” J of MEMS, Vol. 9, No. 2, pp.
171~180.

(7) Pollack, M. G and Fair, R. B. 2000,
“Electrowetting-Based Actuation of Liquid Droplets
for Microfluidic Applications,” Appl. Phys. Lett., Vol.
77, No. 11, pp. 1725~1726.

(8) Blake, T. D., Clarke, A. and Stattersfield, E. H.,
2000, “An Investigation of Electrostatic Assist in
Dynamic Wetting,” Langmuir, Vol. 16, pp. 2928~2935.

(9) Quilliet, C. and Berge, B., 2001, “Electrowetting: a
Recent Outbreak,” Curr. Opin. Colloid Interface Sci.,
Vol. 6, pp. 34~39.

(10)Digilov, R., 2000, “Charge-Induced Modification of
Contact Angle: the Secondary Electrocapillary Effect,”
Langmuir, Vol. 16, pp. 6719~6723.

(11)Vallet, M., Vallade, M. and Berge, B., 1999,
“Limiting Phenomena for the Spreading of Water on
Polymer Films by Electrowetting,” Eur. Phys. J., Vol.
B11, pp. 583~591.

(12)Adamson, W. and Gast, A. P, 1997, Physical
Chemistry of Surfaces, John Wiley & Son, New York;
Chapters 2, 3, 5, 10.

(13)Overbeek, J. T. G, 1990, “The Role of Energy and
Entropy in the Electrical Double Layer,” Colloids and
Surfaces, Vol. 51, pp. 61~75.

(14)Chung, S. K., 2003, Analysis of Electrowetting
Phenomena  Based on  Thermodynamics and
Electromechanics, Master’s Thesis, Dept. of Mech.
Eng., Pohang Univ. Sci. and Tech., 109p.

(15) Neumann, A. W. and Spelt, J. K., 1996, Applied
Surface Thermodynamics, Marcel Dekker, New York.
(16)Chou, T., 2001, “Geometry-Dependent Electrostatics
near Contact Lines,” Phys. Rev. Lett., Vol. 87, No. 10,

pp- 106101-1~4

(17)Duplantier, B., 1991, “Can One “Hear” the
Thermodynamics of a (Rough) Colloid?,” Phys. Rev.
Lett., Vol. 66, No. 12, pp. 1555~1558.

(18)Kang, K. H,, Kang, I. S. and Lee, C. M., 2002,
“Finite Element Analysis of Electrical Double Layers
near Triple Contact Lines,” Proc. of the Second
National Congress on Fluids Engineering, Muju,
Korea, pp. 491~494.

(19) Ulman, A., 1996, “
Self-Assembled Monolayers,”
pp. 1533~1554.

Formation and Structure of
Chem. Rev., Vol. 96,



