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In this work, we explore the influence of the surface curvature on the contact angle in electrowetting
(EW). By using the method of energy minimization, an extended EW equation for EW on curved
surfaces is obtained. A curvature-modified EW number is introduced to describe the surface curvature
effect. It is found that the variation of the contact angle will be curvature dependent; especially, with
decreasing of the system size, the surface curvature effect would be even more significant. Comparing
with the planar situation, the contact angle variation decreases on convex surfaces but increases on
concave surfaces. Then considering the line tension effect, an extended expression for EW on curved
surfaces is proposed. Since curved surfaces are more common, both natural and synthetic, our findings
will have important implications for the miniaturization of future electronic products.

Introduction

Microfluidic systems are of great importance in various fields,
such as ‘lab-on-a-chip’ devices,? cell assays in microfluidics,?
and adjustable lenses.* Electrowetting (EW) or electrowetting on
dielectric (EWOD), as an important method of controlling the
liquid droplet, has attracted considerable attentions, and has
been developing fast in recent decades. EW is used to change the
wettability of the liquid droplet on a solid substrate by applying
an electric field. Earlier studies and applications mainly
concentrated on planar surfaces, and have scored great success.
However, since EWOD on planar surfaces is a specific and
relatively simple situation, structured surfaces with curved
features are more common, such as liquid lenses with curved
contact surfaces,® flexible paper-like substrates,*” and Lotus
leaves.® Besides, EWOD on curved surfaces is a promising
candidate for a variety of potential applications such as elec-
tronic display technique,” low-cost and more flexible e-paper
substrate,'® and nanoflow in carbon nanotubes (CNTs).'"? As
a good candidate for the drug delivery on micro- and nanoscales,
the study of electro-elasto-capillary (EEC) is of great signifi-
cance. Yuan and Zhao'* simulated an EEC process in which
wrapping and unwrapping of a droplet could be dynamically
controlled. During the dynamic EEC process, the curvature of
the graphene substrate was variable.

In 1875, Lippmann* discovered the new phenomenon that the
capillary climb of mercury changed by introducing a voltage
between the mercury and the electrolyte solution, which is called
electrocapillarity. The explanation of this phenomenon was that
the induced residual charge changed the solid-liquid surface
tension g7, and the Lippmann equations were put forward:
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where o, is the surface charge density, } is the value of the
applied voltage, Cj is the capacitance per unit area. The elec-
trocapillarity phenomenon and the Lippmann equations are the
basis of current EW. In the following centuries, people kept
studying this phenomenon,'>'¢ from electrocapillarity to EW. As
in early studies of EW, the liquid droplet was directly deposited
on the metal substrate, and electrolytic decomposition took place
when the applied voltage went up to a few hundred millivolts.”
So, it was hard to put into an application. This problem was
solved by placing a thin dielectric film on the substrate to sepa-
rate it from the liquid droplet.’®' The applied voltage can hence
be increased to hundreds of volts. Berge'®'® carried out such
experiments in the 1990s, and gave the electrowetting (EW)
equation by combining the Lippmann equations with the Young
equation:
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where 6(7) is the contact angle under a certain voltage, 6, is the
contact angle without applied voltage, ¢ is the dielectric constant,
d is the thickness of the dielectric film. The last term of eqn (3) is
a dimensionless number, which is called the EW number:
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The EW number represents the ratio of the electrostatic energy
to the liquid-vapor interfacial energy.?® As the capacitance of
a parallel-plate capacitor per unit area is ¢ = ¢/d, eqn (3) can also
be expressed as
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The EW equation is the fundamental of EWOD.

The mechanism of the contact angle reduction as a result of the
applied voltage is important for the understanding of the EWOD
phenomenon. However, the mechanism is still debatable nowa-
days. Possible interpretations are summarized in Fig. 1.
According to Lippmann,™ the solid-liquid interfacial energy
changed when the voltage was applied. This is known as the
electrocapillarity. This assertion was disputed by Gupta and co-
workers,?' for they conducted experiments and found that the
solid-liquid interfacial energy was invariable. In contrast, an
explanation of secondary electrocapillarity was proposed by
Digilov,” who suggested that the applied potential caused
polarization of the three-phase contact line, leading to a change
in the line tension and as thereby in the contact angle. Effective
capacitance, in which the dielectric film is taken as part of the
solid-liquid interface,'” is also one of the interpretations. The
dielectric film works as a capacitor and almost all of the electric
energy is stored in it. From the viewpoint of physical mechanics,
the reduction of the contact angle may result from the repulsion

(2) Primary electrocapillarity (b) Secondary electrocapillarity
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Fig. 1 Possible interpretations (a)-(e) to the reduction of the contact

angle (CA) as a result of the applied voltage: primary electrocapillarity,

secondary electrocapillarity, repulsion of like-charges at the triple line,

effective capacitance and electromechanics. (a) Primary electrocapillarity

means that the solid-liquid interfacial energy changes by applying
eV?

avoltage, i.e., vg (V) = v — L thus leading the reduction of CA. (b)

Secondary electrocapillarity indicates that the applied voltage causes
polarization of the triple line, leading to change in the line tension and as
dcosl  xsry
dosLy  Ryry
electric charges and ¢y -1s the electrostatic potential on the triple line. (c)
Repulsion of the like-charges at the triple line shows that it is the
repulsion that may cause the contact line moves and droplet spreads. (d)
Effective capacitance shows that the dielectric film is taken as part of the
solid-liquid interface. The effective solid-liquid interfacial energy

thereby in CA, i.e.,

, where xg7 is the line density of the

. . off & . .
changes as the voltage is applied, i.e., y‘Sfl( V)=rys — 827 The dielectric

film works as a capacitor and almost all of the electric energy is stored in
it. (¢) Electromechanics illustrates that the reduction of CA is a result of
the Maxwell stress tensor or the electrostatic force.

of like-charges at the triple line. Electromechanics is an inter-
pretation that widely accepted today. Jones** addressed EWOD
as an electromechanical phenomenon within the framework of
electromechanics. This point of view was supported by Kang,*
who suggested that the EWOD phenomenon originated from the
electrostatic pressure by using the classical electrostatics, namely
it is the Maxwell tensor that “drags” the droplet to spread out.
Mugele also believed the contact angle reduction is the result of
the electrostatic forces pulling on the drop surface.?® Up to now it
is still dubious which mechanism dominates in EWOD, though
these interpretations seem to be related in a sense. Whether one
of the above interpretations is the reason or several mechanisms
work together is still unclear, and more investigations are
necessary. Since the mechanism has been studied by researchers
from various fields, the EW equation can be derived from
different approaches, such as the thermodynamic approach, the
energy minimization approach, and the electromechanical
approach.

The EW equation was derived from EWOD on planar
surfaces, and was in good accordance with the experimental
results. Then the question comes, is it applicable for EWOD on
curved surfaces? Though experiments of EWOD on curved
surfaces have been studied for years and put into application, the
theory is still lacking. Kim and Steckl' studied the feasibility of
using paper as a cheap and flexible substrate for e-paper, elec-
tronic display and other EW devices. In their study, they
compared EWOD on rolled-paper substrate with different
materials and used the EW equation as the theory reference. Fan
and co-workers?¢ studied “droplet-on-a-wristband” based on the
study of EWOD in curved devices. They conducted experiments
on curved surfaces whose curvatures were 0, 0.02, 0.04 and 0.06
mm~', respectively, and found that the curvature had no
noticeable influence on the required driving voltages at the center
point. Wheeler’s group?” explored all-terrain droplet actuation
(ATDA). They built the ATDA model and conducted relevant
experiments. However, in their theoretical expression of the EW
force, the surface curvature effect was not considered. While the
EW equation was directly used to interpret and predict EWOD
on curved surfaces in the above studies, some other groups
considered the influence of the curvature. Chen®® studied EW in
CNTs by the means of molecular dynamics (MD) simulations.
They considered the influence of the surface curvature and
adopted Lippmann’s model of EW for a cylindrical capacitor.
According to their research, the MD simulations were in good
agreement with the theory.

In the EW equation, when the voltage V7 equals to zero, ie.,
without applied voltage, the initial contact angle 6, on planar
surfaces can be obtained by using the Young equation.* Extrand
and Moon* conducted a series of experiments of wetting on
spherical surfaces. In their experiments, water was deposited on
the flat and spherical surfaces with polytetrafluoroethylene
(PTFE) and polycarbonate (PC) coatings, respectively. The
diameters of the spheres ranged from 3.2 mm to 25.4 mm. They
found that the contact angles on the spheres are the same as that
on planar surfaces. The Young equation was proved to comply
with the experimental results on spherical surfaces. Here on
spherical surfaces, the contact angle 6 is defined as the angle
between the solid-liquid surface tangent and the liquid—vapor
surface tangent, as illustrated in Fig. 2. However, on and below
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Fig. 2 Schematic of EWOD on curved surfaces: (a) EWOD on a convex
surface; (b) EWOD on a concave surface. A conducting liquid droplet is
placed on a metal counter electrode coated with a dielectric film. The
contact angle § changes when a voltage is induced.

the microscale, the line tension will play an important role to
determine the wetting behavior of the droplet. The contact angle
on a curved surface is different from that on a planar one***? and
the Young equation should be modified.3® Considering the
surface roughness, Bormashenko®* proposed a modified Young
equation for wetting on rough curved surfaces. The line tension
effect was also discussed.

While the initial contact angle on curved surfaces without
voltage has been studied, the variation of the contact angle on
a curved substrate under certain voltage is still ambiguous.
Therefore, in this work, the influence of the surface curvature on
the contact angle in EWOD is investigated, by using the principle
of energy minimization. Since a curved surface could be either
convex or concave, the curvature is considered as an algebraic
value (i.e., R < 0 for the concave surface, while R > 0 for the
convex surface), and a uniform expression is obtained. After-
wards, we discuss how surface curvature influences the EWOD
process and analyze how large the surface curvature influences
the variation of the contact angle. It is found that the surface
curvature effect would be significant and the EW equation
should be modified on and below the microscale.

Theoretical model for consideration of surface
curvature

Compose a thermodynamic system by the droplet, the dielectric
film, the curved metal counter electrode, and the voltage source,
as shown in Fig. 2. The contact angle 6 is the angle between the
two tangents at the three-phase contact line, just as the usual
definition on a curved surface.** The following derivation is
based on an ideal situation, such as the liquid droplet is a perfect
conductor and deposited on the substrate symmetrically, the
contact angle hysteresis is neglected. When the droplet spreads,
the free energy F of the system changes. The increment of F can
be taken as:

dF = ’YSLdA — 'YSVdA + ’YLVdACOSH +dU — dWB, (6)

where vs7, vsy and vy are the solid-liquid, solid—vapor, and
liquid—vapor interfacial energy, respectively. U is the electric
energy, Wpis the work that the voltage source performs, A4 is the
droplet base area (Fig. 3).

Droplet

Droplet

Dielectric film

~

Electrode

Fig. 3 Model for calculating the electric field intensity £. The inset
depicts the variation of the contact angle as a result of the applied voltage.
When the voltage is applied, the droplet base area increases to reach
a new equilibrium.

A droplet can stay stable on a surface when its free energy
reaches a minimum, namely dF = 0. Divide dF by d4, and make
it equal to 0, eqn (6) is then

dU  dWs

YsL = Ysv + YLy cosd 94 da =0. 7

In order to get the contact angle 6, we should know the values
of dU/dA and dWy/dA.
According to the electromagnetics, U can be taken by the

1 . . . .
formula dU = 3 eE2dv, where E is the electric field intensity, and

vis the volume filled with an electric field. The predominant effect
in the EWOD process is the distribution of the electric field,
which is dependent on the structure of the metal counter elec-
trode coated with a dielectric film. The distribution of the electric
field is very complicated near the three-phase contact line. For
simplicity but without loss of generality, in the following deri-
vation we suppose the area with the electric field singularity be
much smaller compared with that in the uniform field, and use
expressions with an average value effect.

EWOD on spherical surfaces

In the case of EWOD on a convex spherical surface (radius is R)
coated with a dielectric film with thickness of d, when the droplet
spreads with an infinitesimal base area increment d 4, the volume
increment dv under the droplet base can be calculated:
R+d A
dv = J — rdr, ®)
) (R+d)

where r is the radius of the sphere between the dielectric—vapor
surface and the dielectric-metal surface, as depicted in Fig. 3.
Then we can get the expression of dU/dA4:

R+d

v _ (L, gy 7
i 1[ 2<8E >(R—|—d)2dr' 9)

Here, the angle brackets denote the average over r, i.e., the
average value of the electric field intensity E is only the function
of r.
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In a partial spherical capacitor, we can get the area under the
droplet base with the radius of r:

4, = JJ r’sinpdpdd = 2mr?(1 — cos §), (10)
0=¢p=p
0=¢p=2m

where § is half the opening angle of the droplet on the base.
Using the Gauss’ flux theorem:

Q0 0
<E(r)> " ed, 2mer2(1 —cosB) an

R+d

V= Je <E(r)>dr:2m(1 gcos;@) (%_R-li-d)’ (12)

where Q is the quantity of electric charge. Substituting eqn (11)
into eqn (12), we can get the relationship between the applied
voltage and the electric field intensity

<E(r)> - WV (13)

Then eqn (9) can be rewritten as
dU &V? R

A~ 2 Rid (14)

In the droplet spreading process, the work per unit area d Wg/
dA4 done by the voltage source to redistribute the charge can be
written as

AdWp eV’R

=Vo=VeEpg =7 15
dA g ELRtd (R+d)d7 ( )

in which o is the surface charge density. With eqns (14) and (15),
calculating the minimum of the free energy:

V> R , R
20 ’ra Vawryay =" 19

Ysr — Ysy + Yy cost +

The Young equation vy cosfy = sy — vsr describes wetting
without voltage, namely the voltage 7 equals to 0. Then the

YsL — Ysv

expression can be replaced by cosf and eqn (16) can

YLv
be rewritten as

eV? 1

cosf(V) = cosby + ml_._—i (17)
R
The above derivation is for EWOD on convex spherical
surfaces. In the case of a metal substrate with a concave surface
(Fig. 2(b)), we can get the expression relating § to 7 and R in the
similar way. For EWOD on a concave surface (radius is R)
covered with a dielectric film whose thickness is d, the relation-
ship between 6 and R is:
eV? 1
2yppd | d a®
R

cosf(V) = cosby +

It should be noticed that in the case of EWOD on concave
surfaces, the dielectric film is coated on the concave substrate

with uniform thickness, so the thickness of the film d must be

smaller than the solid radius R, namely i <1.

If taking the curvature (or radius) as an algebraic value, (i.e.,
concave surfaces have negative curvatures while convex surfaces
have positive curvatures), we can get eqn (18) from eqn (17) just
substituting R with —R. Therefore, for EWOD on spherical
surfaces, the relationship among the contact angle, the applied
voltage and the surface curvature can be taken as a uniform
expression:

eV? 1
0(V) = costly + — 19
cosf(V) COSO+27LVa’1j:a’ (19)
where « = d/IR; ie, for a convex surface
& 1
cosf(V) = cosby + S , and for a concave surface
Z’YLVd 1 +
eV? 1
(V) = cosby + ——- .
cosf(V) = cos O+2YLVd T~
Considering that gthe capacitance of a spherical capacitor per
unit area is ¢ = m, eqn (19) can be also expressed as
1 cV?
cosd(V) = cosly + =+, (20)
2y

where ¢ is the capacitance per unit area.

EWOD on cylindrical surface

Consider EWOD on a convex cylindrical surface. The cross
section of this case is the same as that of a convex spherical
surface, as shown in Fig. 2(a). The average value of the electric
field intensity E(r) can be expressed as

Then the voltage can be calculated as the function of E

R+d
R+d
V= J <E(r)>dr7 <E(r)>~rlnT. 22)
R
We can get
av "t y2 |
av _ J (BN = (23
Za 2< >R+d 2 Rt amRd
and
2
dZB — Vo= VeEgiy = eV e (24)
(R+d)In ==

Using eqns (23) and (24), and considering the Young equation,

we get the expression of EWOD on a convex cylindrical surface
eV? . d

2vppd R+d

(R+ d)lnT

cosf(V) = cosby + (25)

For EWOD on a metal substrate with a concave cylindrical
surface, we can get the expression relating # to V" and R in the
similar way. The relationship between § and R for EWOD on
a concave cylindrical surface is:

2602 | Soft Matter, 2012, 8, 2599-2606
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If taking the curvature (or radius) as an algebraic value, the
relationship among the contact angle, the applied voltage and the
surface curvature can be taken as a uniform expression:

eV? «

0(V) = cost : ‘
cost(V) = costo + 5 T T ain(1 £ o)

@7

As the capacitance of a cylindrical capacitor per unit area is

c= m, eqn (27) can be simplified as
1 2
cosf(V) = cosbly + Ler? (28)
2 vy

Results and discussions

In the previous part, we derived EWOD on spherical and
cylindrical surfaces. From the derivations above, we find that
eqns (20) and (28) are in the same form. Actually, it can be
demonstrated that eqn (20) or eqn (28) is always applicable for
EWOD on surfaces with various curvatures. The form of eqn
(20) or eqn (28) is the same as the EW equation expressed in the
form of capacitance, i.e., eqn (5). This is really an interesting
finding. For EWOD on curved surfaces under low voltage, once
the capacitance per unit area is known, the variation of the
contact angle can be predicted. However, it should be noticed
that although the extended EW equation can be simplified as the
form of capacitance, it is not just simply a problem of capacitor,
since the mechanism of EW is still debatable, which has been
interpreted in the introduction.

In order to facilitate discussion but without loss of generality,
we focus on EWOD on a spherical surface in the following
discussion.

Eqn (19) shows that the variation of the contact angle in
EWOD is dependent on the surface curvature. From eqn (19), it
can be seen that the contact angle is influenced by the initial
contact angle 6y, the applied voltage V, the liquid—vapor inter-
facial energy vyry, the thickness of the dielectric film d, and
« which is the ratio of d to R. The radius of the droplet seems
having no influence on the contact angle for EWOD on curved
surfaces. Virtually, from eqn (11), it can be seen that the electric
intensity E is affected by 8, which is related to the radius of the
droplet; but as E is also affected by the quantity of the electric
charge Q, which is also related to 8, the influence of 8 cancels out.

EWOD on planar surfaces follows the EW equation, which is
different from EWOD on curved surfaces described by eqn (19).
However, as EWOD is an objective phenomenon, whose mech-
anism cannot be changed by the geometry of the metal substrate,
eqn (19) and the EW equation are related. Let R = o, ora — 0,
eqn (19) degenerates into the EW equation. In the EW equation,

elV?
2ypyd
called the EW number. Then the EW equation can be rewritten
as

the last term n = is a dimensionless number, which is

cosf(V) = cosby + 7. (29)

Considering the influence of the surface curvature, and
comparing eqn (19) with the EW equation, we introduce
a curvature-modified EW number

eV? 1
= 30
M= d T+a (30)
Then eqn (19) can be rewritten as
cosf(V) = cosby + ng. 31

The curvature-modified EW number can be expressed as
a function of 7 and «, and then we can get
B 1
R T o

n (32)
When the thickness of the dielectric film d in the ratio « = d/R
is fixed, R is the only factor that makes nr different from 7.
Let R — o, then ng — 7, eqn (31) turns into eqn (29) and 6
— 0. For EWOD on concave surfaces, the radius of the
substrate R is larger than the thickness of the dielectric film d.

. d
For EWOD on convex surfaces, if R — 0, i.e., a = E—» oo, then

ng — 0, which means the induced voltage will have very little

influence on the contact angle. Actually in real situations, no

matter in experiments or realized applications, the dielectric film

is always very thin compared with the substrate, namely
d

=—< 1.
o R<<

Comparing EWOD on curved surfaces with that on planar
surfaces, we find that at the same initial condition, the contact
angle on concave surfaces changes faster while that on convex
surfaces changes slower. This is because the EW number is
dependent on the surface curvature. In the current case, it means
that nr(—R) > 1 > nr(R). Verheijen et al carried out experi-
ments of EWOD on planar surfaces with the parylene-N coating.
Referring to their parameters, we suppose 0y = 120°, vy, = 72
mN m™', g, = 2.65, d = 8 um, and get the following curves (the
applied voltage ranges from 0 to 300 V) in Fig. 4. As R becomes
smaller, or the value of « becomes bigger, the difference becomes
much more obvious.

In EWOD experiments on planar surfaces,'® the relationship
between the contact angle and the applied voltage satisfies the
EW equation at low voltage only. At high voltage, the contact
angle was found to saturate, say 6,,, (the saturated contact angle)
varies between 30° and 80°.'7 According to Verheijen’s experi-
ments, the contact angle saturates around 60° under 240 + 10 V.
From Fig. 4, the variation of the contact angle differs with
different values of a. The difference among the three curves when
« equals to 0.2 is distinct, while the curves nearly overlap in the
other two situations (« = 0.02 and a = 0.002). For « = 0.2, when
Vequals to 100 V, 4 deviates from 6 (the contact angle on planar
surfaces) at 1.9% and —2.8% on convex and concave surfaces,
respectively; when V equals to 150 V, deviations are 4.8% and
—7.1%; when V is 200 V, deviations are 11.2% and —12.0%.
When V' is 240 V, in which situation the contact angle almost
saturates on planar surfaces, the distinction can be more than
10°. Since the thickness of the dielectric film is as small as several
microns, the radius of the solid surface is the main factor that
influences the contact angle in present experiments. For EWOD

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Contact angle 6 versus the applied voltage V' for EWOD on
spherical substrate with various «, where a = d/R. d is fixed, R is the only
variable.

on convex solid surfaces, the contact angle changes faster as R
becomes larger; for EWOD on concave surfaces, the contact
angle changes slower as R becomes larger. The relationship
between the contact angle and the radius of the surface is shown
in Fig. 5, the parameters of the system are the same as those
mentioned above. It should be again emphasized that the radius

of the substrate R is larger than the thickness of the dielectric film
d for EWOD on concave surfaces, i.e., R > 8 pm in this case. In
both situations, as R increases, the variation of the contact angle
on curved surfaces becomes more close to planar situation. When
R — o, eqn (19) turns into the EW equation. The planar surface
can be taken as a curved one whose radius is infinite, so the EW
equation is a degenerate equation considering the surface
curvature effect in a sense. When R — 0 for convex case, eqn (19)
turns into the Young equation and § — 120°, in which instance
the dielectric film is relatively thick so that nearly all of the
electric energy is stored in it.

From eqn (19) and Fig. 5, it can be seen that the surface
curvature has influence on the contact angle. At present experi-
mental conditions, « or the ratio of d to R is small which makes
the modified term of the EW number closing to 1. According to
our results, the variation of the contact angle on curved surfaces
is close to that on planar surfaces, and surface curvature effect is
not obvious in this case. This is in accordance with the experi-
mental observation.?®*” However, when R becomes very small or
EWOD on and below microscale, such as EWOD in CNTs or on
graphene substrate, the influence of the surface curvature cannot
be neglected. As far as we are concerned, there are few experi-
ments on and below the microscale in the published work, and we
would like to deal with it in our future work.

In the end, we try to establish a uniform expression of EWOD
on various geometrical surfaces. All the derivations and discus-
sion above do not take the line tension into account. According
to relevant studies,*!*? the line tension (the orders of magnitude
range from 107" to 10~° N) works on micro- and nanoscales. If
considering the effect of the line tension, by using the method of
energy minimization in a similar way as the above derivations
(see Appendix for details), then we get

2
cosf(V) = cosly — a2 + li, (33)

Yo 2 Y
where 6y is the Young contact angle, 7 is the line tension, y is the
geodesic curvature,®® and c is the capacitance per unit area. Eqn
(33) was derived under the assumption that the line tension is not
affected by the voltage. The effect of voltage on the line tension is
the next step for future work. Considering the line tension,
wetting on spherical surface is shown in Fig. 6. At the three-phase
contact line, the surface tensions and the line tension work
together to maintain the equilibrium of the tangent force (the
direction of the solid-liquid or solid—vapor surface tension).
When a voltage is applied, an electrostatic force will contribute to
the balance of the tangent force. However, the value and the
direction of the electrostatic force are still unclear, further

investigation is necessary.

Conclusions

An extended EW equation for EWOD on curved surfaces is
proposed using the approach of energy minimization. In the
equation, a curvature-modified EW number is introduced to
describe the surface curvature effect. It is found that the surface
curvature has significant influence on the contact angle, espe-
cially when the system is on and below microscale. Since a curved
surface can be either convex or concave, the variation of the
contact angle is different. While the variation of the contact angle
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Fig. 6 Schematic of wetting on spherical surface considering the line
tension. The upper right represents the resultant force (7y,) of the line
tension at the contact point from the top view; the lower right shows the
forces from the side view. The balance of the tangent forces results in the
equation ygy = vy cosf + ygr + y.COSQ.

on convex surfaces decreases compared with that on planar
surfaces, it increases on concave surfaces. This means that
concave surfaces can enhance wettability better than convex
surfaces when applying the same voltage. Afterwards, consid-
ering that the line tension will work at micro- and nanoscales, an
extended expression for EWOD on curved surfaces is proposed.
This significant surface curvature effect on improving the
wettability of the system can provide a theoretical key for future
applications of flexible electronics.

Appendix

Derivation of extended electrowetting equation considering the
line tension

Take the spherical case for example, the equation that consid-
ering the line tension can be derived as follows.

With an infinitesimal increase of the base area dA, the free
energy dF of the system changes:

dF = ys1dA — ysydA + v ydAcosd + tdl + dU — dWp, (Al)

where d/ is the infinitesimal length increase of the
three-phase contact line. td!/ equals to

2
R
1— (t) -dA,where R, is the radius of the

R;cosordA =— R,

t t

triple line and R; is the radius of the solid surface, as illustrated in
Fig. 6. In order to be stable, the free energy should reach
a minimum, then we get the equation:

T
s — Ysy + Yy cost +—-4/1 -

t

&2 d_U_dWBfo
R, dA  dA

(A2)

The terms of dU/dA and dWy/dA are the same as those in
dU _eV* R od Vs _ o _
dA~2d R+d " Taa =77

Substituting dU/d4 and dWg/dA4 into eqn

eqns (14) and (15), ie.,
eV?R

(R+d)d
(A2), and using the Young equation, then we can get

VeERia =
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L= (R/R)  e12 1

T t s £

cosf(V) = cosby +— + . .

) ! YLv R, 2y, vd 1_'_1
R

(A3)

1 - (Ri/R))’

R,
curvature of the triple line in a spherical case, so eqn (A3) can be
simplified as

According to ref. 33, x = is the geodesic

1 cV?
cosf(V) = cosfy — X (A4)
v 2 Yoy
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