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o-coalescence/non-coalescence
on lubricating fluid infused slippery surfaces†

Jitesh Barman,a Arun Kumar Nagarajanb and Krishnacharya Khare*a

Aqueous drops on silicone oil infused lubricating surfaces are cloaked with a thin layer of oil to minimize

their surface energy. These oil cloaked aqueous drops exhibit pseudo-stable coalescence or

spontaneous coalescence depending upon the lubricating oil thickness which controls the interaction

point of the drops. For thick oil films, drops interact with each other through the surrounding oil menisci

resulting in pseudo-stable non-coalescence due to a thin oil layer between the drops. This stabilizing oil

layer drains itself out due to the Laplace pressure of the aqueous drops. An external electric field applied

between the drops forces the oil to drain faster, due to additional electrostatic pressure, resulting in

faster coalescence. This happens in two steps: bulk drainage of the oil and final rupture due to the

electric field induced hydrodynamic instability of the thin oil layer. For thin lubricating films, the contact

point of aqueous drops is in the vicinity of the water–air interface resulting in spontaneous coalescence.

By applying an external electric field between the drops and substrate (to decrease the apparent contact

angle by electrowetting), the interaction point is brought close to the oil meniscus resulting in pseudo-

stable aqueous drops against coalescence.
Introduction

Inspired by Nepenthes pitcher plants, Aizenberg et al. demon-
strated lubricant infused porous Teon membranes as slippery
surfaces which repel and slip different immiscible liquids upon
tilting by a small angle.1 Such lubricant infused slippery surfaces
have found a variety of applications including self cleaning,2,3 self
healing against mechanical damage,1 fog harvesting,4 enhanced
condensation,5 drag reduction,6 reduction of ice nucleation7,8 and
ice adhesion,9–11 omniphobic textiles,12 biofouling,13,14 and anti-
corrosion,15 to name a few. Since then, various research groups
have attempted different ways to fabricate slippery surfaces and
explored related phenomena.2,4,5,7–10,13,16–24 Necessary conditions
for stable slippery surfaces can be summarized as: (a) complete
wetting of the lubricant on substrates, (b) immiscibility of the
lubricant with the slipping uid, and (c) non-wetting of the
slipping uid with the substrate.1 One of the most common
slippery surfaces is the oil infused substrate for slipping water
drops.2,6,16,23,25 For a water–oil system, the stability criteria can be
stated in terms of its spreading parameters such that the oil-
substrate spreading coefficient Sos (¼gsa � gos � goa) $ 0 and
the water-substrate spreading coefficient Sws (¼gsa� gws� gwa) <
0 where g is the interfacial tension and o, s, w and a represent oil,
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substrate, water and air phases respectively. In other words, the
substrate has to be oleophilic as well as hydrophobic. The contact
angle of water drops on solid surfaces is governed by Young’s law
(liquid–solid interface), whereas on oil infused slippery surfaces
it is governed by Neumann’s law (liquid–liquid interface).26–28

Therefore water drops on thin oil lms show a kink at the three
phase contact point due to pulling of the oil. To minimize the
interfacial energy, water drops on oil infused surfaces get cloaked
by a thin layer of oil. This happens if the spreading parameter of
oil on water is greater than or equal to zero.17 Recently the
cloaking as well as kinking of a water drop on lubricant infused
surfaces was experimentally observed using a high resolution
optical microscope and laser scanning confocal microscope.21,29

However, most of the studies on slippery surfaces are focused on
the static and dynamic behavior of drops and lubricating uid,
and very few studies have been done on the interactions of
multiple drops on slippery surfaces. Collier et al. demonstrated
the interaction of two water drops on a lubricant infused slippery
surface which leads to coalescence or non-coalescence depend-
ing upon their interaction point.18 Similar non-coalescence is
observed for water drops submerged in crude oil due to surface
active elements like resins and asphaltene which accumulate on
the interface of the drops preventing coalescence.30 The interac-
tion of water drops submerged in oil in the absence of any
stabilizing agent exhibits spontaneous coalescence.31–34 Coales-
cence of water drops in oil induced by an external electric eld is
well reported in various contexts.35–40 Kavehpour et al. demon-
strated the effect of a dc electric eld on electro-coalescence of
conducting drops separated by silicone oil.40 Hasted et al.
This journal is © The Royal Society of Chemistry 2015
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reported the effect of viscosity of the oil medium on electro-
coalescence of water drops.39 Recently scaling down the electro-
coalescence phenomenon has been demonstrated to micro-
uidic lengths for mixing and chemical analysis applications.41–45

Various research groups studied the effect of different parame-
ters e.g. ac/dc electric eld,43,46 drop size,43,44,46 viscosity of oil,45

separation between drops42 etc. on electro-coalescence in micro-
uidic devices.

Electric eld induced contact angle variation (electrowetting)
of water drops has been demonstrated as an important tool for
various phenomena.47–54 Recently a few research groups showed
electrowetting of water drops on lubricant infused slippery
surfaces.19,20,25 Conventionally, a thin solid dielectric is used in
electrowetting but on lubricant (which can also be dielectric)
coated slippery surfaces, the thin layer of oil acts an additional
dielectric layer.19,25 Electrowetting hysteresis is also reported to
be decreased signicantly on these slippery surfaces.20However,
no study has been done to date on controlling the coalescence
or non-coalescence of water drops on the lubricating uid
infused slippery surfaces.

In this article, we report non-coalescence and spontaneous
coalescence of two water drops on silicone oil coated hydro-
phobic silicon substrates. The non-coalescing drops are forced
to coalesce upon applying a small ac voltage between them. The
applied voltage drains out the stabilizing oil layer between the
drops forcing them to coalesce. A theoretical model is also
developed to estimate the drainage rate of oil, thus predicting
the life time of the non-coalescence. In the case of spontaneous
coalescence, electrowetting is used to decrease the apparent
contact of aqueous drops. With decreased contact angles, the
interacting water drops show stable non-coalescence.

Experimental section

Electro-coalescence and electrowetting experiments were done
on p-type h100i silicon (Si) wafers (UniversityWafers, USA) with
a thin (1 mm � 0.15) insulating layer of SiO2 on top. Smooth
silicon substrates were preferred over rough or porous
substrates as they provide exact information about the dielectric
thickness, lubricant thickness and effective dielectric constant.
These substrates were cleaned in an ultrasonic bath of ethanol,
acetone, and toluene for 5 min each followed by O2 plasma
cleaning. Since the top surface of substrates has to be hydro-
phobic as well as oleophilic to achieve stable slippery surfaces,
a self-assembled monolayer of octadecyltrichlorosilane (OTS)
molecules was graed on the SiO2 surface.55 Silicone oil with
a dynamic viscosity (h) of 350 cSt (Sigma Aldrich) was used as
the lubricating uid and cast by spin coating at 400 and 1000
rpm on the OTS coated substrates. Thickness of the lubricating
oil lms was estimated using a weight difference method which
was found to be around 100 mm and 20 mm for 400 and 1000
rpm respectively. Evaporation of the lubricating uid is an
important parameter that affects the electro-coalescence/non-
coalescence experiments as it changes the thickness of the
lubricating lm. Therefore we used freshly prepared samples
for all the experiments to ignore any effect due to lubricating
uid evaporation. For all electro-coalescence and electrowetting
This journal is © The Royal Society of Chemistry 2015
experiments, a 10 mL volume of deionised water drops was used
with 3 wt% salt (NaCl) to make it conductive. Platinum wires
(diameter � 70 mm) were used as electrodes to apply an electric
eld and an ac voltage of different frequencies was supplied
from a function generator. The top view and side view of the
experiments were captured using a stereo microscope and
a contact angle Goniometer (OCA35, DataPhysics, Germany)
which provided the information about coalescence and contact
angles.

Results and discussion

For our experimental system, the spreading parameter of sili-
cone oil on water comes out at around 6mJm�2 which conrms
that the aqueous drops are cloaked with a thin layer of oil.

Fig. 1 shows schematic illustrations of the interaction of two
aqueous drops on oil coated solid surfaces. For a thick lubri-
cating lm, the drops contact each other through an oil
meniscus and a thin layer of the oil is pulled between the drops
resulting in a pseudo-stable non-coalescence state (Fig. 1(a)).
This non-coalescence is not permanent as the thin oil layer is
slowly drained due to the Laplace pressure of the drops.
Therefore it is a kinetic process rather than a stable thermo-
dynamic situation. All the non-coalescence states in this study
are pseudo-stable non-coalescence but will be termed non-
coalescence for simplicity. Meanwhile for thin lubricating
lms, the point of contact is well above the oil surface (at the
water–air interface) resulting in spontaneous coalescence
(Fig. 1(b)). Eqn (1) summarizes the conditions for non-
coalescence in terms of the apparent contact angle and
various length scales:

q < 90� or q > 90�, R < L + L0 (1)

where R, L and L0 represent the drop radius, drop base radius
and oil meniscus length respectively.

(a) Electro-coalescence using an external electric eld

Non-coalescing drops can be forced to coalesce or in other
words, the life time of non-coalescence can be reduced through
an external electric eld. To achieve this, substrates with a 100
mm thick silicone oil coating were used because they will
provide the necessary conditions for non-coalescence as given
by eqn (1). When two aqueous drops deposited on such an oil
coated surface are brought into contact, a thin layer of oil is
pulled between the two drops resulting in non-coalescence. If
we wait for a sufficiently long time (about 10 min), these non-
coalescing drops also coalesce due to the drainage of oil
between the drops showing the nite life time of the non-
coalescence. This life time of the non-coalescence can be low-
ered signicantly (to almost instantaneous) by applying an
external electric eld between the two aqueous drops. Fig. 1
shows a schematic illustration of the experimental setup,
optical micrographs of the electro-coalescing drops and a plot
of the non-coalescence life time as a function of the applied ac
voltage (Vrms). It is clear from Fig. 1(e) that as the applied voltage
is increased, the life time of non-coalescence is decreased and at
RSC Adv., 2015, 5, 105524–105530 | 105525
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Fig. 1 Schematic illustration of the interaction of two aqueous drops on silicone oil coated solid surfaces indicating non-coalescence (a) or
coalescence (b) depending on the interaction point. Electro-coalescence of non-coalescing aqueous drops on thick (100 mm) silicone oil coated
solid substrates. (c) Schematic illustration of the experimental setup, (d) optical micrographs of drops at 0 V and 5 V showing electro-coales-
cence, and (e) a plot of the non-coalescence life time as a function of the applied ac voltage for two different frequencies.
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about 5 V, the electro coalescence happens almost instanta-
neously (see ESI movie S1†). Ambient temperature also plays an
important role in electro-coalescence as it changes the viscosity
of the lubricating uid. It was observed that the life time of non-
coalescence decreases as a function of increasing temperature
(see ESI Fig. S1†). Therefore, in addition to the external electric
eld, temperature can be used to manipulate the non-
coalescence phenomenon on lubricating uid coated slippery
surfaces.

To understand the effect of the electric eld on the life time
of non-coalescence, current through the circuit was measured
as a function of time for different applied voltages. Since the
silicone oil used as the lubricating liquid lm in the experiment
is a good dielectric (∊r ¼ 2.75), the pulled oil lm in between the
conducting aqueous drops can be modelled as a parallel plate
capacitor. The electro-coalescence experiments are performed
on Si substrates and, with a thick 1 mm SiO2 coating, ow of the
short-circuit current through the substrate aer complete
drainage of the oil lm is prevented. Capacitance of the oil lm

between the two drops can be written as CðtÞ ¼ jij
dV=dt

, where |i|

is the amplitude of the measured current through the drops and
dV
dt

is the slew rate of the applied ac voltage, which will be 2pVf

where V and f are the amplitude and frequency of the applied ac
105526 | RSC Adv., 2015, 5, 105524–105530
voltage respectively. Thus, one can easily estimate the thickness
of the oil lm between the two aqueous drops at any time t as:

TðtÞ ¼ ˛r˛0A

CðtÞ ¼ ˛r˛0A

jij
dV

dt
(2)

where A is the surface area of the oil lm between the two drops.
During the experiments, current in the circuit was measured as
a function of time for different applied ac voltages, which was
subsequently used to derive the change in the oil lm thickness.
Fig. 2(a) shows the measured ac current between two non-
coalescing aqueous drops as a function of time for different
voltages at a frequency of 10 kHz. As the aqueous drops are
brought into contact, the current increases sharply to reach an
optimum value corresponding to that particular value of oil lm
thickness. Later, with increasing time, the oil is drained,
decreasing the oil lm thickness and the current keeps
increasing. When the two drops coalesce, aer the oil lm is
completely drained, the current diverges reaching a maximum
value of 600 mA (short circuit current). Oil lm thickness was
calculated using the measured current and eqn (2) and is
plotted in Fig. 2(b) conrming the decrease in thickness as
a function of time.

In our experiments, the size of aqueous drops is kept well

below the capillary length ðlwater z
ffiffiffiffiffiffiffiffiffiffiffi
g=rg

p ¼ 3 mmÞ (g and r

being the surface tension and density of water and g is the
acceleration due to gravity) so the effect of gravity could be
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) Measured current in the circuit as a function of time for
different applied ac voltages, and (b) experimental and calculated oil
film thickness variation as a function of time for different applied ac
voltages.

Fig. 3 Critical thickness of the oil film after drainage as a function of
applied voltages. Inset: critical electric field for rupture of the oil film
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safely neglected. In the absence of an external electric eld,
coalescence of aqueous drops occurs solely due to the Laplace
pressure driven decrease in oil lm thickness and that is why it
takes a much longer time (�600 s). With an applied voltage, the
coalescence becomes much faster due to the added contribu-
tion of electrostatic pressure. Therefore one can write the total
pressure difference (DP) between the two drops, which is
responsible for oil lm drainage, as:

DP ¼
 
2gwa

R
þ AH

6pTðtÞ3 þ
˛r˛0V

2

2TðtÞ2
!

(3)

where R is the radius of the coalescing drops and AH is the
Hamaker constant (�10�18 J).56 Solving the Navier–Stokes
equation with proper boundary conditions and eqn (3) yields an
oil lm drainage rate of (see ESI†):

dT

dt
¼ � 1

3ha2

 
gwaTðtÞ3

R
þ AH

12p
þ ˛r˛0V

2TðtÞ
4

!
(4)

where 2a is the diameter of the oil lm formed between the two
aqueous drops as shown in Fig. 1(a). Eqn (4), which represents
the oil lm drainage rate, was tted numerically to the experi-
mental data and is plotted as solid lines in Fig. 2(b). The oil lm
radius ‘a’ was used as a tting parameter and was kept constant
at 500 mm for different voltages which matches with the
This journal is © The Royal Society of Chemistry 2015
experiments. Here one should note that during electro-
coalescence at a xed voltage, the oil lm radius does not vary
and only its thickness decreases resulting in coalescence at
a longer time scale. At early times, the ow rate is higher due to
a thick oil lm and the rate decreases as the oil lm thickness is
decreased.

The process of electro-coalescence happens in two steps:
rst, drainage of the oil lm due to ow and second, rupture of
the oil lm below a critical thickness due to an electric eld
induced hydrodynamic instability. As shown in Fig. 2(b), oil lm
thickness decreases to a minimum (saturation) value below
which there is no further oil ow. This denes the critical
(minimum) lm thickness and the onset of electric eld
induced hydrodynamic instability which is plotted in Fig. 3. The
critical lm thickness depends upon the applied voltage and is
found to be in the range of a few microns which leads to
a critical electric eld around 615 kV m�1 as shown in the Fig. 3
inset. However, the critical electric eld for the dielectric
breakdown of silicone oil in air is Ebreakdownc z 15 MV m�1,
which clearly suggests that the nal rupture of the oil lm is not
due to the dielectric breakdown of silicone oil. Also the process
of the nal rupture of the oil lm is much faster (a few milli-
seconds) compared to the drainage time (tens of seconds).
Priest et al. have also demonstrated a similar electro-
coalescence phenomenon of aqueous drops in oil (emulsions)
in microuidic devices showing very similar behavior.42 Her-
minghaus et al. have also shown theoretically that a thin
dielectric liquid lm between two conducting media undergoes
dynamic instability if a potential difference is applied across
it.57 The time required for rupture of the oil–water interface is in
the order of milliseconds which is consistent with our coales-
cence experiment.
(b) Non-coalescence using electrowetting on dielectric
(EWOD)

EWOD induced coalescence experiments were done on
substrates coated with silicone oil with a thickness of approxi-
mately 20 mm. In this situation, interaction of aqueous drops
deposited on these substrates is initiated from almost the
due to dynamic instability.

RSC Adv., 2015, 5, 105524–105530 | 105527
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Fig. 5 Electrowetting on dielectrics induced non-coalescence of
aqueous drops. (a) Optical snap shots of coalescing and non-coa-
lescing aqueous drops without and with applied voltage, (b) coales-
cence life time of aqueous drops as a function of applied voltage
during electrowetting.
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middle of the drops (at the water–air interface) resulting in
spontaneous coalescence (cf. Fig. 1(b)). Such coalescence of
aqueous drops can be prevented by lowering the interaction
point of the drops (close to the oil meniscus). This can be
achieved using electrowetting on dielectrics by lowering the
apparent contact angle of the aqueous drops. Fig. 4 shows the
EWOD plot of a conducting aqueous drop on silicone oil coated
substrates for increasing and decreasing voltage cycles at a 10
kHz ac voltage. Due to the lubricating (slippery) nature of sili-
cone oil, it provides very smooth movement of the three phase
contact point of the aqueous drop during electrowetting thus
resulting in extremely low contact angle hysteresis (�2�). Elec-
trowetting behavior is qualitatively explained by the Lippmann–
Young equation as:

cos qV ¼ cos qV þ ˛0˛r

2dgwa

V 2 (5)

where d is the thickness of dielectrics which in the present case
will be the sum of silicone oil thickness plus solid SiO2 thick-
ness. The black solid line in Fig. 4 represents eqn (5) which is
tted to the increasing voltage cycle.

As voltage is increased during electrowetting, due to
lowering of the apparent contact of aqueous drops, the inter-
action point of the interacting aqueous drops is lowered close to
the oil meniscus. Therefore as the drops touch each other,
a thin layer of oil is pulled up between the two drops, thus
bringing the drops into a non-coalescing regime with an
increased non-coalescence life time (see ESI movie S2†). For
electrowetting induced non-coalescence experiments, a hori-
zontal copper wire was brought into contact with the aqueous
drops which acts as a top electrode and a bottom electrode was
connected to the base of p-type Si substrates as shown in
Fig. 5(a). Fig. 5(a) also shows spontaneous coalescence of two
aqueous drops upon contact without an applied voltage
whereas the bottom row shows stable non-coalescence of the
drops aer 40 V. Fig. 5(b) shows the plot of increasing coales-
cence life time of aqueous drops as a function of applied
voltage.
Fig. 4 Electrowetting on dielectrics plot of an aqueous drop on sili-
cone oil coated substrates for increasing and decreasing voltage
cycles showing extremely low hysteresis. The black solid line repre-
sents the Lippmann–Young equation which is fitted numerically to the
experiment data (increasing voltage cycle).

105528 | RSC Adv., 2015, 5, 105524–105530
During EWOD, the apparent contact of the aqueous drops
remains above 90� up to 30 V therefore the drops still remain in
the spontaneous coalescence regime. Above 40 V, the aqueous
drop’s contact angle is brought below 90� bringing the inter-
action point closer to the oil meniscus thus increasing the
coalescence life time. Upon further increasing the voltage up to
60 V, the apparent contact angle decreases to 60�, increasing the
coalescence life time up to 1000 s. Therefore the aqueous drops
become stable against spontaneous coalescence for any prac-
tical application. So it is clear that EWOD can be successfully
used to increase the life time of coalescence. Also, in electro-
coalescence/non-coalescence experiments, since there is no
physical change in the substrate or lubricating uid, they can be
reused without any loss of generality. We found the system to be
stable and reusable for a minimum of 100 cycles.
Conclusion

Aqueous drops on silicone oil coated slippery surfaces are
cloaked with a thin layer of oil due to surface energy minimi-
zation. Depending upon the thickness of the silicone oil, one
can either have non-coalescence or spontaneous coalescence
behavior. For a thick lubricating oil layer, aqueous drops do not
coalesce because the contact point of the drops is very close to
the oil meniscus and a thin layer of oil is pulled up between the
drops making them pseudo-stable. These non-coalescing drops
coalesce if one waits for a sufficiently long time as the pulled oil
layer drains out slowly due to the Laplace pressure of the drops.
Applying an external electric eld can hasten the coalescence
phenomenon due to an additional electrostatic pressure which
This journal is © The Royal Society of Chemistry 2015
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helps to drain the oil lm faster. During electro-coalescence, the
oil lm is drained up to a critical thickness which depends upon
the applied voltage. At this critical thickness, the critical electric
eld is the same for all voltages. Once the oil lm has reached
its critical thickness, it undergoes hydrodynamic instability and
the nal rupture happens resulting in coalescence. The insta-
bility with the applied electric eld is due to the amplication of
surface waves resulting in nal coalescence. The time scale of
oil drainage and dynamic instability is different by many orders
of magnitude. For thin oil lms, the interaction point of two
aqueous drops is well above the oil surface resulting in spon-
taneous coalescence. The life time of coalescence can be
enhanced using electrowetting on dielectric which lowers the
apparent contact angle of the aqueous drops thus bringing
down their interaction point much closer to the oil meniscus.
Therefore upon bringing into contact, the thin oil layer is again
pulled up between the aqueous drops making them stable
against coalescence. Therefore an external electric eld
approach provides an efficient tool to control non-coalescence
or spontaneous coalescence of aqueous drops on lubricating
oil coated slippery surfaces.
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