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Electric field-triggered Cassie-Baxter-Wenzel wetting transition on textured surface
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Understanding the critical condition and mechanism of the droplet wetting transition between Cassie-Baxter
state and Wenzel state triggered by an external electric field is of considerable importance because of its
numerous applications in industry and engineering. However, such a wetting transition on a patterned surface
is still not fully understood, e.g., the effects of electrowetting (EW) number, geometry of the patterned surfaces
and droplet volume on the transition have not been systematically investigated. In this paper, we propose a
theoretical model for the Cassie-Baxter-Wenzel wetting transition triggered by an external voltage applied to
a droplet placed on a mirco-pillared surface or a porous substrate. It is found that the external field applied
lowers the energy barrier for the droplet to cross over and complete the wetting transition. Our calculations also
indicate that for a fixed droplet volume, the critical EW number (voltage) will increase (decrease) along with
the surface roughness for a micropillar-patterned (porous) surface, and if the surface roughness is fixed, a small
droplet tends to ease the critical EW condition for the transition. Besides, three-dimensional phase diagrams in
terms of EW number, surface roughness, and droplet volume are constructed to illustrate the wetting transition.
Our theoretical model can be used to explain the previous experimental results about the Cassie-Baxter-Wenzel
wetting transition reported in the literature.
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I. INTRODUCTION

Wettability is widely studied in order to gain highly water-
repellent substrates referred to as superhydrophobic surfaces
with an ultrahigh apparent contact angle, a much smaller
contact angle hysteresis [1,2], and hydrodynamic slip [3–5].
These properties rely on the nano- or the microscale topolog-
ical structures of such surfaces, which exhibit a broad range
of applications in engineering such as self-cleaning [6,7],
water proofing [8,9], drag reduction [10], anti-dew/reflection
[11,12], bactericidal activity [13–16], and so on. Typically,
when a liquid droplet rests on such a roughened surface, a
classical description of the droplet is characterized by Wenzel
(W) [17] and Cassie-Baxter (CB) [18] wetting states. The
former corresponds to a homogenous wetting state in which
liquid percolates into the texture, i.e., a fully wetted state
losing superhydrophobicity, whereas the droplet in the CB
state merely suspends on the tips of the rough surface, featured
with air being trapped in the cavities of the rough surface
topography. Generally, the transition between these two states
can be triggered via various approaches by tuning external
control parameters, such as passive strategies that rely, for ex-
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ample, on the utilization of gravity force [19,20], evaporation
[21–23], and Laplace pressure [24,25], and active strategies
that employ surface acoustic wave [26], vibration [27,28],
and even electric field [29–32], a technique called electrowet-
ting (EW). Its adaption to various geometries, little power
consumption, and fast and precise fine-tuning of the wetting
state makes it a prevalent technique receiving significant re-
search interest in the past decade [33,34]. It is well known
that once an electric voltage is applied between a substrate
and a droplet settling on it, the initial equilibrium contact
angle of the droplet will be reduced to a new smaller value,
leading to an alteration of its apparent wettability referred to
as EW-on-dielectric [33,35]. Such an EW phenomenon has
attracted significant attention due to its extensive applications
in laboratory-on-a-chip systems [33] and microfluidic opera-
tions [36,37] and the ability to induce wetting state transition
[29–32] and droplet detachment [38–41].

Recently, numerous efforts of experiments [29,42,43],
theoretical modelings [31,37], and computer simulations
[30,32,44] have been devoted to getting a better understand-
ing of the wetting transition triggered by electric field. By
combining experimental results and numerical simulations,
it has been found that the stability of the CB state under
EW is determined by the balance of the Maxwell stress and
the Laplace stress [29]. Meanwhile, the wetting transition
from CB state to W state is controlled by the energy bar-
rier stemming from the pinning of the contact lines at the
edges of the hydrophobic pillars [29]. Based on a surface
energy model, Roy et al. estimated the energy barriers for the
EW-induced CB-to-W transition of a droplet on mushroom-
shaped re-entrant microstructures and an array of cylindrical
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microposts. They experimentally demonstrated that the tran-
sition on a mushroom structure is more resilient than that on
an array of microposts [31]. The authors assumed that for
a droplet in the composite state, the liquid-vapor interface
infiltrating a unit cell is a spherical interface with its radius and
Young’s contact angle made with the micropost walls remain-
ing unchanged. Besides, computer simulation also provides a
useful complement to revealing the underlying mechanism of
droplet wetting transition on textured surfaces. By employing
molecular dynamics simulations, Zhang et al. [32] studied
the mechanism behind the CB-to-W transition for a nanoscale
water droplet resting on a nanogrooved surface in the presence
of an external electric field and found that there exists an
energy barrier separating the CB state and the W state. In
addition, they also discussed the dependence of the energy
barrier on the electric field strength, the groove aspect ratio,
and the intrinsic contact angle of the groove.

Despite the fact that the EW-induced transition has been
extensively studied via either experimental or theoretical
approaches, a systematic analytical understanding of the un-
derlying mechanism, in particular, the dependence of critical
electric voltage on surface roughness and droplet volume, has
not been explored.

In this paper, we establish a theoretical model to study
the EW transition on micropatterned surfaces through ana-
lyzing the difference in interfacial free energy between the
CB state and the intermediate composite state. The effects of
surface roughness and droplet volume on the threshold volt-
age are discussed. To further explore the interrelation among
threshold voltage, surface roughness and droplet volume,
three-dimensional (3D) phase diagrams in the corresponding
parameter space are also constructed. We expect that our
model can offer some guidance to the design and fabrication
of patterned surfaces and allow one to study EW transition on
other types of patterned surfaces.

II. THEORETICAL MODELING

We begin our investigation by considering an EW setup
consisting of a millimeter-sized sessile water droplet de-
posited on two different types of superhydrophobic surfaces
decorated with, respectively, a square lattice of cylindric mir-
cropillars and a square array of pores, as shown in Fig. 1.
The bottom surface consists of an insulating surface layer
(thickness d) on top and an electrode underneath. The 3D
geometry of the micropillar-patterned surface in this pa-
per is schematically shown in Fig. 1(a). The top view and
the side view of the squarely distributed micropore-patterned
surface are sketched in Figs. 1(b) and 1(c), respectively. Here,
the cylindrical pillars and the pores are characterized by their
radius R, height H , and gap pitch P (or center-to-center
interspacing S) between neighboring pillars or pores. Tradi-
tionally, nondimensional parameters, roughness factor r, and
solid fraction φs, which are defined as the ratio of the actual
area of the solid surface to its projection area and the ratio
of the contact solid surface (tip of the pillars or the pores) to
the total horizontal surface, respectively, are commonly used
to represent the level of roughness for the textured surfaces.
Geometrically, in this paper, the roughness factor is given by
r = 1 + 2πRH/S2, and the solid fractions φs are written as

FIG. 1. (a) Schematic 3D picture of a microstructured surface
with cylindrical pillars of radius R, height H , and gap pitch P on
a periodic square lattice with pillar-to-pillar spacing S. Schematic
(b) top view and (c) side view of a regular array of pores of radius R,
depth H , gap pitch P, and center-to-center pore spacing S. Different
wetting states of a droplet on a microtextured surface in the presence
of an external electric voltage: (d) CB state, (e) intermediate com-
posite state, and (f) W state.

πR2/S2 for the pillar-patterned surface and 1 − πR2/S2 for
the porous surface, respectively. The two possible wetting
states, i.e., the CB state and the W state, are illustrated by
Figs. 1(d) and 1(f). Between them there exists an energy
barrier, i.e., an unstable intermediate composite state [see
Fig. 1(e)], which can be lowered to a level below the CB state
by applying an external electric voltage across the droplet.
This leads to a CB-to-W wetting transition. In order to probe
the critical electric voltage that triggers the wetting transition,
it is necessary to calculate, for the CB state and the intermedi-
ate composite state, the Gibbs free energy [33]

G = γlvAlv + γsvAsv + γ eff
ls Als − �P0Vl, (1)

which consists of interfacial free energies and a bulk energy
contributed by pressure. Here Alv, Asv, and Als are the areas
of the liquid-vapor, solid-vapor, and liquid-solid interfaces,
and γlv, γsv, and γ eff

ls are the liquid-vapor, solid-vapor, and
effective liquid-solid interfacial energy densities, respectively;
γ eff

ls = γls − ηγlv with η = ε0εU 2/2dγlv represents the di-
mensionless EW number, where ε0, ε, and d are the dielectric
permittivity in vacuum, the relative dielectric constant, and
the thickness of the insulating layer, respectively. Vl is the
volume of the droplet, and �P0 is the pressure difference
across the liquid-vapor interface. It is a constant which does
not change the free-energy profile [33,45,46]. In addition to
�P0, theoretically the Maxwell stress εε0E2/2 close to the
triple contact line also makes a contribution to the force bal-
ance across the liquid-vapor interface, which introduces an
equivalent Laplace pressure �P given by [33]

�P = �P0 + 1
2εε0E2. (2)

A comparison between Maxwell stress and �P0 shows that
the contribution of the external field to sagging is trivial
(three orders smaller than �P0), and thus we may assume
that sagging is mainly driven by pressure difference across the
interface, while the external field plays a critical role in the
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depinning process. As in this paper, the liquid-vapor interface,
which hangs over the micropillar side walls, is approximated
as a spherical cap with an equivalent base radius and makes a
fixed Young’s contact angle with the micropillar walls during
the depinning process [31,47,48]. A more detailed explanation
can be found in the Appendix. It should be noted that as
both the pressure difference �P0 and the droplet volume Vl

are independent of the external field, we may simply ignore
the contribution of �P0Vl in our calculation. In this sense,
we focus our investigation of the CB-W transition on the de-
pinning process. Let At = Asv + Als, and with a consideration
of the Young’s equation γsv − γls = γlv cos θY, Eq. (1) can be
converted to

G = γlvAlv − γlv(cos θY + η)Als + γsvAt, (3)

where θY is the apparent contact angle at the equilibrium state.
In the present study, we assume that the volume of the

droplet is small, that is, with a characteristic size smaller
than the capillary length lc = √

γlv/ρg ∼ 2.7 mm, where
ρ and g are the density of the water and the gravitational
acceleration, respectively. In this case the gravitational effect
can be neglected, and the shape of the droplet associated with
the transition can be treated as a sphere. Therefore, the total
interfacial free energy of a water droplet in CB state on a
patterned surface, as schematically illustrated by Fig. 1(d), can
be calculated as

GCB = γlvπR2
CB[ν(θCB) + (1 − φs) − (cos θY + η)φs]

+ γsvAt, (4)

where ν(θ ) = 2/(1 + cos θ ) is a dimensionless function. In
addition, as the evaporation effect of the water droplet is
excluded as well, it is reasonable to assume that the droplet
volume V0 is conserved. Therefore, the base radius RCB and
the contact angle θCB of the droplet, which depends on
the external field applied, can be determined by minimizing
the global energy under the constraint of fixed droplet volume.
Similarly, the total interfacial free energy of the intermediate
composite state reads

Ginter = γlvπR2
inter

{
ν(θinter ) + (1 − φs)ν

(
θY − π

2

)

−(cos θY + η)

[
φs + (r − 1)

h

H

]}
+ γsvAt, (5)

where Rinter and h are the base radius of the droplet and the
penetration height from the tip of the pillars or pores to the
point at which the curved interstitial liquid-vapor meniscus
touches the edges of the walls (see Appendix for the calcula-
tion of h), respectively. For a droplet at the W state, the total
interfacial free energy becomes

GW = γlvπR2
W[ν(θW) − (cos θY + η)r] + γsvAt , (6)

where θW and RW are, respectively, the contact angle and the
base radius of the spherical cap above the structured surface
determined by a minimization of the total energy.

In order to study the influence of an EW voltage on the state
of a droplet on a grooved surface, Bahadur and Garimella [37]
employed an energy-minimization-based modeling approach
to analyze the dependence of the apparent contact angle on an

EW voltage and to investigate the CB-W transition under the
influence of an EW voltage and estimate the energy barrier.
In this paper, using a similar approach to that of Refs. [31]
and [37], on a pillared surface and a pored surface, respec-
tively, we comprehensively consider both the sagging and the
variation of the contact angle and the base radius, which is
determined by a global energy minimization. In addition, we
explore the dependence of the critical transition voltage not
only on the surface roughness but also on the droplet size.

Determining the wetting path is of particular importance
to understand wetting transition. In this sense, how to obtain
the free-energy landscape as a function of the wetting process
becomes critical. Ren [49] studied the wetting transition on
microstructured hydrophobic surfaces via accurately comput-
ing the transition states, the energy barriers, and the minimum
energy paths with the climbing string method. They focused
on the overdamped dynamics perturbed by a small noise to
track the saddle points of the energy, which in the transition
state theory represents the dynamical bottlenecks for the tran-
sition states. The results showed that the wetting was initiated
by an infiltration of liquid in a single cavity, followed by
stepwise propagation of the liquid front on the solid surface.
The dependence of the energy barriers on the pillar height and
the drop size was also discussed. By carrying out rare-event
atomistic simulations, Amabili et al. [50] investigated the
process of CB-W state transition on a nanopillared surface.
It was found that the collapse of the superhydrophobic CB
state started from the formation of a liquid finger between two
pillars, which was found to be the transition state determining
the free-energy barrier, following a progressively wetting of
the surrounding interpillar spaces, and the mechanism could
not be captured by previous simulations. There are also other
numerical and simulation methods to study the wetting tran-
sition, such as MD simulations [51], the lattice Boltzmann
methods [52], the minimum energy paths computation method
[53], and the computational fluid dynamics (CFD) approach
[54]. The literature all focused on investigating the wetting
transition in the absence of an external electric field. However,
how the effects of surface roughness and droplet size on the
critical electric voltage of wetting transition induced by EW
still remain unclear.

So far, there have been a couple of reports on the mech-
anisms triggering CB-W wetting transition on structured
surfaces. In the absence of an external field, Patankar pro-
posed two possible mechanisms, depinning and sagging, for
the CB-to-W transition due to Laplace pressure [48]. The
predicted contact angle at the liquid-air interface due to de-
pinning based on their model is found to be greater than the
maximum contact angle that can be sustained at a corner. On
the other hand, the wetting transition from CB state to W
state also occurs when the sag of the curved liquid-air inter-
face touches the bottom of the rough-pillared surface. Such a
sag mechanism is significantly influenced by pillar diameter,
spacing between pillars, and droplet volume [55]. Recently, by
combining the thermodynamic approach and a CFD approach,
Rohrs et al. [54] investigated the wetting phenomena on ideal
micropatterned surfaces consisting of straight micropillars at
different pillar dimensions and spacing. In their theoretical
model, they assumed that there exists a maximum sagging
between the pillar valleys when the droplet is in a partial
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FIG. 2. (a) Variation of the total interfacial free energy with
respect to the invading depth. (b) Theoretical wetting phase diagram
in the parameter space spanned by R and S for a droplet placed on a
micropillar-patterned surface.

penetrating state. In this paper, we approximate the sag as a
spherical cap during the depinning process.

Here it should be noted that besides the energy-
minimization approach, the CB-W transition in the absence
of an external field can be investigated alternatively via force
balance analysis. For submersed superhydrophobic surfaces,
Xue et al. [56] investigated the wetting states on submersed
hydrophobic surfaces under hydrostatic pressure and found
that the stability of different wetting states depends on the
hydrostatic pressure. Also, in Ref [57], it was stated that the
underlying mechanism of wetting transition is the collapse of
liquid-air interfaces when the equilibrium among liquid, air,
and capillary pressure is broken. However, if an external field
is introduced, such a force balance approach would require a
complicated calculation of local electric field distribution.

III. RESULTS AND DISCUSSION

In our model, we take into account all the interfacial free
energies for a CB state and an intermediate composite state
of a 3D droplet placed on a micropillar- or pore-patterned
surface. A set of parameters γlv = 72.8 mN · m−1, ε = 3.2,
d = 3 μm, and θY = 115◦ was chosen for our calculations
[31]. The value of dielectric constant corresponds to a layer
of the equally transparent SU-8 photoresist used in Ref. [29].
The dependence of total interfacial free energy on the invading
depth is presented in Fig. 2, which shows a monostable struc-
ture for the CB state. Here, kinks represent the points when
the spherical cap touches the bottom of the rough-pillared
or pored surface. It is found that there exists an energy
barrier separating the CB state and the W state [see the square
dotted line in Fig. 2(a)] in the presence of a small external
field. Once the external electric field exceeds a critical value
[see the inverted triangle dotted line in Fig. 2(a)], the energy
barrier disappears, triggering a CB-to-W wetting transition.
By comparing the total interfacial free energies between the
CB state and the W state, we constructed an R − S phase
diagram consisting of two regions divided by a coexistence
line, as shown in Fig. 2(b). In a recent report [58], Li et al.
proposed an experimental method by squeezing and releasing
a drop between a pillar-patterned surface and a nonadhesive
plate to investigate the state transitions between the CB state
and the W state. A phase diagram of the textured material was
depicted to distinguish three different regimes as monostabil-
ity of the CB state, bistability with the metastable CB state,

FIG. 3. Representative total interfacial free energies of the CB
and the intermediate states of a droplet on a micropillar-patterned
surface: GCB and Ginter , respectively, as a function of EW number.
The inset shows their difference, �G = Ginter − GCB, which gives the
critical EW number (critical external electric voltage) for the wetting
transition when �G = 0.

and bistability with the metastable W state. The criterions of
the two critical lines were formulated as functions of solid
fraction, surface roughness, receding angle, and Young’s con-
tact angle. Their results show that the monostable CB state
can be obtained by considering either a droplet on a doubly
textured surface where a nanotexture is added on the pillars or
mercury on a simply textured surface.

In order to understand the wetting transition, we compare
the energies between the CB state and the intermediate com-
posite state as the external field is applied and increased, as
shown in Fig. 3. In the absence of an external field, as valued
by the intercept in the figure, the energy of the intermediate
composite state is higher than that of the CB state, denying the
occurrence of a CB-to-W transition. Once an external field
is applied and increased, it is found that the energy of the
intermediate composite state decreases more rapidly than that
of the CB state. Therefore there exists an intersection point
where the energy barrier disappears, triggering a transition
to a W state, as shown in Fig. 3. Such a critical condition
corresponds to a critical voltage (or a critical EW number ηc),
which can be estimated by equating the energies of these two
states for a given textured surface.

For a fixed droplet volume, the EW number ηc is found to
remarkably depend on the geometric features of the structured
surface (surface roughness), such as aspect ratio R/H , relative
pitch P/H (density 1/S2 = 1/(P + 2R)2), surface roughness
r, and solid fraction φs, as shown in Fig. 4. As shown by the
black square dot curve in Fig. 4(a), it becomes more stringent
(easier) for a CB-to-W transition on a micropillar-patterned
surface (porous surface) to occur with the increase of its aspect
ratio R/H . An alternative illustration of Fig. 4(a) is to replace
the dimensionless aspect ratio R/H by surface roughness r,
indicating that roughness suppresses (enhances) EW-induced
CB-to-W transition on a micropillar-patterned surface (porous
surface) [Fig. 4(b)]. Besides, as the aspect ratio also correlates
with solid fraction φs, it is also possible to depict the critical
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FIG. 4. The critical EW number ηc for the CB-W transition vs (a) aspect ratio R/H , (b) surface roughness r, (c) solid fraction φs, and
(d) P/H , where the black square dot curve and the red circle dot curve stand for micropillar- and pore-patterned surfaces, respectively.

EW number in terms of solid fraction φs for both pillar- and
pore-patterned surfaces, as shown in Fig. 4(c). Apart from
the aspect ratio, the distribution densities of pillars and pores
also play an important role in determining the critical EW
number. A deeper investigation, as shown in Fig. 4(d), exhibits
that a reduction of critical EW number ηc can be achieved
by increasing (decreasing) the pitch of pillar-patterned (pore-
patterned) surfaces.

According to Eqs. (A1) and (A7), the base radius and
the contact angle of the droplet are functions of the droplet

FIG. 5. The critical EW number ηc for the CB-W transition vs
droplet volume V0, where the black square dot curve and the red
circle dot curve represent micropillar- and pore-patterned surfaces,
respectively.

volume under the constraint of fixed droplet volume. As a
result, the interfacial energies of both the CB state [Eq. (4)]
and the intermediate state [Eq. (5)] depend on the droplet
size. It has been experimentally reported that there exists a
critical droplet size for the CB-to-W wetting transition to
occur during the evaporation process [21–23], indicating that
the favorable wetting state also depends on droplet volume
[59]. Such a phenomenon can be explained by our theoreti-
cal model. Figure 5 exhibits the effect of droplet volume V0

on wetting for a set of fixed surface geometric parameters
(R = 25 μm, H = 50 μm, and S = 100 μm), revealing that
the larger the droplet size, the higher the critical voltage for
the wetting transition to occur.

Finally, in order to comprehensively understand how sur-
face roughness and droplet size affect the critical value ηc

FIG. 6. 3D phase diagrams in terms of the critical EW number
ηc, surface roughness r, and droplet volume V0 for (a) a micropillar-
patterned surface and (b) a pore-patterned surface.
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TABLE I. The comparison between the theoretical predictions and the experimental observations.

V0 (μL) ε d (μm) r φs H (μm) Critical voltage (V)

Experimental Theoretical

2.5 3.2 0.81 2.87 0.23 43.1 35 [60] 41.2
3.71 0.55 43.1 55 [60] 41.9
2.83 0.41 24.2 58 [60] 42.2

1.45 2.5 0.59 23 73.3 [60] 56.6
2.75 0.21 36.5 68.3 [60] 55.5

3 3.15 3.75 1.40 0.12 30 72.4 [31] 88.7
1.42 0.13 30 90.9 [31] 88.9

as a whole, 3D phase diagrams for micropillar and pore-
patterned surface are constructed in terms of EW number,
surface roughness, and droplet volume, as demonstrated in
Fig. 6. It is found from the 3D phase diagrams that a higher
(lower) critical EW number ηc is required to trigger the CB-W
transition for rougher pillar- (pore-)patterned surfaces and for
large droplet as well, regardless of the geometric pattern of the
surfaces. Therefore, it becomes possible that the EW-induced
CB-to-W transition can be effectively inhibited by engineer-
ing a surface with hierarchical roughness or by adopting a
large droplet.

To examine the validity of our theoretical model, it is
necessary to compare our theoretical predictions with exper-
imental results. For example, Bahadur et al. [60] showed via
experiments that the observed transition voltage is 35 V for
a microstructured surface with roughness 2.87, solid fraction
0.23, and pillar height 43.1 μm, while the transition voltage
has to be increased to 58 V to observe the wetting transition
for the microstructured surface with same pillar height but
an increased surface roughness 3.71 and solid fraction 0.55,
a result qualitatively in good agreement with our present
conclusions. In addition, it has been found by experimental
observations made by Manukyan et al. [29] that the critical
voltage causing the cavities filled with water and the lateral
propagation decreases as the gap widths between the pillars
were widened (equivalent to a reduction of surface rough-
ness and solid fraction), a conclusion also in accordance with
our results. Furthermore, Roy et al. [31] also reported that
the more sparsely the cylindrical microposts are distributed,
the higher the EW voltage is required to trigger the CB-W
transition. By employing molecular dynamics simulations,
Zhao et al. [61] investigated the statics and dynamics of EW
on pillar-arrayed surfaces at nanoscale, and the presented
variation of the critical voltage with respect to the surface
roughness and the solid fraction show that the critical voltage
increases with the increase of the surface roughness and the
solid fraction. This is also in line with our predictions. Re-
cently, Rofman et al. [62] experimentally studied the EW of
hierarchical superhydrophobic pillar-patterned surfaces, and
they found that the critical EW potential causing the CB-to-W
transition decreases linearly with pillar spacing, which shows
the same trend as ours in Fig. 4(d). These results all support
the theoretical model proposed in this paper qualitatively.
Furthermore, in order to make comparisons with experiments
quantitatively, we construct the same geometry and config-
uration of pillars and use the same parameters used in the
experimental literature to calculate the critical transition volt-

age. The comparison between our theory and the experiments
is summarized in Table I. As shown in Table I, the compari-
son between our results and the experimental observations in
Ref. [60] exhibits that the variation trend of the theoretical
critical voltage is identical to that of experimental observa-
tions, but the critical transition voltage of theoretical predicted
is lower than that of experimental values. On the other hand,
a comparison between our model results and the experimental
observations in Ref. [31] shows that the theoretical predicted
critical voltage is higher than the experimental value when
r and φs are 1.40 and 0.12. The deviation may be attributed
to the contact line friction and the dissipation that are not
accounted for in our model. Nevertheless, our model agrees
well with the experimental results when r and φs take the
values of 1.42 and 0.13, respectively. Our findings may help
to understand the EW on microtextured surfaces and assist the
future design of engineered surfaces in practical applications.

IV. CONCLUSION

In this paper we developed a model to interpret the CB-W
wetting transition triggered by an external electric field for a
3D droplet deposited on a micropillar- or pore-patterned sur-
face. It is found that the electric field lowers the energy barrier
created by the intermediate composite state, which allows the
droplet initially in the CB state to cross the energy barrier and
complete the EW-induced CB-W transition. The critical value
of the electric field for the transition to occur is influenced by
the geometrical parameters of the substrate, such as roughness
and solid fraction, and the droplet size. The 3D phase dia-
grams in terms of EW number, surface roughness, and droplet
volume are constructed. It is shown that low (high) rough-
ness, low (high) pitch, small (small) solid fraction, and small
(small) droplet size encourage an EW-induced CB-W wetting
transition, a conclusion qualitatively in good agreement with
previous investigations reported in the literature.
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APPENDIX: THE CALCULATION OF THE BASE RADIUS
AND THE PENETRATION HEIGHT OF A DROPLET

PLACED ON A PATTERNED SURFACE

For all the wetting states in the main text, the base radius of
the droplet is determined via minimization of the total energy

033277-6



ELECTRIC FIELD-TRIGGERED CASSIE-BAXTER-WENZEL … PHYSICAL REVIEW RESEARCH 3, 033277 (2021)

FIG. 7. (a) Illustration of the side view of a droplet in the in-
termediate composite state with a sagging height and the contact
angle between the liquid-vapor interface and the micropillar side
walls; (b) the equivalent circle of the projection of the 3D liquid-air
interface in a unit cell.

under the constraint of fixed volume, which, in CB state, can
be written as

VCB = π

3
R3

CBμ(θCB) = V0, (A1)

where μ(θ ) = (2 + cos θ )(1 − cos θ )2/ sin3 θ is a dimension-
less function, and RCB and θCB are the base radius and the
apparent contact angle of the droplet, respectively. Such an
equation can also be rewritten as

RCB =
[

3V0

πμ(θCB)

]1/3

. (A2)

When a droplet on a microstructured surface reaches the in-
termediate state, its volume can be divided into two parts,
i.e., the one on the top of the patterned surface and the other
penetrating into the interspacing of the pillars. The volume of
the spherical cap above the patterned surface is given by

V inter
top = π

3
R3

interμ(θinter ). (A3)

In order to calculate the volume of the droplet that penetrates
into the interspacing of the pillars, it is necessary to deter-
mine the profile of the liquid-air interface. When a droplet
is in the intermediate composite state, the liquid-air interface
invading a unit cell of micropillar-patterned surface is a curved
surface, also referring to sagging liquid. In the absence of
external electric field, it has been reported that the contact
angle between the curved liquid-air interface and the vertical
side wall of the pillars [see Fig. 7(a)] is equal to the intrinsic
contact angle θY, when the side walls of pillars are vertical
[63]. Even though the side wall of the pillars are curved, at the
equilibrium state, the above conclusion still holds [64]. In the
presence of an external electric field, the height of the curved
liquid-air interface, which is hung over the micropillar side
walls, varies with the change of the applied voltage. It has

also been experimentally reported that the application of an
external field does not change the contact angle considerably
[29]. Furthermore, due to the fact that the droplet volume
filling the space around the pillars is much smaller than that
of the spherical cap above the patterned surface, the variation
of the liquid-air interface area underneath the top spherical
droplet cap can be neglected in comparison with the liquid-air
interface area on the top of the patterned surface. For sim-
plicity, we assume that the contact angle between the curved
liquid-air interface and the vertical side wall of the pillars is
equal to the Young’s contact angle θY and remains unchanged,
as treated in Ref. [31].

It is also reasonable to treat the shape of the liquid-air
interface in a unit cell between the pillars as a spherical cap
because of the fact that the droplet volume filling the space
around the pillars is much smaller than that of the spherical
cap above the patterned surface, as shown in Fig. 7(a). Here
it is worth noting that the projection of the 3D liquid-air
interface in a unit cell is not a circular one. For simplicity,
an equivalent base radius Req

cap is defined for the projection of
the liquid-air interface in a unit cell such that the base area of
the actual interface is equal to a circular area of radius Req

cap

[see Fig. 7(b)], which can be calculated as [31],

π
(
Req

cap

)2 = S2(1 − φs) ⇒ Req
cap = S

(
1 − φs

π

)1/2

. (A4)

Thus, the height of the corresponding spherical cap is calcu-
lated as

heq
cap = Req

cap
1 − cos(θY − π/2)

sin(θY − π/2)
. (A5)

The penetration height h in the main text can be obtained as
h = H − heq

cap. Then the droplet volume underneath the top
spherical cap corresponding to the volume penetrated into the
interspacing of the pillars is given by

V inter
bottom = π

3
R2

inter (1 − φs)

[
3h + Req

capμ

(
θY − π

2

)]
. (A6)

Given this, the base radius Rmid of a droplet in the intermediate
state can be found by solving the following equation,

V0 = π

3
R3

interμ(θinter )

+ π

3
R2

inter (1 − φs)

[
3h + Req

capμ

(
θY − π

2

)]
. (A7)

Similarly, when a droplet on a pore-patterned surface gets into
intermediate state, the calculation of its base radius can be
done in the same manner as above so long as we replace the
effective capillary radius of the spherical cap of the bottom
part by the radius of the pore R.
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