
PHYSICAL REVIEW E 104, 034701 (2021)

Dynamics of water condensation on a switchable surface originated from molecular orientations
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In heat transfer systems, how water condenses on the surface is critical to the energy efficiency of the
system. With fixed surface wettability, hydrophilic surfaces enhance the nucleation rate but result in filmwise
condensation due to pinning effect, which impedes the heat transfer between water vapor and surface during
droplet growth. A hydrophilic surface with high drop mobility is realized with static tailored wettability surfaces,
while tunable surfaces have potential in more comprehensive manipulation in condensation with different
scale in time and scale. However, the mechanism has rarely been investigated and elucidated. In this paper,
we investigate water condensation on a tunable surface originated from surface tension distribution control.
The surface tension distribution under applied electric field is modeled and tested. We demonstrate that the
surface tension manipulated by liquid crystal orientation alters the nucleation site density. Also, the periodic
surface tension distribution aligns condensed water drops and decelerates the radius growth of droplets. The
mechanism of active water condensation manipulation can be further applied to other tunable surfaces for various
applications such as atmospheric water generator, heat transfer systems, and desalination systems.

DOI: 10.1103/PhysRevE.104.034701

I. INTRODUCTION

Water scarcity is the lack of a sufficient available fresh
water resource to meet water demand due to climate change,
population growth, and industrial development. It has been
a worldwide issue requiring an urgent solution [1]. Water
scarcity is mitigated by water harvesting, which is the process
of withdrawing fresh water from natural water circulation.
Among various water harvesting methods, atmospheric wa-
ter harvesting (AWH) causes less environmental impact and
consumes less energy [2]. AWH employs water condensation
on surfaces, which is a process of water transformation from
vapor into liquid adhered to a solid surface. During conden-
sation, water molecules undergo a series of thermodynamic
and capillary processes including nucleation, intrinsic growth,
coalescence, and transportation [3–5]. Water condensation is
also the key process in heat transfer systems such as a heat
exchanger and desalination [6–8]. Considering the energy ef-
ficiency of these systems, the most critical challenge is the
conundrum between applying hydrophilic and hydrophobic
surfaces for water condensation. In general, hydrophilic sur-
faces are more adhesive to water molecules and nucleate more
water clusters [3,4]. However, water on hydrophilic surfaces is
usually pinned with low mobility of contact lines. The pinned
contact lines eventually result in filmwise condensation in
which the surface is covered with water film. Since water
has low thermal conductivity, the heat transfer from vapor
water to the surface is insulated and the energy efficiency of
the system is decreased. To avoid such a situation, the water
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drop needs to be removed or transported, which is favored
by dropwise condensation on hydrophobic surfaces [9–13].
Dropwise condensation exhibits six to ten times higher heat
transfer rate than filmwise condensation [14,15]. Neverthe-
less, since hydrophobic surfaces possess high critical free
energy which is required to be overcome during heteroge-
neous nucleation [3,4], the nucleation rate is limited. The
conflict between hydrophilic surfaces for enhancing the nu-
cleation rate with a hydrophobic property for improving the
heat transfer rate has driven vast research attention in the
past decade. Cha et al. investigated the condensation type of
several surfaces and showed that achieving dropwise conden-
sation on hydrophilic surfaces is still challenging [16].

Learning from nature, several surfaces are developed
to overcome the conflict in condensation. Hybrid surfaces
mimic the Namib desert beetles with hydrophilic regions
distributed on hydrophobic surface. The water is captured
by the hydrophilic area and transported by the hydrophobic
area [17,18]. The anisotropic microstructured surface imi-
tates the skin of a lizard or a rice leaf. The microchannels
induce a capillary effect that directionally transports con-
densed water [19–21]. A hydrophilic rough surface usually
pins the water with a Wenzel contact state, in which the water
fills the microscaled cavities. Inspired by nepenthes pitcher
plants, slippery lubricant-infused porous surfaces (SLIPSs)
enhance the mobility of water in the hydrophilic Wenzel
state [22–24]. Also, conical shape and asymmetric rough-
ness on cactus spines and spider silks provide a gradient in
surface tension [25,26]. The imbalanced surface tension in-
duces unidirectional drop transportation. Park and co-workers
suggested solving the paradox in water condensation by in-
tegrating the features of hybrid surface, conical shape, and
SLIPS [27]. Concluded from the above-mentioned literature,
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an ideal surface for water condensation should be hydrophilic,
slippery, and be able to actively drive directional drop trans-
portation [28,29]. A heterogeneous hydrophilic surface with
low contact angle hysteresis and actively tunable wettability
has high potential in fulfilling the requirements. An actively
tunable wettability surface is typically achieved with a chem-
ical coating that is sensitive to heat, light, ions, or pH [30].
Tunable surfaces with heat, ions, and pH are not suitable for
water condensation since the stimuli affect or originate from
the liquid phase. Light driven tunable surfaces have long reac-
tion time, low capillary force, and pinning effects that hinder
the development in water condensation [31]. Recently, elec-
trowetting on dielectric shows the ability to actively control
the condensation process [32,33], though the effect is driven
by electrostatic energy distribution generated by electrodes
and affects the drops only when they grow into size of elec-
trodes. Since water condensation involves water drops from
molecular to millimeter scale, tunable wettability induced by
molecular properties provides comprehensive control to the
whole process.

Water condensation starts with nucleation. Water
molecules in air impact the surface, mass transfer, and
group up into clusters. According to classical nucleation
theory, nucleation is the result of energy transferring between
water and solid surface including Gibbs free energy and
surface tension [3,4]. The nucleation rate, defined as the
number of new nuclei formed on a unit area of surface
per second, is affected by hydrophobicity and nucleation
site density of the surface [14,34]. After nucleation, stable
clusters grow via direct condensation and coalescence as
condensation proceeds from atomistic scale to microscale. At
first, drops grow by direct accommodation of water molecules
in air [35]. The volume increases linearly with time, and the
count remains constant. As drops grow larger and touch other
drops at their perimeter, they coalesce and create an elongated
composite drop. If the surface tension overcomes the pinning
of contact line, the contact line recedes and the composite
drop becomes circular in shape [13]. Otherwise, the drops
remain in irregular shape and become filmwise eventually. A
surface with low contact angle hysteresis (CAH) has lower
resistance to the dynamics of a contact line, which promotes
dropwise condensation [16]. Although coalescence raises the
drop radius without increasing the total drop volume, it helps
water harvesting via decreasing the area occupied by the
initial drops and leaving spaces for further expansion of the
drops. It is clear that controlling the timing, rate, and period
of coalescence is essential to improve dropwise condensation
efficiency.

The above-mentioned challenges have driven us to in-
vestigate the condensation process on an active wettability
tunable surface. In this research, dropwise condensation is
observed on a rough, chemically heterogeneous, and hy-
drophilic surface made of hydrophobicity switchable interface
with nematic liquid crystal (LC) film (Hsin film). The tun-
ability of wetting properties is provided by the orientation
of liquid crystal with different free energy of the functional
group [36,37]. We investigated the process of water con-
densation on an electrically tunable wettability surface. The
nucleation rate is enhanced with more nucleation sites on
Hsin film compared to a smooth glass surface. With the

interdigitated electrode design, one dimensional periodic sur-
face tension is distributed on the surface of Hsin film when
voltage is applied. The surface tension distribution generated
by LC orientation regulated the position of condensed drops,
leading to suppression of coalescence during drop growth.
After the drops grow larger than electrode gaps, the alignment
of drops vanished, and the coalescence recovered. It is shown
that actively controlled water condensation is achieved by
wettability tunable surface using liquid crystals.

II. METHODOLOGY

The structure of the sample comprises a glass substrate
and a Hsin film as illustrated in Fig. 1(a). The bottom sub-
strate was coated with indium tin oxide (ITO), which was
etched into two interdigitated chevron electrode patterns. The
width and gap of electrodes were 4 and 14 μm respec-
tively. The corner angle of the electrodes was 150°. The
two chevron electrodes were connected with two electrode
pads respectively for further wiring to input voltage. Be-
fore fabricating the sample, the room temperature and the
relative humidity were lowered to 18 °C and 45%. To fab-
ricate Hsin film on the ITO substrate, another top substrate
was coated with polyimide (Innolux, PI-7492) and mechani-
cally buffed along the y direction. It was then assembled on
the top of the bottom substrate to build up an empty cell.
The Hsin-film mixture was mixed with nematic LC (Merck,
E7), liquid crystalline monomer 4-(3-Acryloyloxypropyloxy)-
benzoesure 2-methyl-1, 4-phenylester (Merck, RM247) and
photoinitiator 1-Hydroxycyclohexyl phenyl ketone (Ciba, Ir-
gacure 184) at a ratio of 69:30:1 wt %. The empty cell was
filled with the mixture under a temperature of 90 °C. After the
filling, the temperature was gradually decreased to Tcuring =
70 ◦C. The cell was then exposed to UV light with intensity
of 3 mW/cm2 for 1 h. Due to the photoinitiator, the double
bonds at the end of liquid crystalline monomers were broken
by UV light and formed cross links between the monomers.
The reaction resulted in polymerization and phase separation
of the mixture. With a thermal-releasing process, the top sub-
strate was removed, and a solidified Hsin film was left on the
substrate with ITO electrodes. To tune the wettability of Hsin
film, the electrodes are connected to power supply with 1-kHz
squared wave AC voltage [36,37].

The surface morphology is obtained by scanning electron
microscope (SEM) (JEOL, JSM-7401F) and atomic force
microscope (AFM) (FSM-Precision, Nanoview1000) (See
Appendix A for detailed measurement procedures). To char-
acterize wettability of electrically tunable Hsin-film surface,
the contact angles, advancing angles, and receding angles
were measured with a contact angle goniometer system (First
Ten Angstrom, FTA1000). During contact angle measure-
ments, a 3-μL deionized water sessile drop (3.2 mm in
diameter) was placed on Hsin film. A charge-coupled device
(CCD) camera (JAI CV-M30) with telecentric lens was used
to capture images of the drop from the side view to obtain the
contact angle. In advancing and receding angle measurements,
deionized water was added or extracted from a drop on top of
Hsin film by a glass syringe. The contact line of the drop then
advanced or receded. The whole process was also recorded
by CCD camera. The images and videos were also analyzed
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FIG. 1. (a) The structure of a Hsin-film sample on a glass coated with a pair of ITO electrodes. (b) Experimental setup for observing water
condensation process on Hsin film with applied voltage. (c) Liquid crystal orientation in polymer under applied voltage lower and higher than
threshold voltage. (d) Electric field Ez component dominates in the area above the electrodes. (e) Electric field Ey component dominates in the
area between the electrodes. (f) Average value of LC director polar angle with respect to nondimensional applied voltage.

through software (First Ten Angstroms, FTA 32) to obtain
dynamic contact angles and other information related to the
drop shape under different applied voltages.

We observed the water condensation process through a
microscope viewing from the top of the sample [Fig. 1(b)].
The experimental setup involved a temperature tunable cold
stage (Advanced Thermoelectric, TCP 50), a microscope with
a 10× objective lens (Olympus, U-TR30-2), a camera (Canon,
EOS 760D) attached to the microscope, and a power sup-
ply with amplifier for tuning of the Hsin-film surface. The
temperature and relative humidity of the room was kept at
26 ± 1 °C and 52.5 ± 2.5%, resulting in a dew point of
16 °C. The cold plate was maintained at a surface temper-
ature of 10 ± 0.4 °C throughout the experiment (monitored
by a thermocouple and thermometer). At first, the wettabil-
ity of Hsin film was switched by applying voltage. Second,
we started the camera to capture images sequentially. Then
the test sample was placed on top of the cold stage. The
condensation process was observed for 180 s. The same
process was repeated for all the surface conditions with dif-
ferent applied voltages. The experiments were performed in
an air-conditioned room. The environmental condition near
the sample was monitored (see Appendix B for detailed en-
vironmental conditions). Also, the experiment was repeated
three times with carefully controlled room temperature and
humidity.

III. RESULT

A. Surface properties

The surface of Hsin film is built with porous polymer
grains filled with liquid crystal molecules. The LC domains

in the SEM image are analyzed with IMAGEJ software by
setting proper gray scale threshold and applying particle anal-
ysis function. The characteristic domain size was 255 nm on
average; the domains occupied 31% of the total surface area.
Obtained from AFM scanning, the RMS roughness of the
Hsin-film surface was 7.8 nm (please see Appendix A for the
surface morphology characterization). With the characteristic
surface profile of Hsin film, the effective surface tension at the
Hsin-film interface with air is given by [38,39]

γeff = f (γ‖ + γacos2〈θ (U )〉) + (1 − f )γpol, (1)

where 〈θ (U )〉 = ∫ D
0 θ (U, x)dx is the LC director angle aver-

aged over the characteristic size of the area occupied by LC
molecules in Hsin film. γpol = 30.9 mJ/m2, γ// = 40 mJ/m2,
and γ⊥ = 91.6 mJ/m2 are the surface tension of polymer, pla-
nar LC, and homeotropic LC. γa = γ⊥ − γ// = 51.6 mJ/m2.
f = 0.31 is the surface fraction of LC obtained by SEM
images. To get some insight on the electric field effect on
the effective surface tension we adopt the following model:
The photopolymerization process results in the LC confined
to small domains bounded by polymer walls, the characteristic
size of domains is D = 255 nm. Under an externally applied
electric field, the LC director is reoriented inside each domain.
The LC orientation within domain is initially given by the
domain polymer wall’s averaged orientation; we denote this
orientation by the angle θ0 (in some sense it is the easy axis
direction for the LC director inside domain). The angle θ0

is different in different LC filled domains which depends on
the photopolymerization process. The distribution function
for the angle θ0 in different domains is given by p(θ0). The
electrostatic interaction of the LC director �n with the electric
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field Ẽ is described by the energy density

FE = − 1
2ε0εa(�n · �E )2, (2)

where εa is the LC dielectric anisotropy at the frequency of the
applied electric field and �n is the LC director averaged over the
domain volume. The polymer wall–LC interface provides the
LC director anchoring. We assume that an individual domain
wall provides easy axis �L0 for LC orientation within a given
domain. There is an elastic energy associated with rotation
about this axis, Fel . We suppose that the LC interaction with
the polymer domain walls has a simple phenomenological
form

Fel = −W S(�n · �L0)2, (3)

where the parameter W > 0 characterizes the magnitude of
the interaction, and S is the surface area of the domain. We
further assume that the LC interaction with the polymer matrix
is proportional to S because it occurs at the domain boundary.
Therefore, it is likely to scale with the domain surface area.

We neglect the LC director reorientation effect on the elec-
tric field spatial profile and find the electric field produced
by chevronlike electrodes by assuming the effective dielectric
constant of Hsin film to be 6.46. Then the total energy to
be minimized to find the LC director orientation under the
applied electric field reads

F = Fel + FS = − 1
2ε0εaV (�n · �E )2 − W S(�n · �L0)2. (4)

The averaged total energy over the azimuthal angle in the
Hsin-film area where the Ez component is the highest com-
pared to other electric field components can be written as

F = −
∫ π/2

0
p0(θ0)

(
1

2
V ε0εaE2

z cos2θ− W Ssin2(θ− θ0)

)
dθ0

= −W S
∫ π/2

0
p0(θ0)

(
1

2
Ũ 2cos2θ − sin2(θ − θ0)

)
dθ0.

(5)

V is the domain volume and Ũ 2 = V ε0εaE2
z

W S is the dimen-
sionless parameter characterizing the applied voltage in the
Hsin-film area where the Ez component dominates in the total
electric field. In the Hsin-film area where the Ey component
dominates the dimensionless parameter should be replaced by

Ũ 2 = V ε0εaE2
y

W S . The square of electric field E2
z and E2

y spatial
profile are simulated with modeling software COMSOL and the
results are shown in Figs. 1(d) and 1(e). It is seen that the elec-
tric field y component dominates in the areas in between the
electrodes and reorients the LC inside pores in polymer matrix
parallel to the film surface (planar LC alignment). In the area
above the electrodes the electric field z component dominates
forcing the LC director to reorient into the homeotropic state.

We schematically show how the electric field influences
the surface tension distribution via liquid crystal orientation
in Fig. 1(c). When no voltage is applied, the liquid crystal
molecules at the surface of LCPCF are aligned approximately
in the y direction. The biphenyl group of LC molecules is ex-
posed to air that results in homogeneous low surface tension.
When voltage higher than threshold is applied, the electric
field drives the LC molecule to tilt as shown in the bottom
graph in Fig. 1(c). More of the polar cyano group is revealed

to air, which makes the surface more hydrophilic with higher
surface tension.

The minimization of the energy [Eq. (5)] results in the
following equation for the LC director:

θ (θ0, Ũ )

= tan−1

(
sin(2θ0)

Ũ 2 + cos 2θ0 + (Ũ 4 + 2Ũ 2 cos 2θ0 + 1)
1/2

)
.

(6)

In Fig. 1(f), we theoretically show the averaged value
of the LC director angle θav (Ũ ) = 〈θ (θ0, Ũ )〉θ0 versus nondi-
mensional electric potential. The averaging is done over 100
uniformly distributed random values of the initial angle θ0.
From Fig. 1(f) it is seen that the director reorientation has
thresholdlike behavior with the nondimensional threshold
voltage Ũth ≈ 0.5. From the measurement results of contact
angle, advancing, and receding angle (Fig. S3 in the Supple-
mental Material [40]), we observed that the threshold voltage
required to change the orientation of LC, in fact, to change the
contact angle, is Vth ∼ 60 Vrms.

Now we are ready to calculate the effective surface tension
[Eq. (1)] subject to knowing the distribution function p(θ0).
We shall assume that the angle θ0 takes values between 0
and π /2, and the distribution function p(θ0) within domains
occupied by LC takes the form p(θ0) = 0.5 + 0.5P, where
P is the uniformly distributed random number within [0,1].
Figures 2(a) and 2(b) show the effective surface tension at
0 and 200 Vrms of a 1-kHz AC electric field in the case of
weak anchoring with anchoring energy W = 10–5 J/m2. The
surface tension in the Hsin film area above the electrodes rises
to 50 mJ/m2 when 200Vrms is applied.

The contact angle was tuned from 88° to 74° when 200 Vrms

was applied. Contact angle hysteresis (CAH) is defined as the
difference between advancing and receding angle. Hsin film
demonstrated CAH of 5° when V < Vth, and the CAH rose
to 8.5° as voltage increased to 140 Vrms. After that, the CAH
dropped to 5° when the voltage was 200Vrms. The CAH of
water drop on Hsin film was lower than 10° throughout the op-
erating voltages, indicating the surface is slippery and assists
in the ease of droplet movement. From the contact angle and
CAH, the work of adhesion and surface tension of Hsin-film
surface can be determined as a function of voltage [41]. The
resulting work of adhesion and surface tension is shown as
blue circles and red squares in Fig. 2(c). The work of adhesion
varies from 75 to 93 mJ/m2. The surface tension varies from
36 to 45 mJ/m2 with applied voltage. From Fig. 2(c), we
observed that the threshold for surface tension and adhesion
is similar to that of CA, which is around 60Vrms.

From the SEM images, AFM images and wettability
measurements, we obtained that Hsin-film surface is highly
heterogeneous and slightly rough. The contact angle is lower
than 90°, indicating that the surface is hydrophilic and the
water drop is in the Wenzel state among the applied voltage
range. Despite being in the sticky Wenzel state, the low CAH
shows high drop mobility. We expected dropwise condensa-
tion on the hydrophilic surface of Hsin film, which is rarely
achieved on untreated surfaces. Furthermore, the condensed
drops are in nano- to micrometer scale. Thus, the wettability
distribution caused by the microscale electrode pattern as well
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FIG. 2. Simulation result of effective surface tension under (a) 0Vrms and (b) 200Vrms. (c) Surface tension (red dots) and work of adhesion
(blue dots) of Hsin film as a function of voltage.

as nanoscale LC domains must be considered. Due to the
periodic electrode design, the surface tension distribution of
LC molecules on the surface is also periodic. According to
the simulation result [Figs. 1(d) and 1(e)], the surface tension
right above the electrode is tuned from 36.6 to 47 mJ/m2

with a LC molecule tilt angle of ∼60.5◦ when applied with
200Vrms. It is estimated to be up to 85 mJ/m2 if the average
tilt angle of LC molecules is 90° [37]. As a result, the average
surface tension over the periodic distribution is tuned from
36.6 to 43 mJ/m2.

B. Water condensation

The microscopic top view of condensed water droplets
on the chemically heterogeneous Hsin-film surface is shown
in Fig. 3 with region of interest in size of 0.59 × 0.36 =
0.2124 mm2 (please see videos in [40]). The applied volt-
ages shown in the figures are 0Vrms (lower than threshold),

80Vrms (activated), and 140Vrms (higher voltage). Comparing
Hsin-film surface with glass surface [Figs. 3(a) and 3(b)], it is
seen that the shape of drops on Hsin film was spherical cap
(dropwise condensation) even though Hsin film is hydrophilic
with a contact angle lower than 90°. In contrast, the shape
of the drops on glass substrate was deformed into irregular
shape when they grew larger with coalescence. This was due
to the higher CAH (∼30◦) and more hydrophilicity (contact
angle = 45◦) of glass that prevented the contact line from
retraction after drop coalescence. Furthermore, the drop count
on the Hsin-film surface was more than that on glass substrate
in a 5-s time frame. This is due to the heterogeneity and
roughness of Hsin film consisting of liquid crystal domains
and polymer grains which served as nucleation sites. When
the applied voltage is higher than threshold voltage (80Vrms

for example), we observed the condensed drop aligning
between electrodes [Figs. 3(c) and 3(d)]. The alignment
effect further increased with higher applied voltage. We also

FIG. 3. Images of water drops condensed on (a) glass and Hsin film with applied voltage of (b) 0Vrms (c) 80Vrms, and (d) 140Vrms at the
time 5, 17, 30, and 84 s after the substrates contact with the cold plate. The electrodes geometry under Hsin film is indicated by the red lines.
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FIG. 4. (a) Histograms of the condensed water drops amount with respect to drop size on Hsin film with applied voltage of 200 Vrms. The
period of 0–40 s is gradually colored in blue, and the period of 40–85 s is gradually colored in green in the subplot. Logarithmic plot of (b)
water drop density and (c) average drop radius with respect to time on Hsin film with different applied voltage and glass.

discovered that the drops at the early stage (<5 s) is randomly
distributed regardless of applied voltage. Thus, the alignment
of the drop was the result of coalescence on periodic surface
tension distribution (∼5–40 s). In the later stage of conden-
sation (>40 s), the droplet grew large enough to cover the
electrode region and the coalescence is mostly by crossing the
electrodes. The newly formed droplet grows wider between
the electrodes becoming less elliptical and the alignment of
the drop is less obvious. Also, in the freely exposed region,
the new cycle of nucleation starts and follows a similar growth
process. The images were cropped, binarized, and analyzed
by software IMAGEJ (see Appendix C for detailed image pro-
cessing and analysis). The drop count with respect to the drop
area was converted into drop size distribution to show the
evolution of water drops on the surfaces. Figure 4(a) shows
the evolution of condensed water drop size distribution on
Hsin film applied with 200 Vrms (see Appendix D for detailed
drop size distribution). Typically, the drop size distribution
during water condensation follows the self-similar evolution
and shows bimodal distribution [42,43]. However, the bimodal
distribution was not significant in our experiment result. We
postulated that the surface of Hsin film has very low contact
angle hysteresis no matter whether voltage is applied. As a
result, the period for the small drops to grow by direct phase
change (intrinsic growth) is short (less than 2 s). The linear
varying distribution transformed into bell-shaped distribution
rapidly and it causes the two peaks (from drops formed earlier
and later) in the bimodal distribution to become so close that
it shows only one wide bell-shaped distribution as they grow
mainly by coalescence. Though the bimodal distribution is not
significant, we still can observe new cycles of condensation
in the images. As the old drops grow bigger, smaller drops
condense and coalesce. When voltage is applied, the coales-
cence is inhibited and causes the two bell-shaped distributions
to separate more.

IV. DISCUSSION

A. Drop alignment

When Hsin film is subject to the applied voltage with the
magnitude higher than threshold, the water drops are aligned
in the area between the electrodes. However, the simulation
result shows that the area between electrodes has lower sur-

face tension compared to the area on the electrodes. There
are studies on LC orientation at water-5CB interface and they
show that the LC (5CB) is aligned parallel to the interface with
water [37,44]. This means that the areas of Hsin film where
the water condensation starts and where the water droplets
are in the later stage should have planar LC alignment. The
modeling of effective surface tension is done for the air-LC
interface. For air-LC interface, the surface tension is higher
for homeotropic orientation. At the water-LC interface the
surface tension is higher for planar orientation. We know this
because the LC is planarly oriented at the interface with water.
Therefore, despite that we don’t know the absolute values of
surface tension for the water-LC interface when LC is in a
homeotropic and planar state, we can say that the effective
surface tension anisotropy of Hsin film at the interface with
water will be opposite the one shown in the modeling for
the Hsin-film interface with air. Namely, the effective surface
tension for air and Hsin film is raised on top of the electrodes,
but the effective surface tension for water and Hsin film is low-
ered when voltage is applied. According to Young’s equation
and the contact angle we obtained, the surface tension for the
water–Hsin-film interface is lowered from 33.5 to 25 mJ/m2

with 200Vrms of applied voltage.
Besides, the directional transportation of droplets not only

depends on the surface tension gradient but also depends on
the contact angle hysteresis caused by heterogeneity [45].With
a micrometer-sized droplet on Hsin film, the heterogeneity
generated by the polymer-LC composite surface should be
considered. According to the simulation result in Fig. 2(b),
it seems that the surface tension is higher on top of the
electrodes. However, the heterogeneity of surface tension at
the area between electrodes is higher (ranging 34–42 mJ/m2)
while it is more homogeneous on top of the electrodes
(∼50 mJ/m2). The heterogeneity enhances the wettability
and hysteresis that attracts the microsized droplets to align
between the electrodes. Unfortunately, we are not able to
quantitively measure the wettability on such a tiny area. In
Fig. 2(c), the surface tension is measured with a millimeter-
sized drop, which “feels” the surface tension averaged over
the pores and the electrodes. In conclusion, the wettability of
a water drop on Hsin film should consider the size of the drop
with respect to the configuration of electrodes as well as the
LC-pore composition.
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B. Drop density and radius evolution during growth

A typical drop density evolution of dropwise condensation
decreases according to a power law [28]. On glass substrate,
the decaying curve is fluctuated since the condensation is not
fully dropwise as shown in Fig. 3(a). The decay saturated
when t ∼ 70 s. On Hsin film with applied voltage lower than
threshold, the decay curve is smooth and saturated when t ∼
84 sec (the time frame shown in fourth column of Fig. 3). As
the applied voltage exceeded the threshold value, a flat terrace
formed in the period of 17–30 s (the time frames shown in
second and third columns of Fig. 3). Higher applied voltage
results in a flatter terrace and occurs earlier. After the flat-
tened terrace (30–180 s), the drop density decayed again with
power law (see Appendix E for more discussion on nucleation
density).

The growth of drops is an interplay between intrinsic
growth and coalescence. According to the Rogers model, the
drop density decays exponentially with coalescence [46,47]:

N (t ) ∼ tμd N0, (7)

where N0 is the initial drop density and the exponent μd char-
acterizes how frequently the drops coalesce. During intrinsic
growth, the drops grow individually and lead to static drop
count (μdi = 0). With coalescence assisting the growth, the
number of drops decreases with the exponent μdc = −3/2.
Figure 4(b) shows the drop count density decay in a logarith-
mic plot. The slopes of the curve indicate the exponents μd

of each condition in different growth stages. As the applied
voltage exceeded the threshold value, the curves exhibited
flattening with transition time at ∼17 s. When the applied
voltage is in the range 80−200Vrms, an extra flat segment from
17 to 30 s emerges. After 30 s, the curves recover the slope as
a sample without applied voltage. Moreover, the average drop
radius rises during intrinsic growth and coalescence. Accord-
ing to previous research, the average drop radius growth is
described as [5,47–49]

r ∼ tμa r0, (8)

where μa is the exponent of average drop radius growth which
depends on the mechanism of growth. For initial growth, the
drops accumulate a new water molecule with static flux of
monomers by mass transfer. Hence, the volume of the drops
increases linearly with time. The geometrical relation between
drop radius r and volume � is

r =
[

3sin3θ

π (1 − cos θ )2(2 + cos θ )
�

]1/3

, (9)

where θ is the contact angle. As a result, the radius grows with
an exponent of μai = 1/3 [5,48]. In coalescence, the radius
growth exponent depends on the difference in dimensionality
between the drop Dd and surface Ds, which is described as

μac = μai
Dd

Dd − Ds
. (10)

Considering that water drops coalesce on a typical two-
dimensional surface, Dd is 3 and Ds is 2. As a result,
the average radius is linearly proportional to time (μac =
1) [5,48]. Figure 4(c) shows the logarithmic plot of drop
radius growth on Hsin film and glass. The curve of Hsin film

without applied voltage is nearly a straight line, while it broke
into a two-step response with the slope of the first step gentler
than the second one when applied with a voltage higher than
threshold. The curve for glass surface starts with a steeper
slope followed by a slope with less inclination. The fluctuation
in the later stage is cause by new nuclei which are smaller in
size [Fig. 3(a)].

C. Drop density decay rate and radius growth rate

During the condensation, two growth processes occur con-
currently. We adopt the exponents of drop count decay and
radius growth to indicate how water drops grow. We lin-
early fit the logarithmic plot [Fig. 4(b)] with the function
log10(N ) = μd log10(t ) + Cd . The fitting is divided into two
or three parts due to the two-step or three-step response. The
slopes indicate the exponent μd in Eq. (7), and the values are
plotted in Fig. 5(a) with respect to applied voltage. μd1, μd2,
and μd

′ are exponents of the first, second, and extra segment
respectively while the dashed lines are the result of glass
substrate. On Hsin-film surfaces, the effect of liquid crystal
orientation is revealed in the exponent of the first step μd1.
It is −1.2 with voltages less than the threshold voltage. As
the voltage exceed the threshold voltage, μd1 rises to −0.5.
This means that as the tilt angle of LC increases with applied
voltages, the occurrence of coalescence is reduced, and intrin-
sic growth starts to dominate. The extra μd

′ ∼ −0.3 shows
even higher suppressing of coalescence during 20–40 s. With
the highest applied voltage (160–200 Vrms), μd1 reaches −0.3
in the whole 0–30-s period. μd2 is in the later stage when
the drops are larger than electrode gaps and not aligned. The
growth is mostly assisted by coalescence. The value is −1.4
for all voltage applied, which is similar to what was reported
earlier [46].

The change in mean radius with respect to time is plotted
in a log plot [Fig. 4(c)] and fits with linear function log10(r) =
μa log10(t ) + Ca [5,14]. r is the average radius of each frame,
t is time, and Ca is the fitting constant. The fitting parameter
μa is the slope of the fitting function; it also represents the
exponent of radius growth in Eq. (8). We observed two powers
(μa1 and μa2) that correspond to the growth rate in early and
later stages. As shown in Fig. 5(b), when the voltage is lower
than threshold, the exponent starts with μa1 ∼ 0.6 and is fol-
lowed by μa2 ∼ 0.8. When applied voltage is increased, μa1

drops down to ∼0.4 and is also followed by μa2 ∼ 0.8. The
phenomenon indicates that coalescence is inhibited during the
early stage of growth due to the periodic alignment of water
drops. μa2 is the state when drops grow larger and the high
thermal resistance offered by the large droplet reduces the
adsorption of water molecules [46]. Also, the alignment is
diminished since the drop is large compared to the electrode
pattern. The drops can move in all directions as on normal sur-
faces. In this state, drop growth is mostly due to coalescence.

On glass substrate, drops are highly pinned so that coales-
cence is suppressed. Therefore, μd1 of glass are higher than
−1 [red dashed line in Fig. 5(a)]. In the later stage, there are
new drops formed in free exposed spaces that compensate for
the decay [blue dashed line in Fig. 5(a)]. On the other hand,
the value of μa1 for glass is similar to Hsin film without the
effect of LC [red dashed line in Fig. 5(b)]. However, the value
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FIG. 5. The exponents of (a) drop density decay and (b) average drop radius growth at different stages as function of applied voltage. (c)
Degree of coalescence of the first stage in drop count decay and drop radius growth. (d) Saturated surface coverage as function of applied
voltage. Dashed lines are result from glass substrate.

of μa2 = 0.35 for glass surface is much lower than for Hsin
film [blue dashed line in Fig. 5(b)]. During this state, the
presence of new nucleation causes fluctuation in mean droplet
radius [Fig. 3(a)]. The coalescence mostly comes from large
drops (first cycle) absorbing tiny ones (second or third cycle),
causing a low growth rate in the size of the large drops.

The effect of LC orientation on Hsin-film surfaces is
mainly pronounced in the early step (μd1 and μa1). To inter-
pret how much the growth process depends on coalescence,
we propose a conceptual factor m describing the degree of
coalescence (DOC). We assumed that all the coalescence has
only two drops involved. Factor m represents the possibility of
the drops on the surface coalesce with another drop during a
certain time interval. For example, m = 1 indicates that all the
drops coalesce. In contrary, m = 0 represents full domination
of initial growth and no coalescence happens. For drop count
density decay, the exponent is modeled as

μd = (1 − 2m)μdi + mμdc. (11)

The factor (1−2m) is due to that two drops are involved
in a single coalescence process. Since μdi = 0 and μdc =
−1.5 [46], the exponent μd = −1.5 × m. The same factors
should also apply to the exponent of radius growth with the
linear relation of

μa = (1 − 2m)μai + mμac, (12)

where μai = 1/3, μac = 1, and the exponent μa = (m + 1)/3.
The resultant DOCs analyzed with the first stage of drop count
decay and drop growth are similar [Fig. 5(c)], indicating that

the model is applicable. When the applied voltage is higher
than threshold (60–140 Vrms), the surface tension distribution
restricts the drop mobility in between two electrodes, which
leads to moderate suppression of coalescence (m ∼ 0.3). With
higher applied voltage (140–200 Vrms), the strong pinning by
LC molecules almost eliminates coalescence (m ∼ 0.1), and
the growth is primary contributed by initial growth. Since
the fact that three or more drops could participate in one
coalescence and multiple coalescence of the same drop might
occur during the period, the conceptual model can be further
modified with more variables.

D. Surface coverage

Surface coverage is the area portion covered by wa-
ter drops, which plays an important role in heat transfer
rate. When the drops nucleate and grow only by intrinsic
growth, the maximum surface coverage that can be achieved
is ∼55% [42,50]. As the drops coalesce, the resultant surface
coverage depends on the CA of the surface. The maximum
surface coverage that can be achieved is theoretically ap-
proximated as ε∞ = 1−0.005 θ [5,14]. Figure 5(d) shows
the experimentally achieved ε∞ compared with theoretically
computed data by contact angle measurement. On all the sur-
faces we tested, the saturated surface coverage was achieved
before 50 s. Since the contact angle of glass surface is lower,
ε∞ is ∼74.3%. It is observed that ε∞ obtained from exper-
imental results for Hsin film closely match the theoretical
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FIG. 6. Water condensation process on (a)–(c) glass substrate, (d)–(f) Hsin-film surface with applied voltage lower than threshold and
(g)–(i) higher than threshold. (a), (d), (g) Vapor water nucleate on different nucleation sites. (b), (e), (h) nuclei grow by condensation and
coalesce. Water drops aligned at the local minimum of surface tension distribution. (c), (f), (i) Final state of water drops (figures not drawn to
scale).

estimation. For glass surface, the large difference may be due
to the effect of surface roughness and irregular droplet shape.

E. Condensation on Hsin film

From the observation and analysis, the dynamics of water
condensation on glass and Hsin film with and without applied
voltage is illustrated in Fig. 6. First, water molecules nucleate
on nucleation sites on surfaces. On glass surface, the surface
is smooth and homogeneous with fewer defects serving as
nucleation sites. The nuclei density is five times less than
heterogeneous Hsin-film surfaces [Fig. 6(a)]. On Hsin-film
surface without activation, water nuclei formed mostly at
exposed polymer grains [Fig. 6(d)] since the surface tension
of polymer (∼30.9 mJ/m2) [37] is higher compared to the
phenyl or terphenyl part of liquid crystals (∼29 mJ/m2) [51].
When Hsin film is activated with voltage higher than thresh-
old, liquid crystal molecules tilt up and expose its cyano part
which has a higher surface tension of ∼154 mJ/m2 [37]. The
nuclei were likely to form at LC domains [Fig. 6(g)]. Since the
LC domains occupied only 31% of the surface, the nuclei were
45% less than that without voltage. This process happened in
the period of less than 0.5 s when the condensation starts.

Next, stable nanonuclei accumulate more water molecules
and grow larger into microsize. As the drops are large enough
to touch each other (t ∼ 3 s), they coalesce into even larger
drops [Fig. 6(b), 6(e), and 6(h)]. On glass surface, since the
surface is more hydrophilic, and the contact line is pinned
after coalescence, the drops are larger with low contact angle
and irregular shape. On Hsin film, the drops remain circular

shaped after coalescence, resulting in dropwise condensa-
tion. Without activation, the drops are randomly distributed
[Fig. 6(g)] while they are aligned at the place where surface
tension has local minimum when applied with voltage higher
than threshold during t = 17–30 s [Fig. 6(h)]. The alignment
of drop inhibits coalescence which slows down the growth in
drop size.

Finally, when the surface coverage saturated (t > 30 s),
the filmwise condensation on glass surface results in water
patches with new small nuclei at the gaps [Fig. 6(c)]. On
Hsin film without activation, circular drops with a radius of
25 μm randomly distributed on the surface with less new
nuclei since the tiny nuclei are highly mobile on Hsin film
and absorbed easily by large drops [Fig. 6(f)]. Drops on Hsin
film with activation are no longer restricted by surface tension
pattern and randomly distributed since the drops are larger
than the electrode gaps [Fig. 6(i)]. Comparing with the re-
sult in electrowetting on dielectric [32], Hsin film provides
extra manipulation of nucleation site and surface coverage
at the early stage and later stage of condensation since the
controlling agent LC domain is in ∼100-nm scale. The effect
of electrowetting only applies when the drop is approximately
the size of the electrode gap. Also, the surface used in elec-
trowetting on dielectric is hydrophobic, which lacks the ability
to enhance the water nucleation rate. The whole condensation
process took six times longer than Hsin film to reach satu-
rated surface coverage with such low surface tension of the
surface. The tunable range in contact angle of Hsin film is
less than 20°, causing a limited effect on nuclei density and
surface coverage. Further applying LC molecules that contain

034701-9



CHANG, LIN, AND RESHETNYAK PHYSICAL REVIEW E 104, 034701 (2021)

functional groups with a larger difference in polarity such as
fluoride may improve the surface tension tunability range of
Hsin film.

V. CONCLUSION

Dropwise condensation on a heterogeneous hydrophilic
surface is realized with Hsin film. Also, we controlled the
condensation process with the tunability in wetting proper-
ties provided by liquid crystal orientation. The tunability in
effective surface tension distribution according to the surface
tension of the molecules is modeled and agreed with the ex-
perimental results. During condensation, the heterogeneity of
Hsin film surface provides more nucleation sites for water nu-
cleation compare to homogeneous glass surface. With applied
voltage, the nucleation site is switched from polymer grains to
liquid crystal domains. During drop growth, the surface ten-
sion distribution influences the process by aligning the drops.
When applied voltage is higher than threshold value and water
drop size is on the scale similar to the electrode pattern,
the orientation distribution of LC molecules causes periodic
surface tension layout that confines the location of water drops
in between the electrodes. The periodic alignment of water
drops restricts and delays the drops to coalesce, which results
in a slower growth rate in drop size. We proposed a quan-
titative factor to describe the degree of coalescence during
growth process. We found that Hsin film controls the degree of
coalescence by LC orientation. Finally, the saturated surface
coverage is enhanced with applied voltage since the average
surface tension is raised. According to our result, tunable wet-
tability surfaces actively manipulate the condensation with a
different mechanism in each step including nucleation, intrin-
sic growth, coalescence, and saturation. It should be noted that
the properties of the Hsin film are not optimized yet for real
applications. In the current study we only show a possibility
to electrically tune the surface tension of Hsin film. One may
think of stretching the Hsin film to make the pores (and LC
inside the pores) to be oriented in one direction, in which
case we expect a wider range of the surface tension tuning.
The proposed concept can be further applied to other tunable
surfaces with various tuning stimuli. Further development on
promoting coalescence via switching the surface and actively
removing the condensed drops is expected to elevate the effi-
ciency of water harvesting surfaces.

ACKNOWLEDGMENTS

This research was partially supported by Department of
Natural Sciences and Sustainable Development in Ministry of
Science and Technology, Taiwan under Contracts No. MOST
107-2112-M-009-019-MY3 and No. MOST 110-2112-M-
A49-024. The authors express their gratitude to Dr. H.-M.
Chen for consultation in the theory and experimental results,
and M. Somarapalli and P.-T. Lin for assisting in the experi-
ments, image processing, and data analysis. We are grateful to
LCD company Innolux and AUO for the fabrication of glass
substrates with patterned ITO and alignment layer.

Y.H.L. conceptualized the work and supervised the project;
C.M.C contributed in conducting the experiments, data anal-
ysis, and composing the manuscript. V.R. constructed the

surface tension model and the simulation. All authors dis-
cussed the results and proofread the manuscript.

APPENDIX A: SURFACE MORPHOLOGY

The surface of Hsin film was inspected via scanning elec-
tron microscope (SEM) and atomic force microscope (AFM).
Before SEM measurement, the LC molecules were removed
by soaking the sample with hexane for 24 h and the samples
were coated with platinum (15 mA, 150 s). The electronic
beams with voltage of 5 kV were injected into the samples
to obtain images. From the images in Fig. S1(a) of the Sup-
plemental Material [40], we obtained the morphology of the
surface consisting of porous polymer grains. The polymer
grains aggregated into networks along with the alignment
direction indicated by white arrows in Fig. S1(a) [40]. We
analyzed the SEM images with software IMAGEJ. The images
undergo the process of crop and background subtraction. The
threshold is set by default and results in Fig. S1(b) [40].
By applying particle analysis, we obtained the area ratio of
liquid crystal domains as indicated in Fig. S1(b) [40]. The
data we used in the main paper are the average of the four
results.

In AFM measurements, the LC molecules in Hsin-film
samples were deliberately unremoved to preserve origi-
nal roughness of the surface. The cantilever (Olympus,
AC200TS) used in the AFM has a resonance frequency of 150
kHz and spring constant of 9 N/m. The measurements were
operated in tapping mode. From the result in Fig. S2 [40], the
average RMS roughness is 7.76 nm.

APPENDIX B: ENVIRONMENTAL CONDITION

During the condensation process, the surface temperature
of the Hsin film is monitored by placing a surface contact
thermometer (Fisher Scientific, dual channel thermometer),
on top of the Hsin film surface. Also, during the condensation
process for every surface condition, the relative humidity,
room temperature, and dew point temperature close to the
Hsin film surface is closely monitored (Psychrometer ther-
mometer) and recorded. The room temperature measured
during the experiment is ∼26 ± 1 ◦C with low fluctuations. A
detailed summary of environmental conditions during water
condensation on Hsin film for various surfaces is presented
in Table S1 of the Supplemental Material [40]. Since, during
the experiment, no external humidifier or vapor generator is
used, humidity and room temperatures are also not regulated,
and the whole experiment is performed in one cycle without
any delay or time interval between the experiments; also the
condensation observed on Hsin film is purely from the water
vapor present in the atmosphere.

APPENDIX C: IMAGE PROCESSING AND ANALYSIS
OF THE IMAGES

The analysis of the captured images is performed by image
processing approach using IMAGEJ software. The procedure
involved in image processing and data extraction is detailed
as shown in Fig. S4 [40]. The process starts with background
noise cancellation for the original image [Fig. S4(a)]. The
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background image [Fig. S4(b)] is obtained using a rolling
ball approach with a radius of 50 pixels, and the subtracted
image [Fig. S4(c)] is still a color image. The color image is
first converted into grayscale image [Fig. S4(d)] and then to
a binary image [Fig. S4(e)]. The lens effect of the droplets
causes the center of droplets to appear as white pixels during
binary conversion. All those are then filled with black pixels,
using the fill-holes command [Fig. S4(f)], and each individual
droplet is separated by single pixel spacing (only for those
droplets which appear to be in contact), using the watershed
command [Fig. S4(g)]. The specific Region of interest (ROI)
is marked on the final frame (to avoid any possible aberration
effect influencing the data analysis) of size 1000 × 600 pi
(595.95 × 357.57 μm2), with a specific coordinate (width =
1000, height = 600, X coordinate = 450, Y coordinate = 250;
all values in pixels). The marked ROI is duplicated and ana-
lyzed. For a given ROI, an outline is drawn for every droplet
along with the details, such as droplet count, area, positions
(including X and Y coordinates), circularity, average size of
all the droplets, and the total area covered by the droplets.
The procedure is followed for all the frames with no changes,
and for all the images captured while condensing water on
Hsin-film surface. For images captured on glass surface, the
rolling ball radius used during the background generation is
increased up to 120, manually.

APPENDIX D: DROP SIZE DISTRIBUTION

In the histogram of drop count with respect to drop area
(please see Sec. 6 in [40]), the bin width is set as 1μm2 with a
bin limit of 0–2000 μm2. When applied with voltage, the new
generation of nucleated water drops is slightly inhibited. Com-
pared to glass substrate, water drops on Hsin film are smaller
in size but greater in count [Figs. S5(a) and S5(b) [40]]. Both
Hsin film with voltage lower than threshold and glass sub-
strate surfaces showed new cycles of condensation, causing
bimodal size distribution [Figs. S5(a)–S5(c)]. The bimodal
size distribution vanishes when applied with higher voltages
since new nuclei are adsorbed more easily by the initial drops
with lowered CAH and induced transportation [Figs. S5(d)–
S5(g)].

APPENDIX E: NUCLEATION DENSITIES

According to classical nucleation theory, water condensa-
tion starts from heterogeneous nucleation of water molecules
transform into nuclei on surface. The nucleation rate, count
of nuclei formed per unit area per unit time, is theoretically
presumed as

Nhet ≈ Ns exp

(
− 16πγLV

3

3�Gv
2kBT

S(θ )

)
, (E1)

where γLV is the surface tension of water-air interface,
�Gv is related to latent heat released for nucleation, KB

is the Boltzmann constant, and T is the temperature in K.
S(θ ) = (2 + cosθ )(1 − cosθ )2/4 is a geometrical factor ac-
counting for the surface tension required when a drop forms
on a surface, which is a function of contact angle θ . Ns

is the nucleation site density, which is estimated by Rose

as [52]

Ns = 0.037/r2
min, (E2)

where rmin is the smallest drop radius possible correspond-
ing to the equilibrium in specified subcooling conditions.
By inserting the parameters into Eq. (E2), the nucleation
site density is found to be ∼1.67 × 1011/cm2. However,
both theoretical and experimental studies reported nucle-
ation site density of ∼106–108/cm2 [53,54]. This discrep-
ancy might result from the different methods used in the
evaluation.

The drop density is the measured count of drops divided
by area of the region of interest (0.212 mm2) and the evo-
lution of drop density is shown in Fig. S6(a) [40]. Since
the decay of drop density is the result of coalescence of the
initial nuclei, we estimated the nuclei density at t = 0s by
extrapolating the drop density as a function of time with
exponential function N = A × exp(−t/t ) + N0. The results
are shown in Fig. S6(b) [40]. On glass surface, the nuclei
density is 5 × 105/cm2 [black line in Fig. S6(b)]. In com-
parison with the literature, the nucleation density is reported
to be in the order of 104–106/cm2 [55]. The nuclei density
was ∼1.7 × 106/cm2 on Hsin film without applied voltage
and decreased to 0.9 × 106/cm2 when voltage of 200Vrms

was applied [red dots in Fig. S6(b)]. According to Eq. (E1),
despite that Hsin film has a higher contact angle than glass
in the macroscopic scale, the heterogeneity and roughness of
Hsin film provides four times more nucleation sites for water
nucleation.

Here, we assumed the nucleation sites density is 107/cm2,
and we applied the result of contact angle measurement on
Hsin film to Eq. (E1) to obtain theoretical nuclei density with
different applied voltage. The blue diamonds in Fig. S6(b)
show that the theoretical nuclei density slightly increases with
rising surface tension of Hsin film, which does not fit with our
experimental result. When no voltage is applied, the nuclei
density is approximately five times less than the theoretical
estimation since the experiment is conducted in open space
and air flow slightly disturbed the nucleation. With applied
voltage, the nuclei density decreases rather than increasing
according to theoretical estimation. We conjectured that other
than contact angle, nucleation site density is another fac-
tor that might cause variation in nuclei density. Considering
Hsin-film surface to be heterogeneous, nucleation site density
according to the heterogeneity of the surface is estimated
as

Nf = f Ns, (E3)

where f is the area ratio of surface fraction with higher in-
trinsic surface tension to the entire heterogeneous surface. On
Hsin film, when applied with voltage, the nucleation occurs
on the LC domains rather than on polymer grains when no
voltage is applied. This may be due to a change in thermal
conductivity and surface tension when the LC reorientation
takes place [56]. According to SEM image analysis, the LC
domain occupied 31% of the surface. Hence, the factor f
should be 0.69 when the voltage is lower than threshold, and
it should be 0.31 when the voltage is higher than thresh-
old. When substituting Ns in Eq. (E1) with Nf in Eq. (E3),
the nuclei density of Hsin film is estimated to decrease by
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31/69 = 0.45 compared with the nuclei density of 0 V, which
is ∼0.8 × 106/cm2 which is shown by the green dashed line in
Fig. S6(b). The experimental result agrees with the estimation

when the voltage is higher than 120Vrms, indicating that the
orientation of LCs controls the nucleation rate by tuning the
location where nucleation occurs.
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