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Low-voltage electrowetting on liquid infused films realized with lubricated
honeycomb polymer surfaces is reported. Introduction of ethylene carbonate into the
polymer (polycarbonate) matrix allowed an increase in the sensitivity of the scheme.
A theoretical analysis of the thermodynamics of the electrowetting on liquid infused
film is reported. Fitting of experimental data to theoretical curves allowed an
estimation of the specific capacity of the double layer. An analysis of the viscous

dissipation taking place under the proposed electrowetting scheme is presented.

Introduction

An interest in the phenomenon of electrowetting was boosted in the 1980s in
the context of various applications of the effect, including lab-on-chip systems'” and
adaptive optical lenses.'” Electrowetting is already coming to fruition for many
applications, such as display technologies, droplet transport, smart optics, flexible
systems, remote switching, electronic paper, miniaturized chemistry and energy
harves‘[ing.8 Numerous applications of electrowetting were summarized in recent
reviews.* '’ However, the applications of electrowetting face a serious problem: the
voltages necessary for manifestations of this effect are relatively high, on the order of
magnitude of several hundred volts.”"® The important factor which adversely affects

electrowetting is the effect of the pinning of the triple line, leading to high voltages
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necessary for electrical actuation of droplets.' One of the most popular modern
configurations of electrowetting experiments is the so-called electrowetting-on-
dielectric scheme (EWOD), in which liquid is placed on an insulating layer on top of
bare electrodes.'”'* A detailed theoretical analysis of the EWOD scheme was
undertaken recently in Refs. 14-15. A number of groups reported low-voltage EWOD

schemes'®%

, exploiting a diversity of supporting dielectrics, including amorphous
fluoropolymers,'® solid-like ionic liquids,'” parylene,' etc.

However, the EWOD scheme also suffers from the effect of the pinning of the
triple line.'' It was demonstrated recently that the impact of pinning may be
essentially decreased when liquids are used as the dielectric layer.*** Wang et al.
coined for this scenario of electrowetting the abbreviation EWOLF, which means
electrowetting on liquid-infused film.* Our paper is devoted to the further
development of a low-voltage EWOLF scheme, enabling an essential decrease in the
voltage necessary for the onset of electrical actuation of droplets.

Experimental

The EWOLF scheme was realized by the use of aluminum planar electrodes,
coated with honeycomb composite films comprised of Polycarbonate (PC) and
Ethylene Carbonate (EC). Composite films were deposited on the electrodes by the
fast dip-coating process, as depicted in Figs. la-b. The fast dip-coating process is
described in detail in Refs. 26-27. The solution used for the fast dip-coating
contained: 84.15 wt.% of Dichloromethane (CH,Cly), 10.11 wt.% of Chloroform
(CHCl3), 3.9 wt% of PC and 1.83 wt.% of EC. The higher concentrations of EC led to

formation of defective micro-porous structures. The fast dip-coating carried out under

the relative humidity (RH) of 40-50% gave rise to the “breath-figures” self-assembly,
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reviewed recently in Refs. 28-30. PC is distinguished by its high dielectric constant (£
=2.9) and dielectric strength (150 kV/cm).

A typical self-assembly pattern resulting from the breath-figures self-
assembly, formed on aluminum plates, is depicted in Fig. 2. The average radius of
pores was about 1.5 um. The average depth of pores as established by AFM was
about 1 um. PC porous coatings were impregnated by the polydimethylsiloxane
(PDMYS) oil for MP&BP apparatus, for brevity called hereafter “silicone oil” (supplied

by Sigma-Aldrich). This kind of oil was chosen due to its high dielectric strength (120
kV/em) and low viscosity (77,, = 5x107>Pas). For the purpose of uniform spreading

of the oil, the lubricated substrates were heated to 60°C, and afterwards cooled to
ambient temperature. The thickness of the oil layer was established by weighing as
[ =20+2 pum(see Fig. 1b), which is much larger than the depth of the pores. The
physical properties of the silicone oil relevant to our study are summarized in Table 1.
Experiments were carried out with 8 pl bi-distilled water droplets. Droplets were
visualized with a Ramé-Hart Advanced Goniometer, Model 500-F.

The surface tension of the silicone oil was established by the pendant drop
method with a Ramé-Hart Advanced Goniometer, Model 500-F.

Theoretical analysis of the EWOLF electrowetting scheme.

In the EWOLF scheme, a water droplet is deposited on the oil layer.*** The
wetting regime is governed by the spreading parameter S, given by:
§= Y- (yoil + yoil/water) > (1)

wherey =71 mJs Vou =21 m—{ andy ;. =23-24 m_{ are interfacial tensions at the

m*’ m m
water/vapor, oil/vapor and oil/water interfaces respectively (y,,was established
experimentally as described in the experimental section;y ;... Was extracted from

the literature data’'). Substituting the aforementioned values in Exp. 1, we obtain

S > 0; in this case, the silicone oil is expected to coat the water droplet.24’ 3234 Indeed,

3
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the formation of the silicone oil layer coating the droplet was observed
experimentally.

Thus, the actual wetting regime displayed schematically in Fig. 1a, illustrated
in Fig. 3, and discussed recently in detail in Refs. 33-35, is rather intricate. The
situation is complicated by the “wetting ridges” formed in the vicinity of the contact
line, discussed in Refs. 33-34 and shown schematically in Fig. 3. The complicated
shape of the water/vapor interface, exhibiting a flex point, is noteworthy, making an
accurate measurement and interpretation of the contact angle quite challenging. For
the analysis of the wetting situation, we implemented the following experimental
procedure. We experimentally established the contact diameter 2a changing with a
voltage U by means of a traditional goniometric procedure, and we interpreted the
dependence a(U), as will be discussed below.

Consider the free energy G of a water droplet deposited on the silicone layer and
exposed to the voltage U, as described in Figs. 1a-b, 3 (the energy of the “wetting
ridge” is neglected) :

Gl )= | s + Pt + PONAT (VR + (i O) = )iy, @)

where y.,,.(U)is the surface energy of the oil/water interface exposed to voltage

U, e is the thickness of the PDMS liquid layer coating a water droplet (see Fig. 3),
h(x,y) is the local height of the liquid surface above the point (x,)) of the substrate (it
is supposed latently that there is no difference between surface tensions and surface

energies for ¥, , 7../.... ) and the integral is extended over the wetted substrate area.

The first term of the integrand presents the capillary energy of the liquid “composite”
cap. It should be stressed that this energy is not modified by voltage. The second term
describes the change in the energy of the oil/water interface modified by voltage, and

it is usually related to the formation of the Helmholtz double layer.lo’ 36-38 P(e)is the
term resulting from the disjoining pressure I1(e) (see Refs. 36-39).

H(e):—j—i . (3)

Gravity is neglected, because it has no influence on the apparent contact angle
(abbreviated APCA).* If we restrict ourselves to an axially symmetric “coated”

droplet (shown in Fig. 3), the free energy G is given by the following expression:
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G(h,h') = J [2”(701‘1 Vit rwater + PENVXNT+ R 4+ 270(Y i1y (U) = 7 ) el , (4)

where a is the contact radius of the droplet (see Fig. 3). We also suppose that the
PDMS coated water droplet does not evaporate (this assumption is well-justified,
because PDMS actually does not evaporate); thus, the condition of the constant

volume ¥ should be considered as:
V= j 270ch(x)dx = const . (5)

It should be stressed that in the discussed experimental situation, where a water
droplet is coated with oil, the volume of the droplet is constant.

Thus, the problem is reduced to the minimization of the functional:
G(h,h') = j G(h, ', x)dx , (6a)
0

*

G(h,h', x) = 272V oy + Vot rarer + P(@DXAT+ A" + 27 (y U)-y,,)+27Axh , (6b)

oil / water

where /A is the Lagrange multiplier to be deduced from Exp. 5. If the endpoints of the

contact line are free to move, the transversality condition at the endpoint a yields:*’

(G-h'G)),, =0, (7)

where G, denotes the /' derivative of G . The procedure, described in detail in Ref.

39, yields for the apparent contact angle:

- U
]/Ol[ 7/011/water( ) (8)

cosd = .
j/nil + 71)il/water + P(e)
It is plausible to suggest that the change in the oil/water interfacial tension due

to the voltage U is (as it occurs for solid dielectrics'****®) is described by:

2
. cU
yoil/water (U) = yoi//water -

> €

where C is the specific capacity of the double layer, which is inherent to the EWOLF

scheme.®'" The thermodynamic justification of Eq. 9 is presented in Ref. 41.

Substituting Exp. 9 into Exp. 8, and consideringcos 8 = Yo — Vo water (where 0
7/01'1 + yoil/water + P(e)

is the equilibrium contact angle of the system corresponding to the zero voltage

situation™) results in the following expressions:
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cuU’
2(7/01'1 + 71)il/water + P(e))
C
o= 5
2(7/01'1 + yail/water + P(e))

resembling the well-known Lippmann equation of electrowetting.'” ** ** Exp. 10

cosf =cosé + =cosf+al”, (10a)

(10b)

leads to the expectable conclusion: the high sensitivity of the EWOLF scheme calls
for high specific capacities C. Thus, a low-voltage EWOLF scheme should fulfill two

main demands: low contact angle hysteresis,'"* **

and the highest possible specific
capacitances of the double layer C.

The first demand is fulfilled due to the fact that polymer substrates
impregnated by oils demonstrate very low contact angle hysteresis. *2°~334452
Further progress in the development of low-voltage schemes may be obtained by
increasing the specific capacitance C. For this purpose, ethylene carbonate (EC) was
introduced into the PC matrix. The molecule of EC is characterized by an abnormally
high molecular dipole moment of 4.9 D, leading to a dielectric constant as high as
90.* Thus, an essential increase in the specific capacity C results in a decrease of
the voltage necessary for electrowetting actuation of droplets. It should be stressed
that in our experiments, water soluble EC is isolated from water by the layer of
PDMS, as depicted in Fig. 1.

Experimental results

We established that PC+EC silicone oil-impregnated honeycomb surfaces
demonstrated low-voltage DC electrowetting, illustrated by Figs. 4-6. Fig. 4 depicts
the distortion of the water droplet under applied voltage. Wetting ridges formed in the

vicinity of the triple line are clearly seen.”>* The presence of wetting ridges makes

accurate measurement of the apparent contact angles predicted by Exp. 10
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problematic, due to the complicated shape of the water/vapor interface, exhibiting a
flex point.

At the same time, the relative maximal displacement of the triple line Aa/a,

may be accurately established experimentally with a goniometer. Fig. 5 depicts the
dependence of the relative maximal displacement of the triple line as a function of the
applied voltage U.

It is recognized from the data, displayed in Fig. 5, that the onset of the
displacement of the triple line starts at the voltage of U;=5 V. This voltage is
markedly lower than the voltages reported in Refs. 24-25, and it is reasonable to relate
the progress in the decrease of the voltage necessary for electrowetting actuation of
droplets to the essential increase in the specific capacity of the scheme, achieved by
introducing EC into the polymer matrix. The EWOLF scheme remained reversible up
to threshold voltages of 50V.

It is reasonable to quantify the sensitivity of the EWOLF scheme by the

parameter$ = Aa/a,U, as proposed in Ref. 24. It is recognized from the

experimental data that& =3.6x107 V™' for the EWOLF scheme exploiting PC+EC
silicone oil-impregnated honeycomb surfaces, which is markedly larger than that
reported in Ref. 24 for pure PC substrates (£ =1.3-10"V™"). This means that the
presented scheme is more sensitive to the voltage than that reported in our previous
paper.

The essential improvement of the sensitivity of the electrowetting scheme is
reasonably related to the increase of the dielectric constant of the double layer
stipulated by the introduction of EC, resulting in an increase in the specific capacity
appearing in Ref. 10. However, the quantitative analysis of the experimental data is

far from trivial. Indeed, Exps. 10a-b predict the apparent contact angle, whereas the

7
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experimental procedure allows accurate establishment of the relative maximal

displacement of the triple line Aa/a,. Assuming that the droplet exposed to voltage
keeps the shape of a spherical cap, accepting the constancy of the droplet’s volume V
and applying the well-known geometrical relations, supplied by Exps. 11a-b:

V=§R3(1—c0549)2(2+cos¢9) (11a)

a=Rsinf , (11b)
(where R is the radius of a droplet), yields the following expression for the relative

maximal displacement of the triple line, yields the following:

~1. (12)

sin @

2 1
1—cos¢9j3( 2+cos¢9j3 sin 8"
l-cos8 ) \2+cos8"

Aa/aoz(

Fitting of the experimental data by the cumbersome function supplied by
Exps. 10, 12 is presented in Fig. 5. The value of a (see Exp. 10b) was considered a

fitting parameter. The best possible fitting (carried out with Origin 8.1 software) was

obtained fora =6 x107°V . This makes possible a rough estimation of the specific
capacitance of the double layer C. Indeed, if the effects due to the disjoining pressure

are negligible, we have:
C = 2a(yoil+7/oil/water) : (13)

Substituting the abovementioned values of a, y ,and y,,,,...into Exp. 3 yields:

C;SE2

m

. This value is smaller than the specific capacitances reported for EWOD

55-56
schemes

and typical specific capacities inherent for double layers,37 and this
discrepancy calls for future investigations.

It should be emphasized that fitting of experimental data by Exp. 12 is

possible only at the initial section of the experimental curve, i.e. at relatively low
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voltages. At higher voltages of 100 V, the effect of saturation of the contact angle was
observed, which is still not understood to its full extent.>”’

The dynamics of the EWOLF scheme.
When the triple line is displaced, viscous dissipation occurs in the water
droplet and also within the oil layer. Both of the viscous dissipations (accurately

speaking, the velocities of the viscous dissipations) are given by Exp. 14 (see Ref. 58):

dE, _
ﬁ:nj(vufdrf. (14)

Va

Here V; is the volume over which viscous dissipation occurs, 7 is the viscosity of the

2
~ 0 .
liquid, and # is the velocity field in the liquid.”® Assuming (Vii)® = (G_MJ (y is the
y
. . . o dE,,,
vertical axis), we have for the viscous dissipation in the droplet % (recall that

1
the volume of the spherical segment is given by:V = 7t (a —gH ), a is the contact

radius, and H is the height of a spherical segment, shown in Fig. 3):

2
dE. .. ou W 1 2 1
—=p M=1dV=n,.-—d (a-——H)=rn,, u(a——H) . 15
dt T !(ayj o H? ( 3 )= At 3 ) ()

oil

dE
For the viscous dissipation — taking place within the oil layer, we have:

2
dE ou uw o, ,al

— = \|l=—\|dVz=n,—-ml=mnu —, 16
dt n{)ll[}[(ayJ 77()11 l2 77()11 l ( )

where / is the thickness of the silicone oil layer, shown in Fig. 1b. Combining Exps.

15-16 yields:

1
a——H)l
Ewater ~ nwater ( 3 ) (17)
= > .
Eoil 7701'1 a

In our experiments a = H takes place; this assumption gives rise to the following

simple estimation:
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E /

water ~ 77 water

(18)

Eoil 770[[ a

In our experiments: 77,, =5x 107 Paxs;n,,,, =107 Paxs;1=20x10°m;a =107 m.

E 107 20x10°°
Thus, we obtain; — = 0 = OX%O =4x10"*. This means, that in our
E 5x10 10

oil

experiments, the viscous dissipation is totally governed by the dissipation occurring in
the silicone oil layer. In our estimation, we assumed that the thickness of the silicone
oil layer is close to its initial value. However, the thickness of the oil layer essentially
changes after loading a water droplet on its surface; it may be as low as 20 nm.”
Considering this observation strengthens the conclusion that the viscous dissipation is

controlled by the processes taking place in the oil layer.

The balance of interfacial and viscous forces acting within the silicone oil

layer yields (see Ref. 18):

2Ay(U)

noila

I

v , (19)

where v is the velocity of the triple line, and Ay(U)is the non-equilibrium, specific

interfacial force depending on the applied voltage U. Combining Exps. 19 and 9
results in the following “naive” scaling law: v~U”. The experimental dependence of
the velocity of the triple line v on the applied voltage U is depicted in Fig. 6. The
double logarithmic plot, Inv vs. InU (presented in Fig. 6) is reasonably fitted with a
straight line with a slope in the range of 1.8-2.2, supporting the square scaling law
resulting from Exps. 19 and 9.

The further progress in the improvement of the sensitivity of the EWOLF
scheme may be related to the increasing of the specific capacity C, exploiting of
extremely low viscosity oils (see Eq. 19) and improvement of the polymer layer,
preventing the charge leakage, as discussed in Ref. 60.

Conclusions

We conclude that impregnated porous polymer substrates demonstrate a
potential for low-voltage electrowetting. Electrowetting on liquid-infused films allows
low-voltage actuation of droplets, due to the low contact angle hysteresis inherent for
liquid/liquid interfaces. We reported that introducing Ethylene Carbonate,

(characterized by a very high dielectric constant) into the porous polymer film

10
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enabled an increase of the sensitivity of the electrowetting scheme to the applied
voltage. Voltages as low as 5V gave rise to the onset of displacement of the contact
line. It is reasonable to relate the high sensitivity of the reported electrowetting
scheme to the high specific capacity of the Helmholtz double layer. A theoretical
analysis of the electrowetting on a liquid-infused polymer film was reported. An
explicit equation predicting the apparent contact angle was derived. The specific
capacity of the double layer C was calculated. The dynamics of the EWOLF scheme
was analyzed. The viscous dissipation occurring under EWOLF is controlled by the
processes taking place in the oil layer.
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Table 1. Physical properties of the silicone oil used in the investigation.

Oil Viscosity, #, Surface Interface | Density, p, 10° | Dielectric
Paxs tension, Yy, tension, kg/m3 constant, ¢
mJ/m? Yoil/water
mJ/m’
Silicone 0.05 21 23-24 0.963 2.5
oil

15
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Y oil/witer(U)
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Fig. 1a. EWOLF scheme exploiting a lubricated honeycomb polymer layer as an

insulating layer. The balance of interfacial forces is shown.
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Fig. 1b. Scheme of the electrode used in the EWOLF scheme.
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Fig. 2. Composite honeycomb coating built from Polycarbonate and Ethylene
Carbonate, deposited on Al plain electrodes obtained with “breath-figures” self-

assembly, carried out in a humid atmosphere. Scale bar is 1 um.

Page 18 of 22



Page 19 of 22 RSC Advances

silicone oil wetting ridge

- H
| water / X

»
»

A

f,-',-'}'/ ?ﬂ,ﬂii?}f}}fﬁ;{rf&'}f} i’,‘.-’,.-’,.-’, _.-j"_.:j-:_.-r_.-r_.-‘.-‘:.:-":?:
PC+EC film 2a

A
A 4

Fig. 3. Parameters of the wetting regime for water droplets deposited on the silicone

oil layer. & is the apparent contact angle.
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Fig. 4. Electrowetting of silicone oil-lubricated PC+EC substrates. Volume of the

water droplet is 8 ul. (a) U=0V; (b) U=55V.
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Fig. 5. Relative maximal displacement of the triple line Aa/a, vs. applied DC

voltage U for the EWOLF scheme studied in the investigation. Solid line represents

the fitting of the experimental data by the function, given by Exps. 10, 12.
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Fig. 6. Average velocity of the triple line v (m/s) vs. applied voltage U (V) for the

EWOLF scheme. The best fitting is presented by the straight line with a slope of 1.8,

represented by the solid line.
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