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ABSTRACT

Contact-angle saturation limits the high-voltage response of electrowetting-on-dielectric systems, but it is not captured by the classical
Young-Lippmann relation. Here, we develop a composition-dependent interfacial energy-landscape model in which the liquid-covered and
gas-covered parts of the substrate are described by adsorption-layer states with composition-dependent free energies and capacitive responses.
The Young-Lippmann behavior is recovered at low voltage, while saturation emerges when the gas-covered adsorption layer becomes liquid-
rich and the electrical contributions to the solid-liquid and solid-gas interfacial free energies decrease synchronously. The model provides
analytical expressions for the onset voltage, saturation voltage, and saturated contact angle and separates the voltage scale from the termi-
nal interfacial-energy contrast. Comparison with experimental data shows that the normalized electrowetting response is consistent with the
proposed interfacial transition pathway. The resulting energy landscape can also contain metastable states, giving rise to path-dependent
behavior during voltage withdrawal. Together, these results indicate that variations in the underlying interfacial parameters can regulate both
the terminal wetting state and the overall electrowetting response.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0353545
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I. INTRODUCTION

Electrowetting enables electrical control of the apparent wet-
tability of conducting or electrolytic liquids and is widely used in
digital microfluidics, adaptive optics, displays, and other droplet-
based devices."” In the ideal electrowetting-on-dielectric (EWOD)
case, a conducting droplet and the underlying electrode form a
capacitor separated by an insulating coating. For a prescribed volt-
age, the appropriate electrical contribution to the thermodynamic
potential is — cV%/2 per unit wetted area, where ¢ is the areal capac-
itance of the electrically active stack. Combining this contribution
with Young’s relation gives the Young-Lippmann equation,

%
cos B(V) =cosby + —, 1
(V) "t e 1)

which accurately describes the initial quadratic response of many
EWOD systems."” This macroscopic relation should be interpreted

in terms of an apparent contact angle: electrostatic stresses strongly
deform the interface over distances comparable with the dielectric
thickness, whereas the microscopic angle sufficiently close to the
contact line can remain close to the zero-field Young angle.””

The Young-Lippmann relation cannot remain valid indefi-
nitely because it predicts complete wetting and, upon further extrap-
olation, the nonphysical condition cos 8 > 1. Experiments instead
commonly show a reduced voltage sensitivity, followed by an appar-
ent plateau, usually termed contact-angle saturation. Depending
on the materials, ambient phase, voltage protocol, and observation
time, the same high-field range may also display contact-angle hys-
teresis, residual charging, leakage current, contact-line corrugation,
droplet ejection, or dielectric failure.”” These phenomena should
not be treated as synonymous. Contact-angle saturation denotes
the limiting macroscopic wetting response, whereas hysteresis and
irreversible charging characterize path dependence, and breakdown
or ejection represent loss of the ideal equilibrium EWOD state. It
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is, therefore, important to distinguish whether a given description
addresses an equilibrium wetting limit, a kinetic charging process,
or a material-instability threshold.

Several mechanisms can limit the high-voltage response. Ver-
heijen and Prins introduced trapped interfacial charge as a screen-
ing field and reproduced a threshold beyond which the effective
electrowetting voltage ceased to increase.® Subsequent electrohy-
drostatic calculations and leakage-current measurements connected
saturation to the intense edge field near the contact line, local
dielectric breakdown, and the associated accumulation of trapped
charge.k) "' In air, Vallet, Vallade, and Berge observed gas ioniza-
tion and electrical discharge near the drop edge and showed that the
resulting charge deposition can suppress the electrowetting driving
force.'” For droplets immersed in a weakly conducting surround-
ing liquid, ion transfer from the droplet to the ambient phase can
reduce the Maxwell traction and add an osmotic contribution, pro-
ducing a broad minimum or an apparent saturation of the contact
angle.'” These approaches identify physically well-motivated routes
to saturation and are particularly valuable when current, polarity
effects, residual charge, discharge, or material damage are mea-
sured. Their applicability, however, depends on the relevant charge-
transfer pathway, dielectric strength, ambient phase, and time scale;
none of these mechanisms should be assumed to operate identically
in every EWOD configuration."”’

A complementary class of theories retains an equilibrium or
quasi-equilibrium description but modifies the high-voltage free
energy. Thermodynamic-limit models associate saturation with a
lower bound on the effective solid-liquid interfacial free energy.' "
Geometry-based formulations instead treat the electric energy as a
global function of droplet shape and counter-electrode configura-
tion; then, an electric-energy minimum can yield saturation and,
under other conditions, reverse electrowetting.'® More general vari-
ational relations emphasize that the apparent angle is controlled by
the variation of electrical capacitance with contact-line displacement
rather than by a spatially uniform capacitor alone.” These models
are useful because they provide closed macroscopic relations without
requiring a detailed account of irreversible material failure. Nev-
ertheless, the high-voltage closure is generally introduced through
a limiting interfacial energy, a prescribed geometry-dependent
electric-energy function, or an effective capacitance law. The inter-
nal interfacial state that evolves between the Young-Lippmann
regime and the terminal state is, therefore, often not represented as
an independent thermodynamic variable.

More spatially resolved electrostatic and electrohydrody-
namic descriptions account for interfacial charging and ionic
redistribution,' "’ including diffuse-layer and finite-size charging
effects,”""* as well as nonuniform electric fields and interface defor-
mation under electrowetting conditions.”” > Molecular simulations
have further shown that strong local electric fields and ion transfer
can produce a Young-Lippmann-like regime, followed by saturation
at nanoscopic scales.”® Such approaches provide detailed micro-
scopic or spatially resolved mechanisms, whereas the present work
adopts a reduced interfacial thermodynamic description in which
these unresolved electrical effects are represented through effective
state-dependent interfacial properties.

Local contact-line descriptions and global free-energy formu-
lations should not be regarded as mutually exclusive approaches to
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wetting. A familiar example is Young’s law, which can be obtained
either from a local force balance at the three-phase contact line”’
or from minimization of the total interfacial free energy.”**’ Simi-
larly, electrowetting can be formulated in terms of the local electrical
contribution in the vicinity of the contact line,'” while an equivalent
macroscopic description may be constructed through the variation
of the total interfacial free energy.

Following this thermodynamic viewpoint, we coarse-grain the
unresolved local effects in the vicinity of the three-phase contact line
into effective surface free-energy contributions. The schematic inter-
facial region shown in Fig. 1(b) is conceptually inspired by the “core
region” introduced by de Gennes, within which the microscopic
interfacial structure may be considerably more complex than the
apparent macroscopic geometry.”’ Our adsorption-layer description
extends this idea by representing the thermodynamic influence of
this unresolved region through averaged interfacial state variables
and their corresponding excess free-energy contributions.

The preceding work leaves room for a reduced interfacial
thermodynamic description of a distinct hypothesis: the applied
voltage may modify not only the interfacial state beneath the macro-
scopic liquid footprint but also a finite droplet-affected transition
region immediately outside the apparent contact line. Such a region
may contain unresolved variations in composition, geometry, polar-
ization, and charge storage that are not represented by a sharp
macroscopic solid-liquid/solid-gas boundary. Existing adaptive-
wetting and diffuse-interface descriptions demonstrate more gen-
erally that a solid-adjacent region can possess a composition-
dependent excess free energy rather than acting as a structureless
geometrical boundary.” " What is still insufficiently clarified for
this hypothesis is whether a small set of bounded interfacial state
variables can connect the low-voltage Young-Lippmann response,
the onset of deviation, and a terminal apparent angle while separat-
ing the parameters that set the voltage scale from those that set the
final interfacial-energy contrast.

Here, we develop a composition-dependent interfacial energy-
landscape model for this purpose. The liquid-covered and neighbor-
ing gas-covered but liquid-affected parts of the substrate are char-
acterized by the coarse-grained wetting-state variables ¢, and ¢,
respectively. These variables are defined as the surface-area averages
of the local solid-adjacent composition ¢  over the corresponding
interfacial regions,

1
b= [ o0 da, @)
1
$a = AsG — Ast /Asc—Asz. #:(x) dA. ©)

Here, ¢, denotes the local composition at the solid-adjacent inter-
face, while ¢; and ¢, represent its coarse-grained averages over the
liquid-covered and neighboring gas-covered regions, respectively.
Their chemical free energies are combined with a composition-
dependent effective capacitance, and the electrical contribution
under the fixed-voltage condition is written as — fOV o(¢, V') dV'.
Minimization of the resulting free-energy landscape determines
the adsorption-layer state and the associated apparent contact
angle. The classical Young-Lippmann response is recovered when
¢, remains liquid-rich, ¢, remains gas-rich, and the liquid-side
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FIG. 1. Schematic of the electrowetting system with a composition-dependent adsorption layer. A sessile droplet (L) rests on a dielectric-coated solid substrate (S) in a
surrounding gas phase (G). (a) Macroscopic droplet geometry. The apparent contact angle and contact radius are denoted by 6 and r, respectively. The droplet-affected
region Asg consists of the liquid-covered area Ag; and the neighboring gas-covered region Asg — As, near the apparent three-phase contact line. The far-field gas-covered
region A is assumed to remain unaffected. (b) Enlarged view of the local interfacial structure under an applied voltage V. The dielectric coating has thickness d and
permittivity e The color-gradient region enclosed by two dashed curves represents the interfacial transition region near the three-phase contact line, which is coarse-grained
into an effective adsorption layer of thickness £. The solid curve represents the ideal spherical-cap interface defined by the macroscopic apparent contact angle. The effective
surface charge densities in the liquid-covered and neighboring gas-covered regions are denoted by o; and o, respectively. The representation of the contact-line region in

panel (b) is conceptually inspired by the “core region” discussed by de Gennes. 3’

effective capacitance is approximately constant. Deviation begins
when the gas-side boundary loses local stability, and a terminal state
is reached when the bounded variable ¢, attains its liquid-rich limit.
Under the explicit constitutive assumption that the liquid-rich limits
of the two regions have the same effective capacitance, their voltage-
dependent electrical terms cancel from the interfacial-energy differ-
ence, producing a voltage-independent apparent contact angle. The
model then provides analytical local thresholds for the onset and
terminal boundaries and distinguishes the capacitance-controlled
voltage scale from the terminal chemical free-energy contrast. Com-
parison with normalized experimental data is used to test the con-
sistency of this transition pathway, rather than to exclude charge
trapping, breakdown, ion injection, or other high-field mechanisms
that may dominate in particular devices.

The introduction of an adsorption layer should not be inter-
preted as assuming the existence of a distinct, macroscopically
resolvable layer of liquid or gas beneath either the droplet or the sur-
rounding gas phase. Rather, it provides a coarse-grained description
of the highly complex interfacial region in the vicinity of the three-
phase contact line, where strong spatial variations in composition
and molecular organization may occur. The liquid-rich limit ¢ = 1,
therefore, denotes the terminal state of the coarse-grained inter-
facial variable and should not be interpreted as a macroscopically
continuous aqueous film of thickness .

The complexity of this near-contact-line region is evident at
multiple scales in both conventional wetting and electrowetting
systems.’* Buehrle, Herminghaus, and Mugele showed that the elec-
trostatic field in electrowetting produces a strongly nonuniform
liquid-gas interface profile near the three-phase contact line, with
the local contact angle approaching Young’s angle in the imme-
diate vicinity of the substrate while evolving toward the apparent
Lippmann angle farther away.* The characteristic region over which
this interfacial deformation occurs is of the order of the dielectric
thickness, although the electrostatic disturbance exhibits an alge-
braically decaying spatial structure. Such results illustrate that the
local state near the contact line can contain substantially more spa-
tial information than is retained in a macroscopic contact-angle
description.

At these small-scale investigations, molecular simulations™
have revealed molecularly thin precursor films extending beyond the
apparent contact line, whereas experimental studies’”’ have also
observed liquid films outside the macroscopic droplet footprint, in
some cases with a thickness sufficiently large to be directly resolved.
The precursor- and trailing-film observations cited above establish
the plausibility of non-bulk interfacial material outside the appar-
ent contact line, but they do not constitute direct evidence for the
equilibrium electrically coupled state assumed in the present model.
These observations nevertheless indicate that the local composition
near the contact line is unlikely to conform strictly to the idealized
picture of a purely liquid-covered solid beneath the droplet and a
purely gas-covered solid immediately outside it.

The adsorption-layer theory introduced here is not intended
to explicitly resolve these microscopic or macroscopic precursor or
trailing films, nor their detailed geometries. Instead, it provides a
thermodynamically consistent mean-field description in which the
complex local interfacial phenomena are captured by an effective
energetic contribution. This enables their impact on the macro-
scopic wetting behavior of the droplet to be incorporated into the
free-energy formulation.

Il. METHOD

A. Derivation of Young's law and the
Young-Lippmann equation

We first recall the classical variational derivation of Young’s law
for a liquid droplet of fixed volume € resting on a flat, smooth, and
horizontal solid substrate, surrounded by a gas phase. The surface
free energy of the system is written as

E = y1GALG + ystAst + psc (Asc — Ast) + yscAse. (4)

Here, y,; is the liquid-gas interfacial free-energy density, while
¥ and y,. denote the solid-liquid and solid-gas interfacial free-
energy densities in the droplet-affected region, respectively. These
two interfacial free energies may depend on the local wetting state
and, in the electrowetting problem considered in the following, on
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the externally applied voltage. By contrast, y5; denotes the far-field
solid-gas interfacial free-energy density outside the droplet-affected
region. This far-field contribution is assumed to be independent of
the droplet shape, the wetting state, and the electric field and is,
therefore, treated as a constant reference contribution.

In Eq. (4), AL is the liquid-gas interfacial area and Ag; is the
solid-liquid contact area. As illustrated in Fig. 1(a), Asg denotes the
total substrate area in the droplet-affected region, so that Asg — As.
represents the part of this region that remains exposed to the gas
phase. The remaining substrate area A§; lies outside the droplet-
affected region and is assumed to be independent of the droplet
shape, wetting state, and applied electric field. Since both y§; and
A3 are independent of the variational variables considered here,
the last term contributes only an additive constant to the total free
energy and can be omitted in the following consideration.

For droplets with sufficiently small Bond numbers, gravita-
tional deformation is negligible and the equilibrium shape can be
approximated by a spherical cap.” Let r, be the contact radius and 0
be the apparent contact angle. The droplet volume then is

3
:g(sige) (2 + cos ) (1 - cos 0. 5)

For a prescribed droplet volume, this relation determines the contact
radius as a function of the contact angle,

(6)

) 3Q5in* 0 3
7| (2 + cos 6)(1 - cos 6)>

The liquid-gas interfacial area and the solid-liquid contact area are
given by

2
re
Aig=2 1- 0
LG n(sin 0) (1= cos 6)
and
At = T[T’?.

Because the droplet volume is fixed, variations of A;g and Asy
induced by a change in 0 are not independent. Differentiating the
above-mentioned geometrical relations at constant Q) gives

OAic =cos 0 0Ast
99 g~ 99 o

)

After omitting constant terms, the shape-dependent part of the
surface free energy becomes

E = y16ALc + (yst — ysc)Ast + const. (8)
The equilibrium contact angle is obtained from the following
condition:

dE

— =0,
do

under the constraint of fixed droplet volume. Using Eq. (7), one
obtains

y1G €cos 0+ ys. — ysg =0
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or, equivalently,

g- YsG — )/SL. )
VLG

Cos

This is Young’s equation, which expresses the equilibrium contact
angle in terms of the balance among the liquid-gas, solid-liquid, and
solid-gas interfacial free energies.

We next extend this classical argument to the standard
electrowetting-on-dielectric configuration. Consider a conducting
droplet placed on a metallic electrode coated by a dielectric layer of
thickness d and dielectric permittivity es, as schematically shown in
Fig. 1. When an external voltage V is applied between the droplet
and the electrode, the dielectric layer beneath the droplet behaves as
a parallel-plate capacitor with capacitance,

foés

CS = TASL. (10)

The electrostatic energy stored in the dielectric layer is

2
U=-CsV" = ———Aq. (11)

At fixed applied voltage, however, the appropriate thermodynamic
potential must also include the work exchanged with the voltage
source. The charge stored on the capacitor is

Q=CsV = goesV

Ast, (12)

and the work supplied by the voltage source is

2
Asr. (13)

Therefore, the voltage-controlled electrostatic contribution to the
free energy is"

This contribution can be absorbed into an effective voltage-
dependent solid-liquid interfacial free-energy density,

£0ES v?
2d

ys.(V) = yse(0) - (14)

Substituting Eq. (14) into Young’s equation gives the classical
Young-Lippmann equation,

£0Es v?
2dyic’

cos O(V) = cos Oy + (15)

where 6y is the equilibrium contact angle at zero voltage. This
term cs = goes/d in Eq. (15) represents the areal capacitance of
the dielectric substrate, which is the same as ¢ in Eq. (1). The
Young-Lippmann equation predicts a quadratic increase in the
cosine of the contact angle with the applied voltage, or equivalently
a decrease in the apparent contact angle as the voltage increases.
This classical theory successfully describes the experimentally
observed reduction in the droplet contact angle in the low-voltage
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regime.'” However, experiments commonly show that the con-
tact angle ceases to decrease once the voltage is increased beyond
a certain range, a phenomenon known as contact-angle satu-
ration. Further increasing the applied voltage may also induce
additional instability and failure mechanisms, including droplet
breakup, dielectric breakdown, and other irreversible electrohy-
drodynamic effects. These observations indicate that the classical
Young-Lippmann description is incomplete at high voltage and
motivate the generalized interfacial-energy framework developed in
the following.

B. Surface composition effect on electrical energy

The adsorption-layer theory was first introduced by Wang and
Nestler” and was subsequently applied to describe a range of wetting
phenomena, including contact-angle hysteresis,” line tension,”**’
and static friction of droplets.”” A central implication of this frame-
work is that the interfacial energy between two phases is not simply
a prescribed constant, but rather a composition-dependent quantity
determined by the local material composition within the adsorp-
tion layer. The idea was inspired by the surface excess description
of Willard Gibbs*' and the diffusion interface theory by Van der
Waals. "

Both theories demonstrate the fact that an interface is not
merely a geometrical boundary between two bulk phases, but a ther-
modynamic region with its own excess composition and excess free
energy.! The interfacial tension is the reversible work required to
create a unit interfacial area, and this work depends on the molec-
ular composition and structure of the interfacial region.”” If the
molecules near the interface have a composition different from that
of the bulk phases, their intermolecular interactions, entropy of
mixing, local pressure, and density-gradient contribution are also
different from those in the bulk. Consequently, changing the compo-
sition of this finite interfacial region changes the excess free energy
per unit area, namely, the interfacial tension.

This connection is implicitly obtained in the Gibbs descrip-
tion of interfaces.*! Although the Gibbs construction represents
the interface by a mathematical dividing surface, the thermody-
namic state of the interface is characterized by surface excess
quantities. These surface excesses measure the amount of matter
associated with the interfacial region relative to the extrapolated
bulk phases, and their variation is directly coupled to the sur-
face free energy through interfacial thermodynamics. Thus, even
in the sharp-surface Gibbs formulation, the interface carries a
composition-dependent thermodynamic state rather than being a
purely geometrical discontinuity.

The same idea becomes more explicit in the van der
Waals—Cahn diffuse-interface picture.””** Van der Waals regarded
the interface as a finite transition region in which density or com-
position varies continuously between two bulk phases. Cahn later
formulated this view in terms of a free-energy functional contain-
ing both a homogeneous free-energy density and a gradient-energy
penalty.

To account for the unresolved compositional transition
between the solid-adjacent adsorption state and the correspond-
ing bulk phase, we interpret the present adsorption-layer model
in the framework of a Cahn-type diffuse-interface description. At
the microscopic level, the free energy functional contains a local
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bulk contribution, a square-gradient penalty associated with spatial
variations of composition, and a wall free-energy contribution,

#lo1= [ [t SivoPlave [ fieraa  ao

where ¢ is the local composition or concentration, f,(¢) is the
homogeneous free-energy density, and « is the gradient-energy coef-
ficient. The same wall free-energy function f,(¢,) is used in the
liquid- and gas-covered regions, but is evaluated at the correspond-
ing solid-adjacent states, ¢, and ¢.. In such a description, the
interfacial tension is obtained by integrating the excess free-energy
density across the finite inhomogeneous layer. Therefore, the value
of the interfacial tension is determined not only by the two adjoining
bulk phases but also by the composition profile and energetic state of
the interfacial region itself. This provides the thermodynamic basis
for representing the solid-adjacent region as an adsorption layer
with a finite thickness and a composition variable.

To measure the energetic cost of continuously restoring the
solid-adjacent state to the corresponding homogeneous bulk state,
the integral of the excess free energy between the two states should
also be included. Since this excess originates from the liquid-side and
gas-side near-wall regions, respectively, it is naturally assigned to the
effective solid-liquid and solid-gas interfacial free energies,**

5= o)+ [ Voo~ o) de,

¢bulk,i
2

A = a fzb
Oy

(17)

P=Poulk,i

In the expression of surface energy density Eq. (17), the first part,
fw» which accounts for the on-site composition-dependent sur-
face energy contribution could be formulated with the adsorption
layer form. The contribution includes the interaction energy term,
£x(¢), and the volumetric internal-energy density term, fe(¢), with
¢ representing the thickness of the adsorption layer. The detailed
expressions of the terms are

x(¢i) = xucdi(1 = ¢i) + xsrdi + xsa (1 = ¢i),
e($i) = edi + ec(1 — ¢i).

In this study, i=L,G, representing the liquid and gas phases,
separately.

As for the non-local energetic contribution associated with the
formation of the adsorption layer adjacent to the solid surface, a
deviation of the solid-adjacent composition from its correspond-
ing bulk value requires a spatial relaxation toward the homogeneous
bulk state and, therefore, introduces an additional free-energy cost.
A local Taylor expansion of the Cahn free-energy density about the
bulk composition shows that, to leading order, this relaxation energy
depends quadratically on the compositional mismatch. After coarse-
graining the unresolved near-wall composition profile, the resulting
contribution to the effective solid-fluid interfacial free energy can,
therefore, be expressed as

o
f¢ V6 (9 = Pouts) g = Lki(di — douts) s (19)
bulk,i

where k; is an effective coefficient describing the energetic cost
of the unresolved compositional relaxation. In the ideal quadratic

(18)
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Cahn limit, k; is related to x and the quadratic coefficient «; of
the bulk free-energy expansion around the corresponding equilib-
rium composition and, therefore, depends on the local composition
distribution. A detailed derivation is provided in Appendix. A.

Since the detailed composition or density profile near the solid
surface and the three-phase contact line is generally difficult to
determine, k; is treated here as an effective parameter and its influ-
ence is examined parametrically. Its effective value may be affected
by local surface geometry,* substrate deformation,* and the local
electric-field and electric-stress distributions.'"***°

The resulting solid-fluid interfacial free-energy density is,
therefore, expressed as

ysi(@i V) = £[x(¢:) + e(¢i) + ki(§s = Pouci)’ ] + geri (4, V). (20)

Here, the first two terms describe the local wall thermodynamics of
the adsorption layer, while the additional quadratic term represents
the free-energy cost associated with the unresolved relaxation from
the solid-adjacent adsorption state to the adjoining homogeneous
bulk phase. In addition, g, (¢, V) is the electrical related energy
contribution determined later in Eq. (22). We define

fi(¢:) = x(¢i) + e(¢i) + k(Pouii> $i) (21)

as the volumetric chemical contribution to the free-energy density.

In electrowetting-on-dielectric (EWOD) systems, the material
composition of the adsorption layer near the solid surface should not
be neglected.”"*>"”*" In the classical Young-Lippmann description,
the electrical contribution is usually assigned to the liquid-covered
part of the dielectric layer, which is treated as a capacitor with a fixed
areal capacitance.'” This assumption leads to the familiar quadratic
reduction of the effective solid-liquid interfacial free energy with
the applied voltage. However, such a description is incomplete once
the finite interfacial structure near the solid surface is considered."”
The electric field,”” charge deposition,*’ ion injection,'’ and Maxwell
stress”* are not necessarily confined strictly within the macroscopic
liquid footprint, and previous theoretical and numerical studies
have shown that the electrically affected region near and outside
the apparent three-phase contact line can also contribute to the
electrowetting response.”’

In addition to the dielectric coating, the solid-adjacent interfa-
cial region may also contribute to the electrical free energy because
its local composition, polarization, and charge-storage ability dif-
fer from those of the bulk phases. We, therefore, represent this
unresolved interfacial electrical response through a composition-
dependent effective capacitance associated with the adsorption layer.
In this sense, the adsorption layer is not introduced as an additional
macroscopic phase, but as a coarse-grained interfacial region whose
electrical properties depend on the local wetting state.

We consider the total free energy of the system composed of
the droplet, the dielectric coating, and the voltage source, where the
voltage source is represented by a fixed-voltage boundary condition.
The local state of the adsorption layer is described by an averaged lig-
uid fraction ¢. As a minimal approximation, the relative permittivity
of the adsorption layer is taken as a linear interpolation between the
gas-rich and liquid-rich limits,

€a(9) = ec(1-¢) + e
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For an adsorption layer of thickness ¢, the corresponding areal
capacitance is

ca(¢) =

Since the permittivity of the gas-rich state is much smaller than that
of the liquid-rich state, this expression may be approximated as

eoea(¢)
o

E0EL

(@) =ad,  a=--

The adsorption layer and the dielectric coating are then treated as
two capacitive elements connected in series. The areal capacitance
of the dielectric coating is
EoES
s=—»
d

where d is the dielectric thickness and es is the relative permittiv-
ity of the dielectric material. The effective areal capacitance of the
combined interfacial-dielectric structure is, therefore,

ceir(§) = %
Using ca(¢) =~ cr¢, this becomes
ceft(¢) = % ah igl/)\gb’
where
A=
cs

In the main model, we first adopt the linear capacitive response.
For a given local composition, ¢, the effective surface charge den-
sity stored in the combined interfacial-dielectric capacitor is written
as

o($, V) = cert($) V.

Because the voltage rather than the charge is externally prescribed,
the relevant electrical contribution to the interfacial free energy is
the constant-voltage free energy denoted by g,. It is obtained from

g V)=- [ otp V) av. (22)

For the linear response above, this gives

gi(p, V) = *%%ff((b)vz.

In the present framework, the same expression can be applied to
both the liquid-covered As; and the liquid-affected gas-covered
Asc — Agy regions, but with different local adsorption-layer compo-
sitions. For the two regions, we write

0i(¢is V) = cetti(¢1) V,
8ai(¢pis V) = _%Ceff,i(ﬁbi)vz,
i=LG

Here, ¢, and ¢, denote the averaged adsorption-layer compositions
below the liquid-covered region and the liquid-affected gas-covered
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region, respectively. The electrical contribution to the apparent wet-
ting behavior is, therefore, not determined only by the absolute
electrical energy stored below the liquid footprint, but by the dif-
ference between the composition-dependent electrical free energies
of the two interfacial regions.

It should be emphasized that the electrical response assigned
to the gas-covered region is local. In the present model, Asg
— Ay, represents only the droplet-affected transition region imme-
diately outside the apparent three-phase contact line, whereas the
far-field solid-gas region Ag; remains unaffected. The same exter-
nally imposed voltage V is, therefore, applied to the liquid-covered
and locally affected gas-covered regions as a coarse-grained descrip-
tion of their electrical coupling. As the gas-side wetting state
becomes liquid-rich, the electric-field contribution in this local
region approaches that of the liquid-covered side, leading to the can-
cellation of their electrical free-energy difference at saturation. This
local screening does not imply the formation of a macroscopically
extended conductive film over the entire surrounding substrate.

The linear relation (¢, V) = ce(¢)V should be regarded as
the lowest-order response of the adsorption layer. This approx-
imation assumes that the ion distribution and polarization state
in the liquid-rich interfacial region are not strongly modified by
the applied voltage in a way that changes the effective dielectric
response.

Under this assumption, the adsorption layer can be described
by a composition-dependent but voltage-independent effective
capacitance. In other words, the voltage dependence of the charge
density enters mainly through the factor V, while the material
dependence enters through ceg(¢).

More detailed interfacial charging models may lead to non-
linear charge-voltage relations,'** including Gouy-Chapman-type
descriptions for dilute electrolytes’’ and Kornyshev-type descrip-
tions for concentrated electrolytes or ionic liquids.””> Microscopic
charging models are not considered in the present work. If required,
they can readily be incorporated by replacing the linear relation ¢
= ceffV with a more general response (¢, V'), while the fixed-voltage
electrical free-energy expression in Eq. (22) remains applicable.

This viewpoint is consistent with several existing interpreta-
tions of contact-angle saturation. In the charge-trapping model of
Verheijen and Prins® and in ion-injection models,'” ions transferred
from the droplet into the surrounding medium modify the Maxwell
stress and introduce an additional osmotic contribution at the inter-
face, again indicating that the electrical driving force depends on the
local composition and charge distribution of the interfacial region.
These results suggest that the electrical contribution relevant to elec-
trowetting should be regarded as an effective interfacial free-energy
term controlled by the local composition and charge-storage state of
the adsorption layer.

C. Construction of the adsorption-layer energy
landscape

Having defined the composition-dependent interfacial free-
energy densities, we now construct the adsorption-layer energy
landscape used to determine the voltage-dependent wetting state.
For a given applied voltage V, the liquid-covered and gas-covered
parts of the droplet-affected substrate region are described by two
averaged adsorption-layer compositions, ¢, and ¢, respectively.
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Here, ¢, denotes the liquid fraction in the adsorption layer beneath
the liquid footprint, while ¢, denotes the liquid fraction in the
adsorption layer in the gas-covered but liquid-affected region. Since
these two variables describe spatially distinct interfacial regions, they
are not constrained by ¢, + ¢, = 1. The admissible composition
space is, therefore,

0<¢L <1, 0<¢s <L

For each pair (¢;, ¢ ), the corresponding solid-liquid and solid-gas
interfacial free-energy densities are evaluated from the composition-
dependent expressions introduced above,

yst = yst(¢r, V), ysG = s (96, V),

where both the chemical contribution and the constant-voltage
electrical contribution are included. The apparent contact angle
associated with this interfacial state is then determined by Young’s
relation, Eq. (9). Together with the fixed droplet volume, this
contact angle determines the liquid-gas surface area and the
solid-liquid contact area through the spherical-cap geometry given
in Egs. (5)-(8). Thus, the geometrical factors used in the total energy
are not prescribed independently, but are obtained from the inter-
facial free-energy densities through the volume-conserving Young
construction.

The total energy of the electrowetting system follows the
expression of Eq. (4) and is then written as

E(¢r, 96, V) = yr6Arc(0) + Asz(0)yst + [Asc — Ast(0) ]yse. (23)

This expression defines a two-dimensional energy landscape over
the (¢;,¢) plane for every applied voltage V.

The equilibrium adsorption-layer state is obtained by minimiz-
ing this energy landscape,

(¢1,9G) = argmin E(¢1, G, V).
0<¢r,pc<1

The minimum may occur either at an interior stationary point or
on the boundary of the admissible composition space. Figure 2 illus-
trates the voltage-dependent evolution of the two-dimensional free-
energy landscape E(¢;, ¢, V). At low voltage, the global minimum
is located close to the bulk-like configuration,

¢r=1, ¢ =0,

corresponding to a liquid-rich adsorption layer beneath the droplet
and a gas-rich adsorption layer outside the macroscopic liquid
footprint.

An additional feature appears when the gas-side relaxation
coefficient kg is sufficiently small, as shown in Fig. 2(ii). In this case,
the liquid-rich boundary ¢ = 1 can become a second, metastable
constrained minimum even when the global minimum remains at
¢ = 0. The two states are then separated by an intermediate energy
barrier. As the voltage is increased, the electrical contribution pro-
gressively stabilizes the liquid-rich gas-side adsorption state, and
the global minimum eventually shifts from the low-¢,, state toward
¢ =1

This distinction between global and local stability becomes
important when a voltage cycle is considered. During voltage
increase, the wetting state is assumed to evolve from the initially
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FIG. 2. Voltage-dependent evolution of the adsorption-layer free-energy landscape E(¢,, ¢, V). Row (i) corresponds to Zkg = 0.04 J /m?; row (ii) corresponds to Zkg

=0.01 J/m?, with y, ; = 72.3 mN/m corresponding to water. The red markers denote the global minimum, whereas the cyan markers indicate a secondary constrained
local minimum when present. Row (i) illustrates the ordinary evolution toward the saturated state, while row (i) illustrates the coexistence of low- and high-¢ minima for
sufficiently small k. (a) At low voltage, the global minimum is located close to the bulk-like state (¢, ¢5) = (1,0). For sufficiently small kg, an additional constrained
local minimum may also appear near the liquid-rich boundary (¢,, ¢5) = (1,1), separated from the low-¢, state by an energy barrier. [(b) and (c)] As the applied voltage
increases, the relative stability of the gas-side adsorption states changes and the energetically preferred state shifts toward larger ¢ ;. (d) At sufficiently high voltage, the
liquid-rich state (¢, ¢5) = (1,1) becomes energetically favored and represents the saturated adsorption-layer state. The coexistence of low- and high-¢; local minima
provides a possible thermodynamic origin of path dependence since the system may remain trapped in the high-¢,; basin during voltage reduction until the intervening

energy barrier vanishes or is overcome.

stable configuration by continuously following the global mini-
mum of the free-energy landscape. During voltage reduction, how-
ever, a local minimum may coexist with the global minimum.
The energy barrier separating these states can hinder the wetting
state from returning to the global minimum-energy configuration,
thereby delaying or preventing the receding transition. Such barrier-
mediated trapping provides a possible mechanism for the hysteresis
observed during voltage withdrawal.

A qualitatively similar macroscopic irreversibility has been
reported for electrowetting on structured superhydrophobic sur-
faces.’® In the thin-dielectric case shown in that work, the contact
angle remained at the electrically induced value after the voltage was
removed, whereas a much thicker dielectric allowed almost complete
recovery.

Ill. RESULTS AND DISCUSSION

In this section, we discuss the main results and implications
of the present energy-landscape framework for electrowetting-on-
dielectric systems. We organize the analysis around four aspects:
the modification of the classical Young-Lippmann response,
the voltage-dependent evolution of the adsorption-layer energy
landscape, the prediction of contact-angle saturation, and the

comparison with experimental observations. Together, these results
show that contact-angle saturation can emerge from the redistribu-
tion of the composition-dependent interfacial state, rather than from
an imposed breakdown condition or a prescribed nonlinear charge
law. The framework, therefore, provides a thermodynamic interpre-
tation of electrowetting saturation in which the apparent contact
angle is determined by the global minimum of the adsorption-layer
energy landscape, while the applied voltage controls the transition
between the Young-Lippmann-like regime, the interfacial transition
regime, and the saturated regime.

A. Free-energy origin of Young-Lippmann behavior,
transition, and saturation

The voltage-dependent electrowetting response obtained from
the adsorption-layer energy landscape is summarized in Fig. 3.

Figure 3(a) shows the equilibrium contact angle as a function
of the applied voltage. At low voltage, the minimum of the energy
landscape is located at the bulk-like adsorption-layer state,

¢ = 0.

In this regime, the gas-covered adsorption layer remains gas-rich
and does not contribute appreciably to the electrical response. The
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FIG. 3. Voltage-dependent electrowetting response obtained from the adsorption-
layer energy landscape. (a) Equilibrium contact angle as a function of applied
voltage. The solid curve is the energy-landscape result, and the dashed curve is
the Young-Lippmann reference. At low voltage, the two curves coincide. The first
vertical dashed line denotes the onset voltage Von, Where the energy minimum
starts to leave the ¢ = 0 boundary. The second vertical dashed line denotes the
saturation voltage Vs, where the minimum reaches ¢ = 1. (b) Evolution of the
effective interfacial free-energy densities, yg, and g, with the initial value of yq,
taken as the reference. Before Von, yg, decreases approximately according to
the Young-Lippmann form, while yg. remains nearly unchanged. After Von, ygq
also decreases as the gas-covered adsorption layer becomes electrically active.
After Veat, g and ygq decrease synchronously, leaving an approximately con-
stant interfacial-energy contrast. (c) Surface charge densities accumulated in the
liquid-covered and gas-covered adsorption layers. The gas-side charge density
starts to increase after Vqn and follows the same liquid-rich capacitive response
as the liquid-covered region after V.
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model, therefore, reduces to the classical Young-Lippmann behav-
ior, and the contact angle follows the Young-Lippmann reference
curve.

The first vertical dashed line shown in Fig. 3 marks the onset
voltage Von. As shown in Appendix B, this voltage is obtained from
the boundary condition at ¢s =0,

0ysc
3¢G $6=0

For the linear capacitance model, this gives

=0.

2 ZEaG

on — CsiA (24)

Here, ag collects the non-electrical linear contribution to the gas-
side adsorption-layer free energy, cs is the dielectric capacitance
per unit area, and A is the effective capacitance ratio of the gas-
covered adsorption layer. When V > V,,, the energy minimum
leaves the boundary ¢, = 0, indicating that the gas-covered adsorp-
tion layer starts to become liquid-rich. This marks the beginning of
the deviation from the Young-Lippmann prediction.

The second vertical dashed line marks the saturation voltage
Vsat. This voltage corresponds to the point at which the energy
minimum reaches the upper boundary,

¢ =1
As derived in Appendix B, Vg is obtained from

Jysc _
8¢G $e=1

>

which gives

2 2((&@ + 2qG)(l +)L)2

V. 25
o s (25)

Here, q; = kG — x;; describes the quadratic stiffness of the gas-
side adsorption-layer free energy. After this voltage, the gas-covered
adsorption layer has reached the fully liquid-rich state allowed by
the model. Further increases in V' can no longer increase ¢, and
therefore, the contact angle enters the saturation regime.

The physical origin of this behavior is clarified by the inter-
facial free-energy densities shown in Fig. 3(b). In this plot, yy; is
taken as the reference at zero voltage. Before Vo, the liquid-covered
region follows the Young-Lippmann-like electrical response. Thus,
¥, decreases approximately as a quadratic function of voltage,

1
yse (V) = ysr(0) — ECeff,L(l)V2>

whereas y,. remains nearly unchanged because the gas-covered
adsorption layer is still close to ¢, = 0. As a result, the contrast
Ysg — Vs increases with voltage, and the apparent contact angle
decreases.

Once Vo, is exceeded, the gas-covered adsorption layer begins
to participate in charge storage. Consequently, Vs also starts to
decrease with voltage. The electrical reduction in yy; weakens the
growth of the contrast y,. — y;, and the contact-angle curve devi-
ates from the Young-Lippmann reference. This regime corresponds
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to the transition region in which the energy minimum moves
through the interior of the (¢,, ¢ ;) energy landscape.

After Vg, both adsorption-layer states are liquid-rich. The
two interfacial free-energy densities then contain the same limiting
electrical contribution,

1
yse(V) = £f1(1) - ECeff,L(l)Vz,
1
ys6(V) = £f6(1) = Eceff,c(l)Vz-
When the limiting capacitances are identical,

cefG (1) = cefrr(1)s

the voltage-dependent electrical terms cancel in the Young relation.
Thus,

ys6(V) = ysu(V) = €[ fa(1) = fr(1) ]
Using the present adsorption-layer free-energy form, one has
fe() = f1(1) = ke.
Therefore, the saturated contact angle is

cos Osat = Ek—c (26)
VLG

This expression shows that the saturated contact angle is con-
trolled by the terminal adsorption-layer energy penalty, while
Vst controls only the voltage at which this terminal state is
reached. Contact-angle saturation, manifested as a deviation from
the Young-Lippmann relation in Eq. (1), has been observed in
numerous experiments."””

Figure 3(c) shows the corresponding accumulated surface
charge densities. Before Vo, the charge density grows mainly in the
liquid-covered region,

0L(V) e (1) V,

while the gas-side charge density remains close to zero. After Vn,
the increase in ¢ makes the gas-covered region electrically active
and o starts to grow. When Vg, is reached, both regions are in the
liquid-rich limiting state, so that

a6(V) = ar(V),

up to the same limiting capacitance response. The synchronous
increase in o7 and o after saturation is consistent with the syn-
chronous decrease in yg; and y,, as shown in Fig. 3(b). Therefore,
the saturation of the apparent contact angle is not caused by the
disappearance of electrical energy. Instead, it results from the can-
cellation of the voltage-dependent electrical contributions in the
interfacial-energy difference that determines the Young contact
angle.

B. Parameter discussion and comparison with
experiments

According to Eq. (26), decreasing k¢ increases the saturated
contact angle. The value of kg also determines the topology of the

ARTICLE pubs.aip.org/aipl/jcp

free-energy landscape. At zero voltage, the gas-side interfacial free
energy can be written, apart from an additive constant, as

ysc(¢g,0) = f(acgbc + QG¢ZG),

Because 0< ¢, <1, both ¢,=0 and ¢, =1 are locally stable
boundary states when

q6 = ke — x6. (27)

ag > 0, ag +24qc < 0. (28)
The second condition gives
a
ke < kg =16 - 76 (29)

Below this critical value, the low- and high-¢ . minima are separated
by an interior energy maximum. For the parameter set used here, the
high-¢, minimum persists to V = 0 when

ks < 409, (30)
Y16

Therefore, reducing kg not only increases the saturated contact angle
but also stabilizes the liquid-rich state near (¢;,¢.) = (1,1).

These two effects illustrated in Fig. 4(a) compare the measure-
ments of Chevalliot et al.” with theoretical curves calculated using
the same k¢ for different dielectric thicknesses. Changing the dielec-
tric thickness modifies cs = €es/d and, therefore, shifts the voltage
response, while the curve shape and saturated angle remain nearly
unchanged. This explains why the thickness-dependent responses
can be represented using the reduced voltage V/V when the
interfacial relaxation state is unchanged.

For soft dielectric substrates, however, changing the thickness
also changes the electric-field distribution, electric stresses, and sub-
strate deformation near the contact-line region, thereby modifying
kg. Figure 4(b) shows the measurements of Markodimitrakis et al.*”
for water on substrates with the same elastic modulus, E = 40 kPa.
The saturation angle increases from ~54° at d = 50 ym to 60° at d
=20 pym and 82° at d =7 pm. Within the present model, this
thickness-dependent terminal state corresponds to a reduction in
the effective kg. A similar dependence on the interfacial material
is observed by Chevalliot et al., where Parylene-C and Parylene-
HT coated with Fluoropel show similar terminal angles, whereas
replacing Fluoropel by Cytop increases the saturation angle by ~10°.
These results show that within the present coarse-grained repre-
sentation, these changes can be represented by a variation of the
effective kg. Here, kg is not introduced as an arbitrary voltage-
dependent fitting parameter in the equilibrium calculations; for
a given material/interfacial state, it is held fixed. Changes in kg
between systems are used only when the underlying interfacial or
mechanical state is physically changed.

In the unresolved interfacial structure, local electric-field dis-
tribution, substrate-scale wetting configuration, and transitions
between Cassie-like and Wenzel-like states’® can alter the excess
free-energy contribution and, therefore, be represented by a change
in the effective coefficient kg. Notice that the unloading process
is not governed by kg alone, but also by the combined interfacial
parameters as in Eq. (29).

The two representative cases shown in Fig. 2 illustrate the cor-
responding limiting behaviors. For the parameter set in row (i),
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FIG. 4. Influence of dielectric thickness and the effective gas-side relaxation coef-
ficient kg on the electrowetting response. (a) Electrowetting curves for different
dielectric thicknesses at fixed ¢kg = 0.005 J/m?, compared with experimental
data from Chevalliot et al.” with y, ; = 10 mN/m. Changing the dielectric thick-
ness mainly shifts the voltage scale through the dielectric capacitance, while the
curve shape and saturated contact angle remain similar. (b) Water electrowet-
ting on soft dielectric films with E = 40 kPa and different thicknesses, using data
from Markodimitrakis et al.*> After normalization by Vs, the different terminal
angles are interpreted here as variations of the effective kg caused by coupled
electric-field and substrate-deformation effects.

the high-¢ . state does not remain metastable during voltage reduc-
tion, so that the system can return to the initial low-¢ state. For
the smaller-kg case in row (ii), a second minimum persists near
(¢,-¢¢) = (1,1) and is separated from the low-¢;, state by an energy
barrier, allowing the wetting state to remain trapped during voltage
withdrawal. Such contrasting behavior is consistent with the exper-
iments of Kavousanakis et al."® on structured superhydrophobic
substrates. For example, a 75 ym SU8 dielectric exhibited recov-
ery of the apparent contact angle from ~119° under actuation to
156° after the applied voltage was removed. However, for a 1 ym
PMMA dielectric coated with a 0.4 um TEOS layer, the contact angle
changed from ~156°~111° at 65 V and remained close to 111° after
the voltage was removed.
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Therefore, kg controls both the terminal contact angle and the
stability of the liquid-rich adsorption-layer state: dielectric thickness
mainly rescales the voltage response when kg remains unchanged,
whereas modifications of the local interfacial structure change kg,
leading to different saturation angles and, for sufficiently small kg, a
metastable state and electrowetting hysteresis.

Overall, the present framework provides an energy-landscape
description of the electrowetting process. Within this description,
the entire voltage-dependent contact-angle curve can be determined
from a single set of interfacial parameters, as shown in Fig. 5. The
initial equilibrium contact angle is fixed by the zero-voltage inter-
facial energy contrast, which is determined by the chemical and
adsorption-layer parameters, such as y; ., x¢> Xso» €r> and eg. The
initial decrease in the contact angle follows the Young-Lippmann-
like response, with an effective capacitance determined by the
dielectric layer and the adsorption-layer charge-storage ability. The
deviation voltage V oy, the saturation voltage Vi, and the saturated
contact angle O, are then obtained from the same energy minimiza-
tion condition. Therefore, the initial state, the Young-Lippmann-
like regime, the deviation from the classical prediction, the transition
regime, and the final saturated state are all connected within one
continuous theoretical curve.

This consistent description also clarifies the physical origin of
contact-angle saturation. In the classical Young-Lippmann picture,
the electrical contribution is assigned only to the liquid-covered
region, so that the interfacial energy contrast continues to change
quadratically with voltage. In the present model, the gas-covered
but liquid-affected adsorption layer can also become electrically
active. After the onset voltage, the gas-side adsorption state evolves
toward a liquid-rich state and the electrical free energy of the
gas-covered region begins to decrease together with that of the
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FIG. 5. Normalized comparison between the present model and the experimental
data of Chevalliot et al.” The voltage is normalized by Vi and the contact-angle
response by the total change in cos 6. The comparison illustrates the consistency
of the normalized experimental trends with the response predicted by using the
present model.
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liquid-covered region. Once the gas-side adsorption layer reaches
its limiting liquid-rich state, the two interfacial regions acquire the
same limiting capacitive response. The difference between y,, and
g, then becomes voltage-independent, and the apparent contact
angle reaches a saturated value.

A notable consequence of Eq. (26) is that the dielectric capac-
itance does not directly determine the saturated contact angle. For
a fixed interfacial relaxation coefficient kg, changing the dielectric
thickness modifies ¢s and, therefore, shifts Von and Vi, while the
terminal contact angle remains unchanged. This limiting behavior
is consistent with electrowetting systems in which the interfacial
material state is insensitive to dielectric thickness.

The latter condition need not hold universally. When a change
of dielectric thickness also modifies local electric stresses, sub-
strate deformation, surface morphology, or the microscopic wetting
state, the unresolved interfacial relaxation represented by the effec-
tive coefficient kg may also change. In such systems, the dielectric
thickness can, therefore, influence s, indirectly through kg, rather
than through the capacitance term alone. The present model con-
sequently distinguishes a purely capacitive thickness effect, which
controls the voltage scale, from a coupled mechanical-interfacial
thickness effect, which may additionally modify the terminal energy
contrast.

Changing y, ; affects the capillary normalization of the con-
tact angle. However, the parameter k should also be related to the
energetic cost of forming an adsorption-layer state opposite to the
surrounding bulk phase. Since both processes are associated with
creating a local liquid-gas-like interfacial mismatch inside the
adsorption layer, their energetic cost is expected to scale with the
liquid-gas interfacial energy. Consequently, if kg varies approx-
imately in proportion to y,., the ratio fkg/y,; remains nearly
unchanged, leading to a weak variation of the saturated contact angle
even when the liquid-gas surface tension is modified.

To compare different experiments on the same theoretical
basis, we introduce the normalized variables,

\%4 cos 0 — cos By

vo Y, g cosbrcosth
Vsat CoS esat — COS 9()

Here, ® = 0 corresponds to the initial state and ® = 1 corresponds
to the saturated state. Figure 5 compares the normalized theo-
retical curve with the experimental data reported by Chevalliot
et al.,” where the contact-angle saturation was examined by varying
either the dielectric thickness or the liquid-gas interfacial tension.
Although the raw contact-angle curves have different voltage scales,
the normalized data collapse onto the same theoretical transition
curve. The normalized comparison shows that these experimental
responses can be represented on a common voltage and contact-
angle scale within the present formulation. Within the present
model, this representation separates the parameters controlling the
voltage scale from those controlling the terminal interfacial-energy
contrast. In this sense, the energy-landscape framework provides
a consistent description of the transition from the low-voltage
Young-Lippmann-like regime to the saturated state. The normal-
ized collapse should not be regarded as a discriminating valida-
tion of the present mechanism because different saturation models
can display similar normalized responses. Its purpose here is only
to demonstrate the consistency of the proposed energy-landscape
pathway with the measured voltage scale and limiting states.
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IV. CONCLUSION

In this work, we developed an energy-landscape framework
for contact-angle saturation in electrowetting-on-dielectric sys-
tems. The central idea is that the electrical contribution to wet-
ting should not be assigned only to the liquid-covered dielectric
area. Instead, the liquid-covered region and the liquid-affected gas-
covered region are treated on the same thermodynamic footing
through composition-dependent adsorption-layer states. The local
adsorption-layer composition determines both the non-electrical
interfacial free energy and the effective capacitive response, so that
the apparent contact angle is obtained from the global minimum of
the total interfacial energy landscape.

Within this framework, the classical Young-Lippmann equa-
tion is recovered as the low-voltage limiting case. At low voltage,
the energy minimum remains close to the bulk-like state, with
a liquid-rich adsorption layer beneath the droplet and a gas-rich
adsorption layer outside the liquid footprint. In this regime, the
gas-covered region contributes negligibly to the electrical response
and the contact angle decreases approximately according to the
Young-Lippmann relation. As the voltage increases, the electrical
contribution changes the stability of the gas-covered adsorption-
layer state. The energy minimum then leaves the gas-rich boundary,
leading to a deviation from the Young-Lippmann prediction.

The same model also predicts the saturation regime. When the
gas-covered adsorption layer reaches its liquid-rich limiting state,
the liquid-covered and gas-covered regions acquire the same lim-
iting capacitive response. The voltage-dependent electrical terms
then decrease synchronously in the two interfacial free energies and
cancel in the interfacial-energy contrast that determines the Young
contact angle. Thus, contact-angle saturation does not require the
disappearance of electrical energy or an imposed nonlinear charge
law. Rather, it results from the bounded evolution of the adsorption-
layer state and the consequent saturation of the interfacial-energy
contrast. For the quadratic adsorption-layer free energy used here,
the saturated contact angle is given by

tke

YLG

€08 Ogat =

This relation shows that the saturated angle is controlled by the
terminal adsorption-layer energy contrast, whereas the dielectric
capacitance mainly controls the voltage scale required to reach
the deviation and saturation points. The present framework pro-
vides a single energy-minimization description of the low-voltage
Young-Lippmann-like response, the onset of deviation, the tran-
sition regime, and the terminal saturated state. The corresponding
onset voltage, saturation voltage, and saturated contact angle follow
from the same set of interfacial state variables and model parameters.
Comparison with experimental data for different dielectric thick-
nesses and liquid-gas interfacial tensions shows that the normalized
responses are consistent with the transition behavior predicted by
the model. This comparison is not intended to distinguish the
present mechanism from other saturation mechanisms, but rather
to assess whether the proposed energy-landscape description can
reproduce the observed voltage and contact-angle scales.

The present model is intentionally formulated at the level of an
effective interfacial free energy. Microscopic details such as nonlin-
ear double-layer charging, ion-specific adsorption, charge trapping,
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leakage, or dielectric failure can be incorporated through more
detailed constitutive relations for the effective charge response.
However, these effects are not required for the basic saturation
mechanism identified here. The results show that within the assump-
tions of the present model, contact-angle saturation can arise from
the voltage-induced evolution of the adsorption-layer composition
and the resulting saturation of the interfacial-energy contrast. This
provides a thermodynamic pathway connecting the low-voltage
Young-Lippmann-like regime to the high-voltage saturated state.

The present analysis treats the effective coefficients k; as con-
stants throughout a complete voltage loading-unloading cycle, cor-
responding to a fixed interfacial structure within an equilibrium
or quasi-equilibrium description. In realistic systems, however, the
effective k; may evolve with the applied voltage and loading history,
particularly for soft” or structured substrates,’® where electrome-
chanical deformation or transitions between Cassie- and Wenzel-
like wetting states can substantially modify the local geometry and
compositional relaxation represented by k;. Describing such history-
dependent evolution would require additional structural or kinetic
state variables and, therefore, lies beyond the scope of the present
equilibrium framework.

The present single-droplet description also does not account
for high-voltage instabilities, such as droplet breakup™ and dielec-
tric breakdown.'"”* Once breakup occurs, multiple metastable mor-
phological states may coexist, with their free energies depending
on the number of daughter droplets, their relative sizes, interfacial
areas, and topology, thereby introducing substantially more degrees
of freedom than those considered in the present model. Further-
more, the current framework is formulated for quasi-static voltage
actuation and does not describe the frequency-dependent response
associated with alternating-current electrowetting.”””’ Extensions
incorporating voltage- and history-dependent interfacial evolution,
morphological transitions and breakup, and time-dependent elec-
trical forcing constitute natural directions for future development of
the present energy-landscape framework.
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NOMENCLATURE

AL liquid-gas interfacial area (m?*)

Asc droplet-affected substrate area (m?)

Al far-field solid-gas area outside the droplet-affected
region (m?)

Ast liquid-covered solid-liquid contact area (m?)

a; linear coefficient under the local stationarity condition
for regioni=L,G (Jm™)

ca(9) areal capacitance of the adsorption layer (F m™?)

cefti(P) effective areal capacitance in region i = L, G (F m™?)

L liquid-rich limiting adsorption-layer capacitance
(Fm™2)

cs areal capacitance of the dielectric layer (F m™)

d thickness of the dielectric layer (m)

E total free energy of the droplet-substrate system (J)

e(¢,) internal-energy contribution in the adsorption layer
(Jm)

eL, eG liquid;state and gas-state internal-energy coefficients
(Jm™)

fi(¢,) volumetric chemical contribution to the free-energy
density in regioni = L, G (J m™>)

24(4, V)  constant-voltage electrical free-energy density (J m™?)

k($pu»#;) energy penalty for deviation from the adjacent bulk

composition (J m™)

k; effective volumetric relaxation coefficient for region
i=L,G(Jm™)

L thickness of the adsorption layer (m)

q; quadratic coefficient under the local stationarity con-
dition for regioni=L,G (] m™)

re contact radius of the droplet (m)

U electrostatic energy stored in the capacitor (J)

14 applied voltage (V)

Von onset voltage at which the gas-side adsorption layer
starts to leave the ¢ = 0 boundary (V)

Vat saturation voltage at which the gas-side adsorption

layer reaches ¢, = 1 (V)

A% normalized voltage, V = V/ Vs (dimensionless)

w work supplied by the voltage source (J)

0 apparent contact angle (deg or®)

() normalized electrowetting response, 0=
(cosB — cosby)/(cos st — cosBy) (dimensionless)

A capacitance ratios ¢z /cs (dimensionless)
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¢ normalized composition/order parameter, with ¢ =0
and ¢ = 1 denoting the gas-rich and liquid-rich limit-
ing interfacial states. (dimensionless)

¢6(V) energy-minimizing gas-side adsorption-layer interfa-
cial state at voltage V' (dimensionless)

(/)iG“t(V) interior gas-side stationary solution for Vo < V < Vg
(dimensionless)

o1 (V) energy-minimizing liquid-side adsorption-layer inter-
facial state at voltage V (dimensionless)

Xic liquid-gas interaction coefficient in the adsorption
layer (Jm™)

Xsc solid-gas interaction coefficient in the adsorption layer
(Jm™)

XsL solid-liquid interaction coefficient in the adsorption
layer (Jm™)

x(¢,) interaction contribution in the adsorption layer
(Jm™)

Q droplet volume (m?)

i second derivative of the bulk free-energy density
evaluated at phase i = L, G (Jm™>)

YiG liquid-gas interfacial free-energy density (J m™2)

YsG solid-gas interfacial free-energy density in the droplet-
affected region (J m™2)

Ysa far-field solid-gas interfacial free-energy density
(Jm™)

VoL solid-liquid interfacial free-energy density (J m™2)

ea(¢) composition-dependent relative permittivity of the
adsorption layer (dimensionless)

£1,EG relative permittivities of the liquid-rich and gas-rich
adsorption-layer limits (dimensionless)

&s relative  permittivity of the dielectric coating
(dimensionless)

) vacuum permittivity (F m™")

Osat saturated contact angle (deg or®)

0o equilibrium contact angle at zero voltage (deg or®)

0* (V) equilibrium contact angle obtained from the energy-
minimizing adsorption-layer state at voltage V
(deg or®)

o effective surface charge density (C m™2)

01,06 effective surface charge densities in the liquid-covered

and gas-covered regions (C m™>)

APPENDIX A: CAHN-TYPE INTERPRETATION OF THE
ADDITIONAL SOLID-FLUID INTERFACIAL
CONTRIBUTION

The additional quadratic term introduced in the solid-fluid
interfacial free energy can be interpreted from a Cahn-type diffuse-
interface description. The purpose of the following derivation is not
to resolve the full microscopic interfacial structure in the present
macroscopic model, but to show how the unresolved compositional
transition between the solid-adjacent adsorption state and the cor-
responding bulk phase produces an additional contribution to the
effective solid-fluid interfacial free energy.

We consider a composition field ¢(r) described by the Cahn-
type free-energy functional,”"™

ARTICLE pubs.aip.org/aipl/jcp

=7[<p]=fﬂ[fb(¢)+glwlz] dV+fQwa(¢s) da, (A1)

where f,(¢) is the homogeneous bulk free-energy density, « is the
square-gradient coefficient, and f,,(¢,) is the local wall free-energy
density evaluated at the solid-adjacent composition ¢_.

Importantly, the same wall free-energy function f,,(¢,) is used
on both sides of the contact line. The liquid-covered and gas-covered
regions correspond to different values of the same surface state
variable, such that

fw(gr), ontheliquid-covered region,

fW(‘PS) = { (A2)

fw(9c), onthe gas-covered region.

Thus, the distinction between the solid-liquid and solid-gas regions
does not require two different wall free-energy functions; it arises
from the different solid-adjacent states ¢; and ¢ and from their
connection to the corresponding liquid and gas bulk states.

For a wall-adjacent state relaxing toward the corresponding
homogeneous bulk phase i = L, G, a local Taylor expansion around
the equilibrium bulk composition gives, to leading order,

Fo(9) = Fiol9ns) + tea(9 = 00) + 5 (9= 9)°

+0[(9-ou)’]; (A3)
with
2
Ueq = % > o = 0 ];b (A4)
09 |, 99 | _
P=Pb,i P=Pb,i

For an equilibrium one-dimensional relaxation profile normal to
the interface, the Cahn equilibrium condition gives the local bulk
excess and square-gradient contributions are equal at equilibrium,
so that their sum is twice either contribution.** By converting
the spatial coordinates to the composition coordinates, the addi-
tional interfacial free-energy cost associated with relaxation from the
solid-adjacent state ¢, to the corresponding bulk state is, therefore,

$i
Syi = /¢ V €ai (9 = Pouii) do. (A5)
bulk,i

In the adsorption-layer model used in the main text, the microscopic
solid-adjacent states are represented by the coarse-grained variables
¢, and ¢. Accordingly, the additional relaxation contribution is
written as

Oyi = Lhi($i — ppurci)’s  i=L,G. (A6)
The local wall contribution employed in the present mean-field
description is

fw($) = Lx(¢i) +e(i)],

where the same functions x(¢) and e(¢) are evaluated at the differ-
ent liquid- and gas-side adsorption states. Combining the local wall
contribution with the unresolved diffuse relaxation gives

i=L,G, (A7)
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ysi = (i) + e(¢r) + ki(9i — Pouir)’ ],
i=L,G

(A8)

When the electrical contribution is included, we will obtain the
interfacial free-energy density used in the main text.

The additional quadratic term, therefore, does not introduce
a separate microscopic wall interaction. The local wall thermody-
namics remains described by the same function f,,(¢), evaluated at
¢, or ¢;. The coefficient k; instead represents the coarse-grained
free-energy cost of the unresolved compositional relaxation between
the solid-adjacent state and the corresponding homogeneous bulk
state. The ordinary bulk liquid-gas transition is already contained
in y,; and is, therefore, excluded from this additional solid-fluid
contribution.

APPENDIX B: ANALYTICAL EXTREMA OF THE
ADSORPTION-LAYER ENERGY LANDSCAPE

The extrema of the energy landscape can be obtained analyt-
ically from the local interfacial free-energy densities. For a given
pair (¢;,¢s), the effective solid-liquid and solid-gas interfacial
free-energy densities are written as

yse = yse(¢r, V), ysG = ysc(da, V).

The corresponding apparent contact angle is determined by the
Young relation Eq. (9) Together with the fixed droplet volume, this
relation determines the liquid-gas area Ar(6) and the solid-liquid
area Agz(0), as given in Egs. (5)-(8). The resulting total energy is
given by Eq. (23).

In the normal spherical-cap regime, the geometry-induced
terms in the derivatives with respect to ¢, and ¢, are canceled by
the Young relation. Using

=cos 0,

one obtains
OE OysL
T A 2
0dr st

o¢r ’
OE
— = (Asg — Ast)

Oysc
O¢c O¢c ’

Thus, when Ag; > 0 and Asg — At > 0, the interior extrema of the
full energy landscape satisfy
Oys. 0 0ysc

o¢r ’ 0¢c

The interfacial free-energy density of region i = L, G is written as

ysi(¢is V) = Lfi(¢i) — %Ceff,i(ﬁbi)vz;

where k; is a volumetric energy density and is, therefore, multiplied
by the adsorption-layer thickness ¢. The linear effective capacitance
is

A
ST+1¢°

cetti(¢i) = ¢
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and hence,

dcefgi —¢ A
dg 1+ g7

For compactness, we define

ai = Y16 + XsL — XsG + e — €6 — 2kidpuiki»

qi = ki — y16.
Then,
Oysi 1o dces;
—— ={(a; +2qip;) — =V " ——.
26 (ai +2gi0) — - a9,
The interior stationary condition is, therefore,
Cs)LV2
l(a; +2gi¢;)) = ———.
(a ‘Hb) 2(1+A¢;)2

Equivalently, ¢, is determined by the following cubic equation:
1
0= ZZq,'/\z([)? + @(a,ﬂz + 4q,/\)¢,2 + £(2a,-)t + Zq,')(/),‘ +la; — ECs/\V2.
For the gas-covered region, ¢, = 0, so that

aG = XLG + XSL — XSG t eL — €G,

q6 = ké — y16.

The voltage-dependent gas-side adsorption state is then

0, V < Von,
¢ (V) ={ ¢&(V), Von <V < Vias,
1) V Z Vsat;

int

where ¢ (V) is the real root in 0 < ¢, < 1 of
0= qu(;lz(pSG + E(ac/lz + 4qG/1)¢2G + E(ZaG/\ + Zq(;)([)(;
+flag — %Cslvz.

The onset voltage is obtained from the following boundary condi-
tion:
ysc
Odc

$c=0

This gives Eq. (24), the voltage that the (6, V) curve deviates from
the Young-Lippmann relation.
Similarly, the local saturation voltage is obtained from

ysc

-0,
folite

$c=1

which gives the saturation voltage in Eq. (25).
Since

ac +2qc = 2k — 16 + XsL — XsG + eL — €G>

the saturation voltage can also be written as
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V2o 20[2ke — yuc + xst — xsc +er —ec](1+ 1)
sat = '
csA

The above-mentioned expressions give the local transition thresh-
olds. For the global minimum, the admissible candidates,

96 = 96:(V),
are compared by their energy values. Here, ¢a;( V) denotes any real
root of the cubic equation lying in 0 < ¢, < 1. The physically realized
state is the candidate with the lowest total energy. This compari-
son also allows for discontinuous jumps when the global minimum
switches between competing branches.

After the gas-covered adsorption layer reaches the liquid-rich
boundary, one has

¢c =1,

¢ =1

If the adsorption layer beneath the droplet remains liquid-rich, ¢; ~
1 (as we have shown in the energy map), the saturated contact angle
is obtained from
_ rs6(LV) —ysi(L, V)

VLG '

08 Oat

At ¢ = 1, the non-electrical free-energy densities are

fr(1) = xs. +er,
fG(l) = XsL teL + ke.

Therefore,
fa(1) = fu(1) = ke.

The saturated-state Young relation becomes

_ 2
cos Osar (V) = e _ [eara(1) ~ cens(D)]V .
VLG 2y16

In the fully liquid-rich limiting state, the two regions have the same
limiting capacitance,

ceft (1) = cefrr(1).

The voltage-dependent electrical contrast then cancels, giving
Eq. (26),
lke

08 Ogat = —.
LG

Thus, in this limiting regime, the saturated contact angle is deter-
mined by the terminal adsorption-layer energy contrast, while the
applied voltage controls the voltage at which this terminal state is
reached.
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