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Abstract. Electric field is an effective method to manipulate droplets in micro/nano-scale, and various
physical phenomena have been found due to the interaction of electric field and fluid flow. In this study,
we developed a molecular dynamic model to investigate the deforming behavior of a nano-droplet in a
uniform electric field. The nano-droplet was initially confined between two plates and then wetted on
the lower plate (i.e., substrate) until an equilibrium state, after that a uniform electric field in vertical
direction was imposed to the system. Due to the electrical force, the droplet started to deform until
achieving a new equilibrium state and the dynamic process is recorded. By comparing the equilibrium
state under different electric field strength, we found a deformation hysteresis phenomenon, i.e., different
deformations were obtained when increasing and decreasing the electric field. To be specific, a large electric
field (E =0.57V - nmfl) is needed to stretch the nano-droplet to touch the upper plate, while a relatively
lower field (E = 0.40V-nm™') is adequate to keep it contacting with the plate. Accompanied by the
deformation hysteresis, a distribution hysteresis of the average dipole orientations of water molecules
in the nano-droplet is also found. Such a hysteresis phenomenon is caused by the electrohydrodynamic
interactions between droplet and plates, and the findings of this study could enhance our understanding

of droplet deformation in an electric field.

1 Introduction

Manipulating droplets has found wide-spreading appli-
cations in optoelectronic and microelectronic technolo-
gies, such as electrostatic spraying and painting [1,2],
bioprinting [3], displaying devices [4], and micro/nano-
manufacturing [5-8]. Among the numerous means, elec-
tric field is frequently adopted to manipulate and trans-
port droplets due to its merits such as non-contact, good
controllability and effectiveness in micro/nano scale. Dur-
ing these processes, a branching phenomenon might exist,
e.g. two stable states of a droplet wetting on a fiber sub-
strate in the presence of buoyancy was observed under
the effect of an electric field [9]. In order to investigate
the underlying mechanism, extensive work including both
experimental and theoretical ones has been conducted to
study the droplet deformation in an electric field.

In macroscopic systems, the famous Young-Lippmann
equation listed as follows has been widely used to describe
the dependence of the contact angle on the interfacial ten-
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sions and electric fields [10]:
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where 6 represents the contact angle, v the surface ten-
sion, ¢ the dielectric constant of the droplet, ¢y the elec-
tric permittivity of free space, E the applied electric field
strength and D the thickness of the interfacial double
layer. The subscripts [, g and s refer to liquid, gas and
solid, respectively. Some experiments have been conducted
to investigate the static and dynamic electro-wetting of a
macroscale droplet and found that the equilibrium contact
angles obey the Young-Lippmann equation [11,12]. How-
ever, this equation fails to describe some phenomena in
electro-wetting, for instance, the existence of a minimum
saturation contact angle (i.e., the droplet fails to spread to
a film state) [13,14]. Another phenomenon is the contact
angle hysteresis [15,16], and some researchers put forward
an effective method to reduce the contact angle hysteresis
by impregnating surfaces with a lubricant [17,18].
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With the advances of micro/nano techniques, electro-
wetting in micro/nano-scale has attracted considerable at-
tention recently. When scaling down to micro-size or even
nano-size, the wetting behaviors become different from
that in the macroscale because of the significant effect of
surface tension. For this case, the Young-Lippmann equa-
tion fails to describe the electro-wetting phenomena which
assume the contact angle as a function of the electric field
strength rather than the direction [10,19-21]. For a nano-
scale droplet, the molecular dynamic simulation is a pow-
erful tool. It can provide a deep insight from both struc-
tural and dynamic points of view into wetting and electro-
wetting phenomena which are difficult to observe in exper-
iments [22-26]. Molecular dynamic simulations have been
used to study the static behaviors of a nano-droplet de-
forming on different substrates (e.g., geometrically pat-
terned substrates, substrate with molecular roughness,
and flat substrate) under electric field [9,18,21,27]. Some
interesting phenomena have been found, for instance, the
nano-scale droplet might undergo a symmetrical or asym-
metrical dynamic electro-wetting process, depending on
the direction and strength of the electric field [19-21,28].
Ren et al. [25] investigated the effect of a uniform elec-
tric field on the interfacial structure and wetting proper-
ties of water droplets on a graphene solid substrate. The
results showed that the average dipole moment of water
molecules undergoes a noticeable disordered-to-ordered
change, especially under the influence of an electric field
E > 080V -nm~!. Zong et al. [29] found that the elec-
tric field direction has an obvious effect on the solid-liquid
interfacial tension and the liquid-vapor interfacial tension
exhibits a slight dependence on the electric field strength.
In another molecular simulation study, the reported re-
sults by Kargara et al. [30] revealed that the nano-scale
water droplet would be stretched along the electric field
direction in a field stronger than 0.80 V - nm ™!, while, the
shape of a droplet will not change in an alternating field
with the frequency above a threshold value.

All these researches efforts focus on the effect of elec-
tric field polarity and direction, surface rough microstruc-
ture on the electro-deforming process of the nano-droplet
deforming on the substrate, as well as the thorough anal-
ysis on the static contact angles and interfacial tensions.
While, the dynamic deforming behaviors and molecular
properties of a nano-droplet induced by an electric field
still need to be studied, especially the reverse electro-
deforming behaviors are keen to be well understood at
the nanoscale. Thus, it is necessary to further study the
deforming mechanism of a nano-droplet under the cou-
pling effect of substrate and electric field to meet the re-
quirements in the potential applications. In this work, the
molecular dynamic simulation method is adopted to in-
vestigate the deformation of a nano-droplet under electric
fields. Both the equilibrium and dynamic deforming be-
haviors are studied systematically, as well as the distribu-
tion of the molecular dipole moment to reveal the effect
of electric fields and solid substrates. It is found that a
deformation hysteresis occurs when an electric field is in-
creased and decreased, and the deforming path depends
greatly on the field strength.
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Fig. 1. The initial structure of water droplet and solid plates
in the molecular simulation model.

2 Molecular simulation model

Figure 1 illustrates the initial structure of a nano-droplet
and plates in the molecular simulation model. As shown,
two solid plates spaced 7.0nm apart are composed of
21632 silicon atoms arranged in a diamond lattice, with
a lattice constant of 0.543nm. To speed up the calcula-
tions, silicon atoms are kept frozen during all the molec-
ular dynamic simulations, as often applied in the previ-
ous literature [10,19,20,28]. A nano-droplet composed of
2000 water molecules was initially established to a spher-
ical one with a radius of about 2.2nm. The simple point
charge/extension (SPC/E) model is applied to the water
molecule, for which the intermolecular interactions among
water molecules are calculated as follows. The short-range
van der Waals forces are calculated using the classical
Lennard-Jones (12-6 L-J) potential, while the long-range
electrostatic interactions applying Coulomb’s law,
=1 Tij

oo =ee|(22)"- ()
(2)

where the first L-J potential term is only to calculate
oxygen-oxygen interactions because the hydrogen atoms
are too light and the interaction could be omitted. The
second term is used to calculate the Coulomb force be-
tween the charged atoms, where ¢;, g; is the charge of the
atom ¢, j, r;; is the distance between atoms ¢ and j, and
€p is the vacuum dielectric constant.

The intermolecular interactions between water
molecules and silicon atoms are calculated by the
modified L-J potential function
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Table 1. Parameters of the atoms for the potential function.

Atom o (nm) e (kJ/mol) q (e)

(0] 0.316 0.6502 —0.8476
H 0 0 0.4238
Si 0.3615 1.26 0.0

where 075 and €;5 are obtained according to the Lorentz-
Berthelot mixing rule [31]
Els = V€l - Es, o1s = (01 + 05)/2.0. (4)
All the potential parameters and the charges for each
type of atoms are listed in table 1. In order to ensure the
solid surface was in hydrophobic, the potential parameter
€15 between oxygen and silicon atom was reduced by half.
A smooth cut-off of 1.5nm is applied for the short-
range van der Waals forces’ calculation and the Particle-
Particle Particle-Mesh (PPPM) method is used to mod-
ify the long-range electrostatic interaction between atoms.
When an external electric field F is imposed, an additional
term indicating the electric field forces f;. = FE - ¢; is ap-
plied on each atom depending on its charge g;. All the
molecular dynamic simulations are carried out using the
LAMMPS soft package in the NVT ensemble [32]. The ini-
tial velocities of atoms are assigned randomly according
to the temperature of the system. The Velocity-Verlet al-
gorithm is employed to solve the Newtonian motion equa-
tions for each atom with a time step of 1fs. The Nosé-
Hoover thermostat [33] was applied at each time step to
keep the simulation system at a desired temperature of
300 K. Firstly, the droplet deforming on the lower sub-
strate was equilibrated in the absence of the electric field.
Then a vertical electric field F, is applied to the system
to investigate the deformation and wetting behaviors of a
water nano-droplet.

3 Results and discussion

Employing the above molecular dynamic model, the de-
formation process of nano-droplet can be obtained. Once
the electric field is imposed, the water molecules would
change their attitude which can be denoted by the direc-
tion of the dipole moment. Due to the interaction of the
electric field and the dipole moment (i.e., electrical force),
the droplet would keep evolving until reaching its equi-
librium state. In this study, a special interest is given to
the equilibrium state, dynamic process and dipole moment
of water molecules under different electric field strength.
To quantitively characterize the deformation, the height
of the water droplet is chosen as the key parameter and
monitored during the process. In the following sections,
the equilibrium state, dynamic process and dipole moment
under different electric field strength is studied and ana-
lyzed.
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3.1 Equilibrium state of water droplet under electric
field

The equilibrium state represents the final shape that a
droplet eventually deforms into. We have studied the equi-
librium state of water droplet under different electric field
strength and the obtained results are illustrated in fig. 2.
Without electric field (£ =0V -nm~!), the nano-droplet
tends to wet the substrate and its equilibrium state is
a spherical cap. On this basis, the electric field is in-
creased to 0.20 V - nm~! and the deformation has no obvi-
ous change since the electrical force is still small. When the
electric field is increased to 0.45V - nm ™!, one can see that
the droplet is stretched longer in the vertical direction,
i.e., along the direction of electric field. It is worth not-
ing that the present case is different from electro-wetting
in which the droplet tends to spread along the horizon-
tal direction when imposing an electric field. For electro-
wetting the electric field is applied between droplet and
substrate, and the strongest electric field appears at the
contact line. Thus the droplet is stretched along the hori-
zontal direction. In our case, however, the droplet is placed
in an initially uniform electric field and the effect of the
electric force is to stretch the droplet vertically along the
direction of the electric field. Such a phenomenon is the
same as the droplet deformation in macroscale which has
been observed by other researchers [34-36].

If the electric field is further increased, the
droplet deformation becomes more pronounced (E =
0.50,0.54,0.56 V- nm~1). When the electric field gets to
0.57V -nm™!, the droplet would deform dramatically un-
til it gets in contact with the top plate and the cor-
responding equilibrium state in this case is a so-called
“liquid bridge”. For an even higher electric field £ =
0.60V -nm~!, the droplet keeps contacting the two plates
with the “liquid bridge” equilibrium state. Actually the
reason that we add the top plate is to provide a con-
straint for the droplet; otherwise the droplet will even-
tually be stretched to a single line and might break into
breads under a strong enough electric field. Comparing
the equilibrium deformations at £ = 0.56 V- nm~! and
0.57V -nm™!, one can see that a small increase of the
electric field causes a remarkable difference of the droplet
deformation. Such a value E = 0.56 V - nm~! is defined as
the critical electric field strength. The nano-droplet would
keep evolving to contact the upper plate if the electric
field is above this critical value. Eventually, the droplet
“bridges” the two plates.

In fig. 2, the equilibrium state is obtained by increasing
the electric field. For instance, in order to get the deforma-
tionat £ = 0.57V - nm~!, the shape at £ = 0.56 V - nm ™!
is chosen as the initial state. One may put forward a
question that the equilibrium state may be different if
the electric field is decreased from a higher value down
to 0. Thus, we decreased the electric field and studied
the droplet deformation, and the obtained results are ex-
hibited in fig. 3. We started from E = 0.60V -nm~! as
the first case. The equilibrium state is a “liquid bridge”
which is the same as in the previous study. Then the elec-
tric field is decreased to 0.50 V- nm ™!, rather than falling
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E=0.54 V-nm! E=0.56 V-nm’!

down the droplet still contacts with the top plate. This
is different from the previous study in which the droplet
does not contact the top plate for an electric field lower
than 0.57V -nm™! (see fig. 2). If the electric field is fur-
ther decreased (E = 0.40V -nm™!), the droplet would
detach from the top plate. For an even lower electric field
(E = 0.38V -nm™1), the droplet would recede back to a
spherical cap. After that, there appears no obvious change
in the droplet deformation when the electric field is further
decreased down to 0.

To quantitatively characterize the deformation of the
nano-droplet, the height (i.e., from the bottom plate to
the highest point of the droplet) is recorded during the
deforming process. For each electric field, the height of the
droplet at the equilibrium state can be obtained as an av-
erage value of the height in several equilibrium snapshots.
The dependence of the height on the applied electric field
F is plotted in fig. 4, and both “increasing” and “decreas-
ing” cases are depicted for a comparison. One can see that
the droplet height increases gradually if the electric field
is increased from 0. When the electric field strength comes
to the critical value, F = 0.56 V- nm~!, a small increment
of the electric field would cause a remarkable increase of
the droplet deformation, e.g. when E = 0.57V -nm™!,
the droplet has contacted with the top plate and the cor-
responding equilibrium state is a “liquid bridge”. If the
electric field is further increased, the nano-droplet would
spread along the lower and upper plates. The height of
the droplet however would remain the same.
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E=0.57 V-nm!

Fig. 2. Snapshots for the equilibrium state of a water droplet with the electric field increasing from 0 to 0.60V - nm™".

E=0.60 V-nm'!

1

After that, we start to decrease the electric field
strength. It is surprising that the “decreasing” curve de-
viates from the “increasing” one (see fig. 4). As indicated
by the “decreasing” curve, the droplet still “bridges” the
two plates until the electric field is decreased down to
E =0.40V -nm~!. A further decrease of the electric field
would cause the droplet to detach from the top plate.
Such a value £ = 0.40 V -nm ™! can be defined as the sec-
ond critical electric field strength. After that, the electric
field is the equilibrium deformation which coincides with
the “increasing” curve. Comparing the “increasing” and
“decreasing” curves, one can notice a deformation hys-
teresis phenomenon. If the electric field strength is be-
tween the two critical values (i.e., E =0.40V -nm~! and
E =0.56V-nm™!), two equilibrium states may exist and
which one is taken depends on the electric field is increased
or decreased to the present value. Such a hysteresis phe-
nomenon is caused by the nonlinear interaction between
the electric field and droplet deformation. Actually sim-
ilar phenomena have been found in other nonlinear sys-
tems [37,38].

3.2 Dynamic deforming behaviors of a nano-droplet

In the previous section, the equilibrium state of a nano-
droplet has been studied and it is found that the shape
depends on the electric field strength. In the following, we
would study the dynamic behaviors of droplet deforma-
tion and focus on the process of the droplet evolution to-
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Fig. 4. The height of the water droplet with the increasing
electric field from 0 to 0.60V -nm~' and the reverse process
of the decreasing electric field from 0.60 to 0V - nm™*.

wards its equilibrium state. When increasing the electric
field, the critical value is F, = 0.56V-nm~'. We chose
two typical electric field strength (E = 0.50V - nm~! and
E =0.60V-nm™1), one is lower that this value and the
other higher than it. The droplet starts to deform from the
initial state and the obtained results are depicted in fig. 5.
To understand the deformation mechanisms, some snap-
shots at different time are chosen to reveal the transient
deformation process in an electric field.

E=0 V-nm'!

E=0.20 V-nm'!

Fig. 3. Snapshots for the equilibrium state of a water droplet with the electric field decreasing from 0.60 to 0V - nm™?.

The initial state (f = 0) is chosen as the equilib-
rium deformation at £ = 0V -nm~'. For the case of
E = 0.50V-nm~! (lower than the critical electric field
strength), the nano-droplet deforms gradually (¢t = 50 ps)
in the vertical direction due to the action of the electri-
cal force. Comparing the droplet height at t = 100 ps
and ¢ = 500ps, one can see that the droplet achieves
its equilibrium state after ¢ = 100 ps (see fig. 5(a)). The
equilibrium shape is consistent with the previous study,
i.e., the equilibrium state is a slightly deformed spher-
ical cap when the electric field is lower than the critical
value. For an electric field E = 0.60 V - nm~! (higher than
E.), the droplet keeps growing in the vertical direction. At
t = 270 ps, some molecules have arrived at the top plate.
After that, more molecules get in contact with the top
plate. At ¢ = 500ps, a “liquid bridge” forms. Compar-
ing with the equilibrium state at £ = 0.60 V-nm~! (see
fig. 2), one can conclude that the droplet reaches its equi-
librium at ¢ = 500 ps.

During the deformation process, the droplet height is
recorded and the evolution of the droplet height is plot-
ted in fig. 6. When the electric field is lower than criti-
cal value B, = 0.56 V -nm~!, the droplet would deform
gradually until achieving its equilibrium state (see the
curves of 0.30 V- nm~! and 0.50 V - nm~!). After that the
droplet height would be fixed. The difference between
0.30V-nm~! and 0.50V -nm~! is that a higher elec-
tric field results in a faster growth rate and a larger
deformation, i.e., droplet height. For the electric field
E =0.60V -nm~! which is larger than the critical value,
the deformation process has gone through a few stages.
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(b)
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=340 ps

Fig. 5. The dynamic deforming process of a nano-droplet under electric field (a) E = 0.50V -nm™" and (b) £ = 0.60V -nm™'.
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Fig. 6. Time evolution of the height of a nano-droplet under
different electric fields.

At the beginning, the droplet deforms rapidly since the
electrical force dominates the process and the surface ten-
sion is relatively small. With the increase of deformation,
the effect of the surface tension becomes significant (the
effect of the surface tension is proportional to the deforma-
tion) and is comparable to the electrical force. Due to the
hindering effect, the droplet slowly deforms in a uniform
manner (from ¢ = 50ps to 260 ps). With the increase of
the droplet deformation, the distance between the droplet
and the upper plate decreases and the molecular inter-
action between droplet and plate (LJ force) comes into
play. The deformation of the droplet speeds up due to
the attraction from upper plate. At time ¢ = 270 ps, the
water molecule starts to contact with the upper plate.
Then more molecules spread on the upper plate and the
contacting area becomes larger. Eventually an equilib-
rium liquid bridge is formed when the electric field forces
are balanced by the interfacial interaction between the
droplet and the plates. For comparison, an electric field
E =0.80V-nm~! (much larger than E.) is also studied.
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t=213 ps t =248 ps

Fig. 7. Snapshots for the dynamic deformation of a water droplet while the electric field decreases from 0.40 to 0.38 V - nm™".

In this case, the electrical force is much larger than sur-
face tension. Thus the droplet deforms dramatically and
gets in contact with the upper plate at ¢ = 30 ps. Then the
droplet spreads along the upper plate until its equilibrium
state.

3.3 Dynamic detaching process of a nano-droplet

In the above section, the dynamic process is obtained by
increasing the electric field (the initial state is chosen as
the equilibrium state at £ = 0V -nm™!). This process
could be different if the electric field is decreased. In
order to enhance our understanding of the deformation
process, we would decrease the electric field and observe
the process of droplet detaching from the upper plate.
As discussed before, the nano-droplet will detach from
the upper plate when the electric field strength is smaller
than the second critical value 0.40V-nm~!. Thus we
decrease the electric field strength from 0.40V -nm™!
to 0.38V-nm~' and the snapshots of the droplet
deformation are shown in fig. 7.

Once the electric field is decreased, the stretch force
becomes smaller and is not sufficient to keep the droplet
contacting with the upper plate. For the water molecules
on top of the nano-droplet, the interactions from the nano-
droplet becomes stronger than the absorption force from
the upper plate, thus the molecules tend to move down and
the nano-droplet detaches from the top plate (¢ = 186 ps).
After that, the distance between the droplet and the upper
plate is larger than the cutoff radius, the effect of the
upper plate disappears and the droplet keeps deforming.

t=300 ps t =500 ps

1

A B C
7.0 T T T T

Y
Y

6.5

55F

50F

Height of the droplet (nm)

4.0 |

200

300 400 500

0 100
Time (ps)

Fig. 8. Time evolution of the height of a nano-droplet while
the electric field decreases from 0.40 to 0.38 V -nm ™.

Eventually, the droplet achieves its equilibrium state, i.e.,
a spherical cap.

During this dynamic process, the evolution of the
nano-droplet height is monitored and plotted in fig. 8.
For this case, the transient process undergoes three stages
which have been marked as A, B and C for convenience.
In stage A (¢t < 165 ps), the equilibrium state of the nano-
droplet is broken after the electric field decreases from
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Fig. 9. Distribution of the average polarizations of water molecules in an electric field. (a) The electric field is increased from
0to 1.0V -nm™'; (b), (c) and (d) are the comparison between the increasing and the decreasing process in £ = 0.30V -nm ™!,
E =040V -nm~! and E=0.50V -nm~'. The symbol “” indicates the electric field is increased to this value and the symbol

“|” represents the decrease.

0.4V-nm~! to 0.38V-nm~!. The interaction between
water molecules and top plate still exists which hinders
the detaching process, thus the droplet height decreases
slowly. In stage B (165 < ¢t < 300ps), the top of the
droplet detaches from the upper plate, and the interac-
tions between water molecules and top plate disappear.
In this stage, the movement of the water molecule is dom-
inated by the force with other water molecules and that
with the lower plate. Thus the droplet deforms rapidly
which can be indicated by the decreasing rate of the
droplet height. To be specific, the height decreases from
6.5nm to 4.2nm. In stage C (¢ > 300ps), the droplet is
approaching its equilibrium state and the surface tension
and electrical force can nearly balance each other. Thus
the droplet height decreases in a slow manner. At the end
(t = 500 ps), the droplet achieves its equilibrium state and
the droplet height keeps constant.

3.4 Distribution of water molecular dipole moment

As a typical polar molecule, a water molecule tends to re-
arrange itself under the effect of an external electric field
owning to the opposite electric field forces acting on hy-
drogen and oxygen atoms. Essentially, the deformation of

the nano-droplet is determined by the movement of wa-
ter molecules, and the molecules movement is governed by
three competing forces including solid-liquid intermolecu-
lar forces, liquid-liquid intermolecular forces and the exter-
nal electric field force. The polarization of water molecules
would affect the electrical force. Thus in this section we
would study the average polarization of water molecules
in a different electric field.

Using the aforementioned molecular dynamic model,
the equilibrium state of a nano-droplet in an electric field
can be obtained. For each equilibrium state, the average
polarization of water molecules along the electric field di-
rection is analyzed. Figure 9 shows the statistical results
when electric field increases from 0 to 1.0V -nm~!. The
symbol 0 represents the angle between the water molecular
dipole moment vector and the electric field direction (y+),
and P denotes the percentage. As revealed in the figure,
the direction of water molecules is random and disordered
when E =0V -nm™!. The profile shows a symmetric and
broad orientation distribution. With the increase of the
electric field, water molecules tend to rotate themselves
with hydrogen atoms directing to the electric field and the
oxygen atom in the opposite direction. The dipole moment
shows a slight change at weak electric fields because the
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restrain forces from other water molecules are hindering
such a movement. As stated before, if the electric field
is higher than the critical value F = 0.56 V-nm~!, the
nano-droplet would contact the upper plate and the in-
terfacial interaction with the upper plate also contribute
to the movement of water molecules. As indicated by the
curve £ = 0.60V-nm™!, the dipole moment changes ob-
viously, i.e., the molecules rotate themselves and comply
with the direction of electric field. With the electric field
further increase, more water molecular dipoles exhibit an
obvious orientation parallel to the electric field direction
because the external applied electric field force is strong
enough to dominate the rearrangement of water molecules.

In the previous section, it has been found that the
equilibrium state of a nano-droplet depends on the elec-
tric field strength and the way to impose the field (increase
or decrease). A hypothesis is put forward that the molec-
ular dipole moment could be different if the electric field
is decreased to the value. Firstly, we chose the electric
field as E = 0.30 V - nm~! which is lower than the critical
value. For this case, the distribution of the water molec-
ular dipole moment is almost the same in both paths be-
cause their equilibrium states are the same with the same
droplet height (see fig. 9(b)). If the electric field strength
is between the first critical value (E = 0.56 V - nm~!) and
the second critical value (E = 0.40V -nm~1), two equi-
librium states could be obtained depending on the electric
field is increased to such a value or decreased to it.

Take E = 0.40 and 0.50V - nm ™' for instance, if elec-
tric field is decreased to this value more water molecules
would follow the direction of the electric field (see figs. 9(c)
and 9(d)).

4 Conclusions

In this paper we have developed a molecular dynamic
model to investigate the equilibrium and transient defor-
mation of a nano-droplet in an electric field. The external
applied electric field would realign the water molecular
dipoles and impose the electrical force upon them, and
thus affect the deforming behaviors of the nano-droplet.
It is found that the droplet deformation increases with
the electric field and the droplet would get in contact
with the top plate when the electric field gets to be a
little higher than a critical value £ = 0.56V -nm™!.
Once the droplet contacts the top plate, a relatively lower
electric field (F = 0.40V -nm™1!) is sufficient to main-
tain it contacting with the plate. Thus a hysteresis phe-
nomenon is found, two equilibrium states may exist when
0.40 < E < 0.56V -nm~!. The dynamic deforming pro-
cess reveals that nano-droplet deforming undergoes differ-
ent paths depending on the electric field strength. More-
over, we studied the dipole moment of water molecules in
an electric field and found that the dipole moment also
depends on how the electric field is applied, i.e., increased
to this value or decreased. The findings in this paper may
enhance our understanding of the deformation behaviors
of a nano-droplet in an electric field.
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