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ABSTRACT

In this thesis, we have studied contact angle behavior of droplets on ideal and rough
surfaces. We have examined contact angles on both homogeneous rough surfaces and hetero-
geneous rough surfaces. Then, we have studied how the contact angles of droplets change if
we apply an external potential to the surface where the droplet rests. Splitting of a droplet
has also been studied. To do that, first we have rederived some formulas and with the help
of these formulas we have figured out how to split the droplets. Also, we have calculated the
electrostatic forces and capacitive energies on an ewod-actuated droplet. Finally, we have
calculated the forces acting on the liquid-droplet interface of a droplet which is immersed

in a liquid. These calculations have been done for three different cases.
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OZETCE

Bu calismada, damlaciklarin kontakt agilarinin kusursuz ve piiriizlii ylizeylerde nasil
davrandigini inceledik. Kontakt agilarin homojen ve heterojen yiizeylerde nasil davrandigini
inceledik. Daha sonra, damlaciklarin iizerinde bulundugu yiizeye bir potansiyel uygularsak
acinin nasil degisecegine baktik. Damlacigin nasil boliinebilecegi konusu da caligildi. Bunu
yapabilmek icin oncelikle baz1 formiilleri elde etik ve bu formiiller yardimiyla damlacigin
nasil boliinecegini ogrendik. Ayrica, ewod yontemiyle harekete gecirilen damlacik tizerine
etki eden kuvvetleri ve kapasitif enerjileri hesapladik. Son olarak da, baska bir siv1 icerisine
daldirilmig bir damlacigin sivi-damlacik yiizeyine etki eden kuvvetleri hesapladik. Bu hesapla-

malar ¢ ayr1 durum icin yapildi.
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Chapter 1

INTRODUCTION

In the beginning of the 19th century, Laplace and Young proposed the existence of the
term interfacial energy [23, 24, 25] and that term was the essence of wetting, which has
become one of the hottest topics in the last 20 years [26, 27] because of some applications
such as self-cleaning. Wetting is the result of intermolecular interactions when a liquid and
a solid are brought together. If a liquid has a large surface tension or if it is put on a
surface with low surface tension, it will have a small contact with the surface and form a
spherical shape. However, droplets having low surface tension or droplets on a surface with
high surface tension will maximize the contact with the surface.

Wetting has been studied for many years both theoretically [28, 29], and experimentally
[30, 31]. Studying wetting properties of liquids on ideal surfaces is easier but in real life
surfaces are not ideal but rough. Studying wetting properties and contact angle behavior

of liquids is much harder on rough surfaces due to complications of roughness.

Figure 1.1: Lotus Effect

As we said before, self cleaning of the surfaces is a very important area to investigate.

Some plant leaves such as, lotus plant leaves, raspberry leaves and strawberry leaves are
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known as water repellents because they eliminate the water droplets. When a water droplet
comes on the leaf, the droplet minimizes the contact with the leaf and starts rolling over the
leaf and while rolling, it washes off the contamination very effectively as seen in Fig. (1.1).
Water repellent surfaces are very important in many areas, such as prevention of adhesion
of snow, self-cleaning windows, rain drops on planes.

For a droplet to start rolling, it should have a small contact angle hysteresis. The contact
angle hysteresis and the apparent contact angle depend on the surface where the droplet
rests. The surface roughness has a strong effect on the contact angle hysteresis of droplets
and it has been studied by many researchers [32, 33] in order to develop superhydrophobic
surfaces. If we can combine hydrophobicity and roughness cleverly, we can have droplets
which can remain nearly spherical on substrates [34, 35, 36, 37].

Fluidic control at small scales is also very important due to its potential applications
such as chemical analysis. In chemical analysis, it is preferred to use small droplets rather
than continuous flows, because it is more efficient and easier to control. Electrowetting,
EWOD, is the most promising actuation method where the droplet can be carried on flat

surfaces or between two plates.
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Chapter 2

CONTACT ANGLE ON IDEAL AND ROUGH SURFACES

In this section, we briefly explain what a contact angle is and how it behaves on ideal and
rough surfaces. We also discuss hydrophobic and hydrophilic surfaces and which features of
droplets tell us whether the surface is more hydrophobic or not. Contact angles of the same
droplet on homogeneous and heterogeneous surfaces act differently and we derived contact

angle formulas of droplets on these surfaces.

2.1 Contact Angle

Adhesive forces are considered between two bodies. If we consider glass and water, attractive
forces between them cause the water to spread across the surface. But cohesive forces are
internal forces of a body, which results due to the attraction of the molecules of it. Cohesive
forces cause the water drop to have a spherical shape and avoid contact with the surface.
So, we can say that the contact angle of a droplet on a substrate is the result of adhesive and
cohesive forces. The contact angle 0, as seen in Fig. (2.1), is the angle between liquid-vapor
interface and solid-liquid interface. In Fig. (2.2) we can see that when the drop spreads
over the surface contact angle decreases. So, we can say that contact angle has an inverse

measure of wettability.

Figure 2.1: Contact angle
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For low contact angles (6 < 90°), the wetting is propitious and the droplet spreads on
a large portion of the substrate. For high contact angles (6 > 90°) the wetting is poor,
so the droplet will not spread over the substrate and minimize the contact. For water
droplets if the surface is wettable we can call the surface as “hydrophilic”but if the surface
is non-wettable we can call it as “hydrophobic”. There is also one more surface called as
“superhydrophobic”on which the contact angle of a water droplet is higher than 150°. Water

droplets on superhydrophobic surfaces have almost no contact with the surface.

Q8 a

Figure 2.2: Relation between contact angle and wettability

We can seperate the solids into two groups: the first one is high energy solids. Solids
such as metals are hard solids because bonds within the solids are very strong. Most liquids
show low contact angle, thus high wettability on high energy solids. The second group is
low energy solids. The bonds within these solids are weak. Liquids on low energy solids can
either have complete or partial wetting.

In 1805, Young and Laplace proposed existence of the “surface energy“term which is the
excess energy of a material at the surface [1]. If gravity effect is neglected, a droplet on an
ideal substrate will form a spherical cap. By ideal, we mean that the substrate is flat, rigid,
perfectly smooth and chemically homogeneous. Contact angle, 6, of a droplet on an ideal
surface was proposed by Thomas Young two hundred years ago [2];

FYSV — PySL (21)
PyLV

cosf =

where 7., 75, and 7, ,, are solid-vapor, solid-liquid, and liquid-vapor interfacial tensions

respectively.
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Unlike described above, solids are not ideal but rough, which affects their wettability very
much [3]. The wettability is affected by not only non-ideality of surfaces but also droplets
containing different chemical species such as surfactants [4]. Droplets remaining stuck on a
tilted surface can be given as an example for the result of non-ideality of the surface. For
this situation the droplet has two contact angles; advancing contact angle 6,, and receding
contact angle 6,.. We can observe advancing and receding contact angles in the following
way; first we put the droplet on a substrate and start tilting the substrate. When the droplet
starts moving, the angle in the leading face of the droplet is the advancing contact angle
and the angle in the rear part of the droplet is the receding contact angle as in Fig. (2.3).
Shortly, maximum and minimum contact angle values are called advancing and receding
contact angles respectively. The difference of advancing contact angle and receding contact
angle is called as “contact angle hystetesis” which is shown by H. (H = 6, — 6,.). Contact
angle hysteresis is a very important parameter [4] and we can explain this importance with
an example. Let us assume we have two different surfaces. When we put a droplet on
the first surface let the contact angle be 6, = 170°, and let the contact angle of the same
droplet be 6, = 150° on the second surface. First surface seems more hydrophobic than
the second surface due to the larger contact angle. However, the second surface might be
more hydrophobic. To understand this let us start tilting the surfaces. If the contact angle
hysteresis of the first droplet, H,, is large the droplet remains stuck on the tilted surface.
However, if the contact angle hysteresis of the second droplet, H,, is very low the droplet
starts rolling on the surface. Because Hy > Hs, we conclude that the second surface is more
hydrophobic. So, to discuss whether a surface is superhydrophobic or not we should not

only mention its contact angle but also its contact angle hysteresis [5].

Figure 2.3: Contact angle hysteresis
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Rough surfaces can be split into two categories: homogeneous and heterogeneous sur-
faces. On homogeneous rough surfaces, the liquid fills the roughness of the surface. However,
on the heterogeneous rough surfaces there is air in the roughness, so the liquid is in contact
with both air and the surface. Wenzel and Cassie-Baxter methods try to explain how the
contact angles of droplets behave on homogeneous and heterogeneous surfaces respectively.

[17 3’ 47 6}

Droplet Droplet

HE N S . i _m

Droplet resting on top of grooves Droplet wetting arooves

(a) (b)

Figure 2.4: a) Cassie state, b) Wenzel state, [6]

2.2 Wenzel’s Model

Wenzel proposed a model to understand how the roughness affects contact angle of a droplet.
He assumed a substrate with roughness r, which is defined as the surface area of the solid
over its apparent surface area. The contact angle, 6%, of the droplet on this rough surface
can be calculated by assuming a small displacement dx of the contact line as in Fig. (2.5).

The displacement will cause a change in the surface energy [4]:

dE = r(v4, — Vev )dz + v, dx cos 0 (2.2)
Vapor Liquid
o~
EEL Fd
T Solid

Figure 2.5: Displacement of the contact line, [4]
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We know that, E will be minumum at equilibrium. By substituting Young’s law

Ysv — Vs = Vv €Os 0 in the equation above we get the Wenzel’s relation;

0= —v,,rcosfdx +,, dxcosb*

cos 0" = rcosf (2.3)

This relation tells us that if a droplet is put on an ideal hydrophilic surface (0 < 90°),
the following relation holds true; 8* < 6 < 90°. If the same droplet is put on an ideal
hydrophobic surface (6 > 90°), the relation is 8* > 6 > 90°

2.3 Cassie-Baxter Method

In this model the air is trapped in cavities and the liquid is in contact with both air and

solid. In this case [1],

Ysv 7 Tsv
Vs = Orvg, + (1 — ) (TPYSV + 7Lv>

where ¢ is the fraction of the area where the liquid is in contact with the solid. If we

substitute these relations in Eq. (2.1) we get;

sy — s, — (1= @) (rvgy +70v)
Yov

Yoy — PV = ™sv — Yov T 9T Vsv + Vv

Vv
(Z)T(’ysv — fySL) + Vv ((;5 - 1)

Yov

_ (Z)T'VLV cosf + Vv (¢ — 1)
Yov

cos 0 = ¢(rcosf+1)—1 (2.4)

cos 0" =

Note that when ¢ = 1, Eq. (2.4) reduces to Eq. (2.3). We have seen that roughness
can make a hydrophobic surface more hydrophobic. For example, if the contact angle of a
droplet on an ideal surface is around 120°, it can be as high as 150° on a rough surface.

Both of the methods above explains this effect.
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Chapter 3

CONTRIBUTION OF ENERGY AND ENTROPY TO THE
ELECTRICAL DOUBLE LAYER

3.1 Electrical Double Layer

When we bring a liquid, which contains free ions, and a solid in contact, due to van
der Waals forces, adsorption of ions and water molecules occurs. As a result, a layer which
consists of a region with a net surface charge bound to solid and another region above it
is formed. This layer is called electrical double layer [5]. If we have a solid surface which
is electrically charged, because of the attraction of the ions, having opposite charge, to the
surface and repulsion of the ions, having the same charge, away from the surface, electrical
double layer is formed. The lower layer is called Stern layer and the other layer is called
diffuse layer. Adsorption of water molecules does not introduce a net surface charge. If we
have a solution which contains ion types, i, with charge number, z,, in mole fraction, x, the
thickness of the diffuse layer, as seen in Fig. (3.1), is called Debye length, 1/K, where

2 2
2 Ziniozie

K
€,6,kT

where n is the concentration of ions, €, the vacuum permittivity, €, the dielectric constant

of the solution.

l1qu1d®@ &G)-) ) % ® @ | Diffuse
© .

RO L & Stem

T O I O T I P

solid

Figure 3.1: Electrical Double Layer, [5]
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3.2 The Energy

In order to calculate the energy contribution to the double layer let us define dimensionless

potentials as = %, and 9, = %. Also, surface charge density relation states that [9],
di
o=—€¢6V, o= —€€ (3.1)

where n is the normal of the surface.

The Green’s theorem tells us that [7],
- / (a,Vnb)dA = / (aV'b+ Va.Vb)dV (3.2)
A \%4

where a and b are scalar fields. These fields vanish at infinity and have values a,, and b, at

the surface. We also need Poisson’s equation for some future calculations,

Vip=-" (3.3)

€,.€,

The electrostatic energy, U_,, can be written as [§],

el?

€ €

v, = [ (verav

By using Green’s theorem we get,

€,€ Oy €€ 2
Ua =~ 2°/A<po <8n> fdA—z()/vw(V p)dv

If we substitute Eq. (3.1), and Eq. (3.3) in the equation above,

66 —66 ) (9¢ &5 —p
UEZ B 2 /ASDO <_6'r60> <8n> dA 2 /‘\/SO (67'60> dV

Finally,
1 1
U, = / p,0dA + / ppdV (3.4)
2 4 2 Jv
We can get Poisson-Boltzmann equation, Eq. (3.5), by using the equation below,
V2 _ P _ Zz Zen; Zz 2 €M exp(—zi&p/kT)
v €€ €€ €, €

For a single z-z electrolyte we can rewrite the equation as,

V= 2 exp(—zep/kT) + sl exp(zep/kT)
€r€0 -0
zen

= Teo[exp(zega/kT) — exp(—zep/kT)]

-0
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— 9% sinh(zep/kT)

-0

ekl (f) (kT) sinh(zew/kT)

€€, \ze/ \ kT

—92 %M <kT> sinh(2v))

€€ kT \ ze

Vi = K”Z—Z sinh(z1) (3.5)

3.3 The Entropy

The entropy difference, AS, between the ion distribution in the double layer and solvent
molecules at ¢ = 0 can be written for dilute solutions by [8],

. 1->.z,
AS:—k/ 1 <x)+ L ()
V[zi:nzn ;0 o 1 1_Zixio

av

n,
%’—k‘/ (nﬂn( Z>—ni—|—ni) av
By using the relations, n, = nwe_zz'W/kT, and 1 = %

AS = —k:/ Z (nioe_ziwln (n’oe) — nioe_ziw + nw) av

\% i o

- _k/ [Z (nioe_zid}(_zﬂvb) - nioe_ziw + niO) dv
Vil

= k/ [Z n,(z,0e %Y 4 e %Y — 1) dV (3.6)

Vil
We know that,
p= Zzieni = —GTGOVQ(,O (3.7)

If we integrate the equation above over (0,1)) we get,
v , v Y
/ 6.V pdip = — / pdip = / Y _enge d(—zp) = Y eny(e7HY — 1) (3.8)
0 0 0 i
Let us multiply Eq. (3.6) by -T and seperate the integral into two parts,

av

—TAS = —k:T/
1%

Znio (Zﬂbe_ziw +ehY — 1)
7

= —kT / > ngze VAV — kT / D ng (e - 1)
|4 i \% i

av
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By using Eq. (3.7) and Eq.(3.8)

:—k:T/an ¢6_Z¢dV kT()/[Znezw—l av
kT
_—kT/ <¢> (—eTeO)vgde—/ dV/ e.6,V odip
v \€ e Jv 0
b= = dp = dy
kT
~TAS = k:T/ ol o eav - M dV/w Vie-d
VkT €€T60 v e 0 “rco SDkT v
Finally we get,
©
—TASZETGO/ goVngdV—eTeo/ dV/ Vzgodgp (3.9)
14 14 0

3.4 Single Flat Double Layer

We can write the electrostatic free energy of a single flat double layer in a 1-1 electrolyte of

concentration n as,

€€, [T (dp 2 ee, [¢70 [do
U,=-—-2 — | do=-—->2 — |d 3.10
el 2 /1:0 (dx) v 2 /w:% (daz 14 (3.10)

For this case, the solution of the Poisson-Boltzmann equation giving the first integral is,

dy = —2K? sinh (ﬂ> (3.11)

el 2
kT 2kT -

= —€,6, K— cosh( i ) M ’
e

= 2 (M) (1 com (£82)

U, =2 e, K (?)2 (cosh (;f%) - 1) (3.12)

Let us multiply Eq. (3.6) by -T and do the summation for this case,

—TAS = —k‘T/ n(pe ™ +e ¥ —1—1pe¥ +e¥ —1)dx
=0

= —nkT /00 [W(e™ —e¥ + (e¥ +e V) — 2dx
=0
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o0
= —nkT/ [—2¢ sinh () + 2 cosh(¢)) — 2]dx
x;o
= an:T/ [¢sinh(¢)) — cosh(v)) + 1]dx (3.13)
=0
kT
By using the relations, — = —ZK? sinh ( i:;), dy = Z—i we get,

If we substitute the relation above in Eq. (3.12) we get,

N L ¥=0 (4 sinh(¢)) — cosh(¢)) + 1)d (¢)
K v=%o sinh (¢) 2

2

By using the relation cosh” (x) — sinh” (x)=1

kT [¥=0 <¢ sinh (15 + 15) — cosh <12b + ¢> + cosh” (15) — sinh” (Z)))

2
K Sy sinh <¢>
2
We also know that,
cosh(a + b) = cosh(a) cosh(b) + sinh(a) sinh(b)

sinh(a + b) = sinh(a) cosh(b) + sinh(b) cosh(a)

K

i
mkT /W’ (COSh (2) — sinh <2>>d<w>

K V=1 sinh <1§>

2

_ 20kT /wzo <2¢ sinh (Z) cosh <15) — cosh’ <1§> — sinh’ <Z>) ] <¢
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__ 2’;§T :’% <2wcosh< > —2smh( )) ! <1§>
—onkKT 2253 <2 sinh ( ) ~ 29 cosh (@) ! (g)
Sen (2 )G

= dip = 2da

If we change the variables, x = % = dr =

=26, K () / sinh(z) —/ 2x cosh(z) | dx
€ x=%/2 I=w0/2
By doing integration by parts x = u = dx = du, cosh(x)dx = dv = sinh(x) = v
™[ - - =0
=26, K KT cosh(z)| 70 — 2| zsinh(z)] 70 / sinh(z)dz
v e w=p /2 S Y
L 0
KT\ [
=26, K| — 1 — cosh Y -2 %sinh k4 |(J — cosh id ]O
" e I 2 2 2 ) o 2 ) "o
KT\ [
=2e.6K | — ] |1—cosh Y -2 0_% sinh Y — 1+ cosh %
’ e ) | 2 2 2
KT\ [
=2¢.6, K () 1 — cosh (%) + 1), sinh <1/10> + 2 — 2cosh (ﬁoﬂ
e

9
—TAS =2¢.¢,K <kT> 3 — 3cosh <¢20> + 1, sinh (%’)] (3.14)

e

Finally, we can calculate Helmholtz free energy, F.,, by adding Eq. (3.11) to Eq. (3.13)

F,=U,—TAS

2
¢ e 2 2 2

2
F,=2¢¢,K <kZ> [2 — 2 cosh <w20> + 9, sinh <¢20>} (3.15)

Let us assume we have a water droplet on a substrate. We can control the contact
angle of this droplet by applying an electrical potential to the substrate. When we apply
electrical potential, the force acting on the liquid-air interface can be calculated. This will
be discussed in one of the subsequent chapters. Free energy (per unit surface area) equation,
Eq. (3.15), also corresponds to the horizontal component of the force acting on the liquid-air

interface.
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Chapter 4

SPLITTING A LIQUID DROPLET

In order to split a droplet reliably, we have to know the theory of splitting very well. In
this chapter, we rederived some mathematical formulas which help us to split a droplet in a
microchannel. We also discussed which parameters help splitting process and the conditions

in which the droplet can not be split.

4.1 Electrowetting

When we apply an electrical potential between a droplet and a surface, we observe
that contact angle of the droplet changes as seen in Fig. (4.1). This phenomenon is called
electrowetting. Electrowetting is treated as the charge-induced change in the interfacial
energy between solid and liquid [5]. Lippmann recognised that capillary forces can be
modified by adding electrostatic charges at an interface [10]. This situation is very important
when it is applied to the case called electrowetting on dielectrics (EWOD). In this case the
electrode is covered with an insulating film of microscopic thickness. When the electric
voltage is applied, the electric charge is accumulated on the insulating layer causing a

change in wettability and contact angle of the droplet.

Figure 4.1: a) No applied potential, b) Under applied potential
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According to Lippmann [10], the solid-liquid interfacial tension depends on the externally

applied potential V as;

1 2

’YSL(V) = 'YSL‘V:O - §CV (4'1)

where C is the capacitance of the dielectric layer. According to Young’s equation, the

relation between contact angle of the droplet and interfacial tensions:

cos = Jsv Tt (4.2)

fyLV

where g, , V4, and 7, ,, are solid-liquid, solid-vapor, and liquid-vapor interfacial tensions
respectively.

If an external potential is applied to the system, Young’s equation can be rewritten as:

cos O = Ysv — ’YSL(V)
Yov
_ sy Ys(V)
Yov Yov

2

Ysv _ Js GV
Tov  Yov Vv
cv’

Yy

cos 0 = cosf +

€, €
where 6 is the contact angle when there is no external applied potential and C' = %

Finally, the modified contact angle equation can be written as:

€€
cos* = cosh + —2—V? 4.3
o (13)

where €, (8.85 x 10712 F/m) is the permittivity of vacuum, and e the dielectric constant and
t the thickness of the dielectric layer. From the equation above, we can see that contact
angle decreases parabolically as the potential increases. But the contact angle is saturated
at about 80°. Although there are some theories about why contact angle saturates [11, 12],

the reason for the saturation is not clearly understood yet.
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Figure 4.2: Contact angle change according to the Lippmann equation

4.2 Splitting a Droplet

To split a droplet, we need to put the droplet in a channel which consists of a top
wall and a bottom wall. On the bottom wall, there should be electrodes covered with a
hydrophobic dielectric layer. These electrodes are called “control electrodes”, because they
control the splitting process. On the top wall, there should be a grounded electrode which
is also covered with a hydrophobic dielectric layer. In order to split the droplet, it should be
put in the channel and squeezed. The droplet must be in contact with both top and bottom
wall at all times in order to complete the circuit. The solid-liquid interfacial area must
occupy three electrodes as in Fig. (4.3 (c)). When the potential is applied on the left and
right electrodes, while the middle electrode is left grounded, contact angles at three phase
points decrease according to Eq. (4.3). If the contact angles at both sides decrease, they
cause an increase of the radius of the curvature. Because the middle electrode is grounded
during the process, it causes no contact angle change. The droplet wants to keep its total
volume constant but the radius is getting larger, so it starts to shrink in the middle. We
can say the splitting process starts with elongation of the droplet in the horizontal direction

and necking of the droplet in the middle.
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Point 2

Electrode Point 1 - Droplet Section B-B

section A-A’°

Figure 4.3: Droplet in a microchannel [14]. (a) Top view, (b) Cross-sectional view, (c) After
energizing electrodes

The most important parameters to split a droplet are the distance between channels,
the droplet size and contact angle change. We first need to understand the relation between
these parameters in order to split the droplet reliably. For example, small channel gap helps
the necking of the droplet. Also applying higher voltage results higher change in the contact
angle and consequently helps the splitting process as well. If we use a large channel gap
compared to droplet size we can not split the droplet.

The channel gap is geometrically related with the contact angles and radius of the
meniscus curvature [13]:
d

_ 4.4
" cosf, + cos,, (44)

d
_ 4
" cos 0, + cos0,, (45)

where subscript 1 indicates the parameters in the middle region of the droplet and subscript

2 indicates the parameters in the right or left end region of the droplet. Here, 6, is the
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contact angle on the top wall, 0, is the contact angle on the bottom wall and r is the
principal radius of the curvature. We can now write the pressures in the middle and in the

end regions related to the atmosphere pressure, principal radii and interfacial tension [14]:

1 1

P —P =7,, (7’ + R) (4.6)
1 1
1 1

P,—P =7, <T + R> (4.7)
2 2

where R is the principal radius of curvature as shown in Fig. (4.2 (a)), and P, atmosphere

a

pressure. In static equilibrium, pressures must be equal inside the droplet. Now if we

substract Eq. (4.7) from Eq. (4.6):

From the equations (4.4) and (4.5) we can write,

1 1 cosf,, —cosb,,

T, d

If we put this relation in the equation above, we get:

1 1 cosb,, —cosb,,
— _ 4.
0= e <R1 R, " d (48)

Finally, we can write the channel gap related to the difference of contact angles and radii
of curvature:
1 1 cosb,, —cosb,,

Lt 4.9
R, R, d (49)

On the right side of the droplet or on the left side of the droplet the contact angle change

under the applied potential can be written as:

606V2
29t

cosf,,(V) = cosb (4.10)

b2 |V:0
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We don’t energize the middle droplet, so the contact angle of the middle part of the
droplet does not change and it is equal to the contact angle of the right or left side of the

droplet when there is no applied potential:

o

b1 9172 ’V:O
So, we can write,

2
€€V

= 4.11
2y, 1 (4.11)

If we substitute Eq. (4.11) into Eq. (4.9) we can get a relationship between the applied

cost,, —cosf, = cost,, —cost

b2 |V:0

potential, the channel gap, the dielectric constant of the dielectric layer and the radii of the
curvature
1 1 606V2

= _ 4.12
R, R, 2v,,td (412)

4.3 Contact Angle Change

During the splitting process the height of the droplet will decrease and because of
this the channel gap must be arranged so carefully that the droplet must always touch the
electrodes in order to have a closed circuit. In order to arrange the channel gap, we must
know how much the contact angle of the droplet will change by EWOD in the channel
system. We know that the externally applied potential V in Eq. (4.12) is the voltage across
the dielectric layer on the bottom wall. In the systems where we use a microchannel to
split the droplet, the total voltage drop is the total of the voltage drop across the dielectric
layer on the bottom wall, the voltage drop across the dielectric layer on the top wall and
the voltage drop across the droplet. But here we neglect the electric resistance of the water
droplet compared to that of the dielectric layers. Sung Kwon Cho and his co-workers [13]
considered 2 different channel systems in order to see how the voltage drops are seen across
the dielectric layers. For channel I, they coated the top layer with a 200 Angstrom Teflon
layer and they coated the bottom layer with a 200 Angstrom Teflon and 1000 Angstrom
Silicon dioxide layer.

For channel II, they used 200 Angstrom Teflon layer and 1000 Angstrom Silicon dioxide
layer for both top and bottom electrodes. When they applied total 25 V for the first channel
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0V

Figure 4.4: Channel I System, [14]

system, the contact angle on the top wall changed from 117° to 115° but on the bottom wall
the contact angle changed from 117° to 90°. From this we can conclude that the voltage
drop across the dielectric layer on the bottom wall is the total voltage drop because the
voltage drop across the dielectric layer on the top wall is negligible. Fig. (4.4) shows the
contact angle change on both top and bottom wall with an applied 25 V. When a 100 V
is applied for the second channel system, the contact angle on both top and bottom walls
changed from 117° to 86°. It means that the total voltage applied is shared equally in the
top and the bottom dielectric layers. Fig. (4.5) shows the contact angle change on both top
and bottom walls with an applied 100 V. From the results above we can conclude that we

can split the droplet more easily by using Channel I system.

i 100 V

Figure 4.5: Channel II System, [14]
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4.4 Optimizing the Channel Gap

y—25V
{(a) Channel gap, d — 300pm

F=0W V=25V
{b) Channel gap, d = 150pm

Figure 4.6: Optimizing the channel gap to have a reliable splitting, [13]

When a droplet is squeezed in a microchannel, contact angles on the top and
bottom layers are almost equal to 120°. As explained before, contact angle saturates at
about 80°. So, the contact angle change on the bottom layer must be smaller than 40°.
0,,]y_o—0,, <40°) Also, we want to split the droplet with a low external applied potential.

If we make the calculation based on the values 6 = 120°, 6,, = 80°, and the applied

b2|V=O
voltage 25 V we can conclude that the required gap for a succesfull splitting should be
smaller than 0.15 mm. Here it was assumed that R,= 0.5 mm and the splitting occurs

when R, becomes half size of the control electrode.

Conclusion

After all observations and calculations, we see that increasing of externally applied potential
helps us split the droplet. Similarly, small gap size helps the splitting process. We have
also seen that, if the channel gap size is too large compared to the droplet size, it becomes

impossible to split the the droplet.
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Chapter 5

CALCULATION OF ELECTROSTATIC FORCES AND CAPACITIVE
ENERGIES FOR AN EWOD-ACTUATED DROPLET

In this section, we calculated electrostatic forces and capacitive energies on a droplet
which is actuated by using EWOD configuration. We can actuate a droplet by using EWOD
mechanism. To do that, let us put the droplet on a substrate containing electrodes benath it,
as in Fig. (5.1). If we apply a potential to the electrodes on one side of the droplet, charges
on solid/liquid contact will be modified at the interface [15]. According to the Lippmann
equation, Eq. (4.3), contact angle of the droplet which is on the energized electrodes side,

will decrease and actuation towards this side will start.

Theoretical Calculation of Net Force

Let us consider a droplet of height h, and length L in a microchannel which is coated
with dielectric layers. The thickness of the dielectric layer is d;, on the lower electrode and
d, on the upper electrode. The dielectric constant of dielectric layer is e, on the lower
electrode and e, on the upper electrode. We consider here that the droplet is situated
between a grounded lower electrode and an electrode with an applied V, potential on the
upper advancing face of the droplet and a grounded electrode on the upper receding face of
the droplet as seen in Fig. (5.1).

By considering a displacement of the droplet to the right by distance x, we can now
write the total capacitive energy of the system;
2

1 2 1 L 2 1 L

where V, is the potential on the droplet, C, and C, are the capacitances (per unit length)
of upper and lower coatings. We can find the droplet voltage V, by minimizing the total

energy with respect to V,,
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Figure 5.1: Conducting droplet in EWOD configuration, [16]

dUu

L L
i LV — — _ - _
v C, LV, Cu(m+2>(Va Vd)+Cu<2 x)Vd

On the equation above we have a form like Q) = C,V, +C,V, +C,V, + C,V, and because

the droplet is insulated the net charge must be zero. So, we can write;

z 1 z 1
O—CzL‘GJFCuL(LJFQ)Vd—CuL<L+2>Va+C’uL<2—L>Vd
1
2

T

O:K{QL+QL<

1
q;<m+>m
. L2
_ v
2

d
LP+Q(

cCVv €T 1
N 9
Va (L+Q<L+2> (5.2)

We can see that when €, > C, the droplet potential is zero but when C, > C, the

voltage reduces to,

z 1
V.=V 1=+ 5.3
d a <L + 2) ( )
If we differentiate the total energy with respect to x, we can find the net force on the

droplet in the x-direction
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dU dV L dV. C
F = — — 4 i
L awv, C
av, av, awv, C,
CLVd—Cu<x+2>Vd+C < 2>Vd+V

c. L v, C,
t 5V, -GV, +C, (2—3«")‘@&;—2 f

F, CLVC;VCu<:c+2>VC?/+CLVC?/+Q‘V -C, V.V,

We know from Eq. (5.2) that V, =

otential L = %
P dz ~ L(C,+C,)

1
Cf’lvaq <1‘ + > So x-derivative of droplet

2
Substituting these equations in the force equation above we

get;

V]

v’ 1\ 1 ) L 1
S N TR

i €, +C) L e 2) L(C,+C)
c’v? r 1\.1 C vV ol 1
2
U a - L* _u _ u_a — —
+ (Cu +Cl)2 < + 2) L + 2 ‘/‘1 Cu +Cl <L + 2>
o c'v’ <x+¢> %ﬁ@z(x+1)+ c’v? <x+1)+cgv2
e, +C) L2 C,+C, \L 2 C,+C)" \L 2 2 @
c’v? r 1 y?
_(Cu+0l)2 <L u

20°V" [z 1\ C,V. [(C, +C,

2><Cu+q)‘o c (L 2>+ 5 <0u+q>
v e 1 207 V? C,

(¢, +C) (L+2)‘ . q< "

oV (C, +C cv’ v, 1
2 \C, +C C,+C \L 2

RS
F = ;CC VC (Cl - 2(}%) (5.4)

We can see that when the droplet is situated at center (x=0), the force reduces to;

eV
v20,+C,

(5.5)
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The equation above is equal to the total capacitive energy per unit area when two
dielectric layers placed at a voltage V, are connected in series with capacitances C,, and

C

B

If C, goes to infinity in Eq. (5.4), the force becomes;

2

F=lov (5.6)

T u

which is independent of position x. When C, goes to zero, the force becomes;

F =——2g (5.7)

When the capacitances of dielectric layers on both upper and lower electrodes are equal

C, = C, = C, the force becomes

F, :;c;(/; (C - QC%) :
S
1.5 | | I I I I
CiFFe.
w osf \\ o - |
N e
of \\\ | ‘\ )
N om=e

0.
-05 -04 -03 -0.2 -0.1 0 0.1 a2 0.3 0.4 0.5

Figure 5.2: Forces acting on the droplet when C, < C, C, =C,, and C, > C,

As we have seen before, when C, > C,, the droplet potential becomes zero (V, = 0).

Then the energy of the system from Eq. (5.1) becomes;
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1 L 2
U = icu <$ + 2) ‘/:l (59)

When the capacitances of dielectric layers on both upper and lower electrodes are equal

C, = C, = C, the droplet potential from Eq. (5.2) becomes

V. [z 1
Vo=5 <L + 2) (5.10)

So, the total energy of the system U becomes;

1 2 1 2 1 L 2 L C (L 2
U—QCL‘/;+20< ‘/:l+20(33+2>‘/d—0<$+2)v;‘/d+2(2—33)‘/:1
1 2 1 2 1 2 L
_§CL‘/d +2C< V:l +2C‘/dL_C<$+2> ‘/a‘/d

L
2
L
2
) f—o<x+§>v;vd
1 o L CV? (x L
- ) #3 (o43) -5 (5 4) (++3)
V2 T 1 ’ 1 2 T V T
=CL~; <L+2> +2CVaL<L+ ) 5 L< >
1 2 €T 1 CcVvV x 1
_2CV;L(L+2>_ i <L+z>
1 2 x 1 1 /x 1
—zCVaL<L+2><12<L+2)>
1 2 x 1 3 T
U=3CV, L (L + 2) <4 - 2L> (5.11)

Now we can see how the total energy of the system changes when C, > C,. From Eq.

5.3) droplet potential has the value of V; = V, z +1 . So, when we substitute this
(

L 2
equation in Eq. (5.1) we get,

2
1 2 z 1 1 L 2 1 L 2 L
U_2Cl‘/(LL<L+2> +2CH<ZL‘+2)V; +2Cu<$+2>‘/:1—0u<$+2>v;vd

2
1, 2 [z 1 1 L\ > 1. L
= CV'L(Z+=) += 2 ~OVL - 2
SC.V, <L+2> +5C. <x+2)Va +5C.V,L-C, <x+2>Van
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2
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2

Since C, > C,, we can neglect C, in the first term of equation above. Then we get;

2
1 2 x 1 1 2 x 1
=— Ll—=—+-=-)—= Ll —=+-
U=yCV L (f+5) - 5evn(f+3)
1 2 x 1 x 1
—— L= 4= _Z_Z
e (fey) (1-7-3)
1 2 x 1 1 x
—= L{Z+2) (-2
20“‘/:z <L + 2) <2 L>
1, o (1 22
_- L= 12
v=tc.v; <4 LQ) (5.12)
1
09 —
0.8 ] =
06 i
c,=C
> 05F )
04} . -
031 # - i
— = C,<=<C
01 w : _
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Figure 5.3: Capacitive energies for the droplet when C, < C,, C, = C,, and C, > C,
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We have seen that, when the capacitance of the lower dielectric layer, C,, is very large,
the force acting on the droplet is constant. However, when C, is low enough the force
decreases linearly as the droplet moves. Similarly, if the capacitance of the lower and upper
layers are the same, we again see that the force decreases as the droplet moves. In Fig. (5.3)
we can see that, when capacitance of the lower layer is much larger than the capacitance of
the upper layer, capacitive energy increases linearly according to Eq. (5.9) as the droplet
moves. If we consider capacitances of upper and lower dielectrics equal, the capacitive
energy changes according to Eq. (5.11) and we can also see that, capacitive energy goes to
zero at two different points, x=-0.5 and x=1.5. When the capacitance of the upper layer is
much larger than the capacitance of the lower layer, the capacitive energy has a maximum

point at x=0 and becomes zero at x=-0.5 and x=0.5.
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Chapter 6

CHARGE-RELATED WETTING PHENOMENA

In this section, we have examined 3 cases of wetting phenomena, as seen in Fig. (6.1).
In each case, the force acting on the liquid-droplet interface has been calculated. In the
first case, case a) in Fig. (6.1), the droplet is situated on a substrate and the potential
is kept constant on the substrate. For the second case, case b) in Fig. (6.1), there is no
external applied potential but constant charge density on the droplet-substrate surface and
another constant charge density on the liquid-substrate surface. For the last case, case c)
in Fig. (6.1), there is a dielectric layer situated on the substrate and constant potential V

is applied. All the aforementioned cases are called charge-related wetting phenomena.

P e

Figure 6.1: Charge Related Wetting Phenomena

Let us consider a two-dimensional droplet which is in equilibrium on a substrate and
immersed in a fluid. In order to find the electrostatic force acting on the droplet-liquid inter-
face, we can define two surfaces [17]; 3 = S5,, U S;s U S ., and >, = S,, U Sy, US55 U S, -
Here Zl encloses the droplet region and 22 encloses the fluid region. Indices 1, 2, and 3
indicate the variables associated with droplet, fluid, and substrate respectively. Also double
indices in S;; indicate the surface which is in the i medium facing the j* medium. S,_,

and S, _ indicate the surfaces which are perpendicular to the substrate and situated at a

large distance from three phase contact line, TCL.
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substrate

Figure 6.2: Control Surfaces of the System, [17]

We can find the electrostatic force acting on the droplet-fluid interface by integrating

the stress acting on the droplet-fluid interface [20]:

F = —/ T.ndS (6.1)
SIQ—"_SQl

where T = —(IT+4(1/ 2)€E2 )I+€EE is the sum of Maxwell stress tensor and osmotic pressure
tensor (II), n is the outward unit normal vector at the surfaces, E is the electric field, € is
the electric permittivity, and I is the second order isotropic tensor.

We assume that the electrical double layer satisfies Poisson-Boltzmann equation (Eq.

(3.5)). The osmotic pressure is given by [22],
IT = 2n, kT [cosh(By) — 1]

where 3 = ez /kT.
By using the mechanical equilibrium condition, we can simplify the integral in Eq. (6.1).

Mechanical equilibrium condition states that [21],

/ T.ndS = / { <H+6EZ)I+6EE] ndS =0 (6.2)

6.1 Constant Potential Case (Case I)

In this case, the potential is constant (¢ = V') on the substrate surface (5,,, and
S,;). We can seperate the force acting on the liquid-droplet interface into two parts, the

force acting on the droplet side (F,) and the force acting on the liquid side (F,).
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F=F +F, = —/ T.ndS —/ T.ndS (6.3)

Now, we can examine (F,) and (F,) seperately by using Eq. (6.2),
T.ndS —|—/ T.ndS =0
S

/ T.ndS:/ T.ndS’—i—/
512+313+5100 512 Sl3 loo

—/ T.ndS—/ T.ndS+/ T.ndS
S 313 Sloo

12

We can also write;

T.ndS:/ T.ndS—i—/ T.ndS+/ T.ndS
S. S. S.

22
+ / T.ndS =0
S2<>o

—/ T.ndS:/ T.ndS—i—/ T.ndS—l—/ T.ndS
S. S. S. S.

21 22 23 200

/SQI +522 +SQ3 +5200

Finally;

F, +F, :/ T.ndS +/ T.ndS
Sl3+Sloo 522+323+5200

Now, let’s consider these two components seperately:

F, —/S [— (H + ;ﬁ) n+e (n.E)E] ds

loo

+ (n+teF)nt e, mEE|ds
fo [ (e 3e) |

13

At large distances from TCL (S,_, S,.. ), the electric field is not normal to the control

loo?

surfaces which means E.n|, = 0. Therefore, F, becomes,
loo

/S <H—|— e ﬁ) ndS (6.4)

+/513 [ ( Ez)n—i-el(n.E)E] ds
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Wetting tension is given by W, = —F.e,. So, we are interested in the horizontal

component of F, that is, f,, =F, e, .

fl(1> = —/ <H+ 161E2> n.e dS
x I 2

loo

+/S [— <H + ;EIEP> n.e, +e, (n.E)E.ez] ds

13

We know that on the horizontal substrate surface normal vector n is perpendicular to

the normal vector e, which means n.e |, = 0. Then, we can write,
13

1
Y= —/S (H + 261ﬁ> n.e,dS +/S ¢,n.E)E.e,dS (6.5)
loo

13

In case I, the electrostatic potential is constant on the horizontal surface (y| Sy = V)
which means E.eag|sl‘3 = —(algp/da:)\s13 = 0. Because of this reason, the second integral in

Eq. (6.5) vanishes. As a result we have,

= —/S (H + ;j) n.e,dS (6.6)

loo

Eq. (6.6) corresponds to the free energy of the plane electrical double layer and it is

ff? = —8n1;(£ {cosh <ﬁ2V> - 1] (6.7)

We can calculate the force acting on the fluid side (F,) and then calculate f;) following

the same procedure. Consequently,

£ = 8—”"’}‘}” [cosh (ﬁzv> - 1] (6.8)

2

Finally, the wetting tension W:ll) = —fl(:) — fé:) becomes,

W' = 8kT <7;{1b - 7;(%> [cosh <ﬂ2v) - 1} (6.9)
1 2
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6.2 Constant Charge Case (Case II)

In case II, we keep the surface charge densities constant on the surfaces S,,, and S,,.
Let the surface charge density on S|, be o, and the surface charge density on S,, be o,.
Again, we can seperate the forces acting on the droplet-fluid interface and examine them

seperately.

F,+F, = / T.ndS + / T.ndS (6.10)
Sl3+sloo S22+523+S2oo
At large distances from TCL (S, S5,,) we remember that Emn[; o = 0 and at

horizontal surfaces n.e, |513’ 5,5 = O- Unlike in Eq. (6.6) the second integral will not vanish

in this case and the force acting on S, will be,

1
= _/ (H n 261E9> n.e, dS +/ ¢,(n.E)E.e,dS (6.11)
Sloo Sl3

The first integral will be very similar to Eq. (6.7) except the potential term V. We know
that elE.n|513 = —o, and E.eI|S13 = —(dcp/dx)|513. So, for the second integral we can
write,

0o dy
/ ¢,(n.E)E.e dS =0, / d*dfﬁ =0, ($100 — ¥0)
s x

0
13
where ¢, is the electrostatic potential at TCL, and ¢, __ is the electrostatic potential far

from TCL. Now, we can write the force acting on S,, as,

fu = —8% [cosh <(’021> - 1] + 0, (P10 — $0)
1

The force acting on S,,, f;i), can be calculated with a similar way. Consequently,

) n., kT Be,,
[, = 8% [cosh ( 22 — 1| +0,(0y — ©s)
2

Finally, the wetting tension WS) = —fl(i) — f;i) becomes,

kT
We(? = (Sn}(”, [cosh <ﬂgl°°) — 1] — Ul@m)
1

2
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As we can see, the results of Case I and Case II differ by an extra term. The first and
the second terms in Case II represent the electrostatic free energy of the double layer which
has constant charge density. However, the last term is due to the Coulombic interaction

near TCL.

6.3 Electrowetting on Dielectrics (EWOD) Case (Case III)

EWOD mechanism has drawn much attention due to its applications on controlling
droplets. By using this mechanism, droplets having very small volumes can be controlled

with low power consumption [18, 19].

Eﬂz 522 V4 _----':

) st»‘:’:: - [E

j fluid Rl =

i droplet i

S, o Slmi

i Sz i/ Si3 E A
e i >
Spe 2 O ] insulator S
////////((///////)((/////////J

electro

Figure 6.3: Control Surfaces of EWOD System, [17]

The difference of this case from case I is that there is a thin dielectric layer between
droplet and the substrate as in Fig. (6.3). We know from previous cases that the force

acting on the liquid-droplet interface can be written as,

F, +F, = / T.ndS + / T.ndS (6.13)
513+Sloo S22+S23+S2oo

Now, the horizontal component of the force can be written as,

[, = ez./ T.ndS+ez./ T.ndS (6.14)
‘ SIB+Sloo 522+523+5200
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From previous case, we know that,

T
ez./ T.ndS = —8m cosh P ) _ 1
S oo Kl 2

ex./ T.ndS = SLQ”kT [cosh (ﬂ(p2°°> — 1}
S K2 2

200

Also, we can write the equation e, . fs 45 T.ndS as;
13 23

ez./ (H+(1/2)6E2)nd5+/ e(E.ez)E.ndS—Fez./ (TT + (1/2)eE )ndsS
S S.

13 13 523

+ / ¢(E.e,)E.ndS
S.

23

On the horizontal substrate surfaces, n.e,| S350y = 0, and consequently

ez./ (IT + (1/2)eE ndS) = 0
S

13 ’SQS

Eq. (6.13) now can be written as,

(3) nlb kT 690100 nQka 580200
= g’ h -1 h|{—==) -1
f, 8 I [cos ( 5 +8 % cos 5

1 2

+ / ¢(E.e,)E.ndS (6.15)
Sl3+323

Since n.e =0
»1813,553

!

/ ¢(E.e,)E.ndS = ez./ T dS
S31 +SS2 S31 +SS2

1
where T/ = —ieEQn + eE(E.n)
We know that the normal electric flux and the tangential component of electric field

must be continuous; which means,

eE.n = —cE.n
|513’523 ‘5317532
de de
E'ez|sl3,523 = _d |s 0sSon _7|s. \San E'ez|s, 5.
x ~13°°23 dx '°31°32 31°°32
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Consequently,

/ ¢(E.e,)E.ndS = —/ ¢(E.e,)E.ndS
Sl3+523 S31 +S32

By using mechanical equilibrium condition, we can write,

ex./ T .ndS =0
SSI+S32 +SLOO+SROO +SSE

ez./ T' .ndS = —el./ T .ndS
S31 +S$2 SLoo +SRoo +S3e

1
= —ex./ |:—€E21’1+ ¢eE(E.n)| dS
SL00+SR00+536 2

We know that E.n|SR s, =0, and

‘/ J— (p

! d 1
F200

E2 — 2

We know that n.e,| s,, — 0 and since the potential is constant on S, (@\53 =
no contribution from the surface S,,. Therefore,

€

2
/ (TS = [V =) = (V= 5,0
SLoo+SLoo+S3e

2

]

where €, is the electric permittivity of the dielectric layer

If we substitute everything in Eq. (6.14), we get the wetting tension,

(3)

:—fz

&

2 2 n,, k
5l = ) = (V= )T 8™ oo (P ) -

1
kT
_ 8%;{72 [COSh (6@22«7) _ 1]

(3)
Wel

(3)
W l

e

V) there is

(6.16)

Here, the first term comes due to the dielectric layer but last two terms again represent

the free energy of the double layer.
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Chapter 7

CONCLUSION

We have seen that contact angles of droplets behave differently on different substrates
and by using some methods we have tried to explain why contact angles change as the
surface changes. We have also seen that the most important parameters to split a droplet
reliably are the channel gap, the applied voltage and the droplet size. If these parameters are
suitably combined, the droplet can be split easily. We know that, we can actuate a droplet by
using ewod configuration. We have calculated capacitive energies and electrostatic forces on
an ewod-actuated droplet and seen that their results are different for different cases. These
forces and energies have been examined for three different cases where C, > C,, C, < C,
and C, = C, = C. The capacitive energy results are in agreement with the graph given
in the paper [16]. Finally, we have seen that when a droplet is put on a substrate where
we keep a constant potential, the force acting on the fluid-droplet interface gives a different
result when it is put on a substrate where we keep the charge density constant or when it

is put on a dielectric layer.
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