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We show experimentally how an electric field can control the folding and unfolding of a thin elastic

membrane around a liquid droplet. As the voltage is increased above a critical value the membrane

unfolds completely. The transition is reversible, although the structure closes back for a lower critical

tension. We propose scaling laws for these critical voltages based on the interaction between surface

tension, elastic and electric energies. These scaling laws are in qualitative agreement with experiments

and a simplified 2D simulation of the problem, providing a useful tool for designing practical micro-

devices actuated by an electric field.
1 Introduction

Recent studies have shown how capillary forces can be used to

fold thin sheets in a controlled way and thus to produce 3D

microscale objects.1–5 As an example of a practical application,

Gua et al. have developed 3D photovoltaic cells with enhanced

efficiency by wrapping thin Si foils around water droplets.6 This

technique takes advantage of dominating surface tension forces

at small scales making it possible to wrap thin elastic sheets

around droplets. A wide range of 3D shapes can be obtained if

the initial planar patterns of the elastic sheets are properly

tuned.1 However, for different applications such as micro-

actuators or digital displays, it would be interesting to have the

possibility of switching between the closed and opened states at

will, for instance using an electric signal.

Indeed, the use of electric fields provides an efficient way of

manipulating liquid droplets without the use of mechanical

moving parts. For example, a simple way of modifying the

wetting properties of liquids is electrowetting, whose physical

basis was first described at the end of the 19th century by Lipp-

mann.7 In recent years, EWOD (electrowetting over dielectrics9,8)

has been used in a wide variety of applications, ranging from

microlenses using drops of tunable shape and focal length,10 to

the manipulation of micro droplets in lab-on-a-chip devices13,11

and capillary driven motors.12 In these ‘static electrowetting’

cases,14 the effect of an electric field can be viewed as changing

the effective macroscopic contact angle.15

In the present work we ask if an electric field can be used to

actuate the closure and reopening of a capillary origami. Since

capillary forces induce wrapping, we need an additional force

(electrostatics) acting against surface tension to promote the

reopening of the structure. We emphasize that this situation, with

a contact line pinned at the edges of a flexible dielectric, is

however different from classical static electrowetting where the

liquid contact line moves on a rigid dielectric layer.

We first describe the relevant physical parameters in the

interaction between elastic, surface tension and electric forces. In
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the second part experimental results are presented, discussed

and compared with a 2D numerical model of the system. We

finally give scaling arguments for the opening and closing

conditions.
2 Characteristic scales

In the problem of spontaneous wrapping of elastic sheets around

droplets, the deformations of the sheet reduce the contact area

between the droplet and air, thus decreasing the surface tension

energy by a quantity of the order of g L2 (g being the surface

tension between the liquid and air and L the typical length of the

sheet). This reduction in surface tension energy is balanced by an

increment of bending energy in the elastic membrane. For a thin

plate, the isometric bending energy per unit surface is defined

locally by Bk2/2, where k is the curvature and B ¼ Eh3/12(1–n2) is

the bending stiffness of the plate (E being the Young’s modulus,

n is the Poisson’s ratio and h is the thickness). As a consequence,

spontaneous wrapping is expected when surface energy over-

comes the bending energy corresponding to k � 1/L:

B

L2
L2\gL2 (1)

A characteristic length of this problem can be defined as

LEC ¼
ffiffiffiffi
B

g

s
(2)

known as the elastocapillary length.16 This scaling argument

indicates that the critical length Lcrit beyond which the elastic

membrane totally wraps the droplet should be proportional to

LEC. For instance, in the work done by Py et al.,1 triangular

sheets of side length L were experimentally found to form

pyramids for L > 11.9LEC.

The addition of an electric field, as shown in Fig. 1, leads to

electric forces that are expected to counteract surface tension.
Fig. 1 Sketch of the experimental setup.
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Indeed, for an opened structure the capacitance of the system can

be approximated to that of a parallel plate system,15 which leads

to an electric energy Ee ¼ eL2U2/2(d + h), where e and d are the

dielectric constant and the thickness of the insulating layer,

respectively (we assume that both layers have the same dielectric

constant). The comparison between surface tension and electric

energies yields the characteristic voltage:

U0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gðd þ hÞ

3

r
(3)

beyond which electric forces are expected to overcome surface

tension. In our experiments the physical parameters are of the

order of g x 72 mN m�1, h � 50 mm, d � 60 mm, e � 4.4 � 10�11

F/m, which leads to U0 � 800 V. This high value can however be

considerably reduced in practical applications if the thicknesses

of the dielectric layers are scaled down to a few microns.
3 Experimental setup

The experimental setup used to generate the electric field between

the droplet and the substrate is sketched in Fig. 1. The AC

voltage is generated with a Tektronik 1254 signal generator,

amplified with a Trek 8654 high voltage amplifier. The electrodes

consist of a 10 mm diameter copper wire (immersed in the

droplet) and a 5 mm thick brass plate (counter electrode). To

avoid electrical short circuit between the electrodes in case of

accidental water spilling, the counter electrode is covered with

a strip of adhesive tape (insulating layer) of thickness d ¼ 60 mm.

In order to improve the droplet conductivity, experiments were

carried out using water with a 0.3% of salt concentration.

Membranes were made of polydimethylsiloxane (PDMS, Dow

corning Sylgard 1 : 10 and 1 : 20 polymer/curing agent mix) spin
Fig. 2 Images of the lateral and upper views obtained during the experimen

d ¼ 60 mm and LEC ¼ 0.47 mm.

4492 | Soft Matter, 2010, 6, 4491–4496
coated at rotating speeds of 1000–3500 rpm, over Emery

polishing paper 2/0 with a measured average roughness

Ra ¼ 4.24 mm. Spin coating over rough surfaces leads to rough

sided membranes, which significantly reduces the adhesion of the

membranes on the insulating layer. To proceed with the experi-

ment, triangular shapes of side length L were cut out from

the PDMS sheets of different thicknesses varying from

60 mm < h < 100 mm. A droplet of salty water 5–30 ml is then

deposited over the initially flat PDMS shape. As shown by Py

et al.,1 the elastic sheet spontaneously wraps the droplet if

L > Lcrit � LEC. Once the origami is formed, the copper wire

electrode is immersed inside the droplet. A 1 kHz AC voltage is

imposed between the electrodes and increased gradually from 0 V

until the origami has completely reopened. The voltage is then

decreased at the same rate until the origami closes again. Images

of the evolution of the origami are taken during the experiments

at 10 frames per second, as well as simultaneous recordings of the

voltage between the electrodes and the capacitance of the

droplet–membrane system.
4 Results and discussion

4.1 Experimental results

A series of images obtained during a typical experiment is shown

in Fig. 2 (see also ESI†). These first results reveal that it is

possible to open the closed origami structure if a sufficiently

strong electric field is imposed between the droplet and the

counter electrode. The images in Fig. 2-a show the evolution of

the unwrapping as the voltage between the electrodes is

increased. The membrane starts to open gradually until a critical

voltage is reached: one corner of the triangle suddenly jumps over
ts, (a) increasing voltage, (b) decreasing voltage. L ¼ 7 mm, h ¼ 80 mm,

This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 Measurements of the system’s capacitance as a function of the

applied voltage for 5 continuous cycles with L/LEC¼ 13.5, h¼ 80 mm and

d ¼ 60 mm. C0 ¼ 6.66 pF is the capacitance for a parallel plate system of

triangular surface with L ¼ 7 mm. U0 ¼ 857.2 V.

Fig. 4 Experimental results for Uopen and Uclose as a function of L/LEC.

Solid lines show the fit of the experimental data to expressions obtained

for Uopen and Uclose from the scaling analysis developed in section 4.2.2,

see eqn (9).
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the counter electrode. Similar jumps are successively observed as

the voltage is progressively increased. We define as Uopen the

RMS value of the voltage beyond which the membrane lies flat

over the counter-electrode (last image in Fig. 2-a). A further

increase in the voltage does not induce any modification of the

shape. However, tiny droplets are ejected when high voltages are

reached (typically 1 kV in our experiments) as commonly

observed in classical electrowetting experiments.15 This extreme

situation would not be desired for practical applications as it may

lead to electrical shortcuts and to the adhesion of the membrane

on the counter-electrode. Once Uopen is reached, the voltage is

progressively decreased. Contrary from what would be expected

from a continuous transition, the sheet remains flat until one

corner suddenly folds at a voltage defined as Uclose (third image in

Fig. 2-b), significantly lower than Uopen. As the voltage is

decreased, the two remaining corners successively fold in the

same sudden way and the origami structure recovers its initial

shape. To illustrate the hysteresis we measured the capacitance of

the system for a complete cycle. These measurements are pre-

sented in Fig. 3.The capacitance of the system is expected to be
Fig. 5 (a) Experimental results for Uopen and Uclose as a function of the thickn

Uopen as a function of the droplet volume V for L/LEC ¼ 13.5.

This journal is ª The Royal Society of Chemistry 2010
proportional to the surface at contact between the origami and

the counter electrode. Besides illustrating the hysteresis in the

cycle, the measurement of the capacitance also gives some

information of the opening and closing processes. As commented

before, when the voltage starts to increase the membrane begins

to unwrap in a very slow and continuous way. This unwrapping

process corresponds to the continuous increment in the system

capacitance between points 1 and 2 in the cycle shown in Fig. 3.

Then the sudden unwrapping of one of the corners occurs, and

appears as a discontinuous jump of the capacitance in point 2.

The membrane keeps opening gradually until the second corner

and finally the third corner opens generating discontinuous

jumps of the capacitance in points 3 and 4, respectively. After

completely opening (point 4), we would expect the capacitance to

remain constant until the first corner closes again. However,

during the decrease in voltage, dewetting can be observed near

the corners of the triangle, which leads to a reduction in the

system’s capacitance (point 5). Once the electric field is too weak

to hold the opened state, a first corner wraps around the droplet
ess of the insulating layer d, for L/LEC¼ 13.5. (b) Experimental results for

Soft Matter, 2010, 6, 4491–4496 | 4493
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Fig. 6 Sketch of the system used in the 2D simulation: the radii of

curvature of the liquid interface, R1 and of the elastic membrane, R2, are

assumed to be uniform.
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again and the value of the capacitance falls in a discontinuous

jump at point 6 (this defines the closing voltage Uclose). The same

scenario occurs for the other two corners until the origami is

completely closed, moment in which the capacitance returns to

its initial value, about five times smaller than the value for the

completely opened state.

Different experiments were done varying the experimental

parameters, which include the variation of the size of the triangle

L, the thickness of the membrane h, the Young modulus

of PDMS E, the thickness of the insulating layer d and the ratio

V/L3 (V is the volume of the droplet). Experimental results

obtained for Uopen and Uclose as a function of L/LEC for fixed

values of d ¼ 50 mm and V/L3 ¼ 0.058 are shown in Fig. 4. The

plotted measurements present clearly the hysteresis between the

opening and closing voltages. The collapse of the data in this

graph confirms that U0 and LEC are the relevant parameters in

the problem. U0 also gives a good estimate of the voltages found

in the experiments. But as shown in Fig. 4, Uopen/U0 increases

with function of L/LEC and eventually tends to reach a saturation

value. Indeed the results obtained by Py et al.1 show that the

bending energy is higher for lower values of L/LEC, which

promotes the opening of the structure. Conversely the bending

energy becomes negligible for high values of L/LEC, which

explains the asymptotic regime observed: the opening and closing

voltages should only rely on a balance between surface tension

and electric energy and not depend on L/LEC anymore. On the

other hand, we observe that the closing voltage Uclose/U0 remains

practically constant and does not seem to depend on L/LEC.

Indeed, as the membrane is completely open there is no elastic

energy in the system, so the closing process should depend only

on the electric field-surface tension interactions, in which the

ratio L/LEC does not play any role.

Fig. 5 a shows different experimental results where the thick-

ness of the insulating layer was increased over one order of

magnitude while L/LEC and the ratio V/L3 were kept constant.

The ratio Uopen/U0 appears to decrease slowly as a function of the

dielectric thickness d, while Uclose/U0 remains constant as it did as

a function of L/LEC. Nevertheless, the hysteresis between Uopen

and Uclose remains large. Additionally, Uopen/U0 decreases as

a function of the ratio between the droplet volume V and L3, as

shown in Fig. 5 b (in this case the length of the membrane L is

kept constant while the volume of the droplet was varied from 10

to 30 ml). As shown by Py et al., the distance between the tips of

the wrapped membrane increases with the volume of the droplet.

We could then expect to need a lower voltage to open a partially

folded membrane compared to the completely closed state.

Experimental trends are therefore in agreement with the analysis

of the physical parameters. However a more detailed analysis of

the problem is required to understand and predict the depen-

dency of the opening and closing voltages as a function of the

different experimental parameters. A 2D numerical approach

and simplified scaling laws for the opening and closing voltages

are presented in the following section.
4.2 2D model and numerical simulations

We consider a simplified 2D model of the system inspired by

a recent work from de Langre et al.17 The model consists of a two

dimensional system, of width w, formed by the elastic membrane
4494 | Soft Matter, 2010, 6, 4491–4496
and a liquid–air interface (Fig. 6). The membrane is considered to

have a constant length L and a uniform radius of curvature R1.

The radius of curvature of the liquid–air interface R2 is also

considered uniform. The droplet is taken as a conductive body of

area S separated from the counter electrode by a dielectric layer

of thickness d.

The total energy of the system considering the elasticity of the

membrane, surface tension and the electric field is given by the

following expression:

Et ¼
BwL

2R2
1

þ gwL�
ffiffiffi
2
p

ew

�
R1

d þ h

�1=2

arctan

�
Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8R1ðd þ hÞ
p �

U2

(4)

The third term in the last equation approximates the electric

energy Ee of a 2D capacitor where one of the electrode is planar,

and the other one is a portion (with length L) of cylinder with-

curvature R1. Indeed, if the variations of the gap are small

L2/R� t compared to the minimal gap t ¼ d + h, the portion of

cylinder can be considered as planar and we find the usual

formula for parallel plates Ee ¼ �ewLU2/2t. Conversely in the

opposite case L[
ffiffiffiffiffiffiffi
R1t
p

the energy is almost that of a complete

cylinder separated of a plane by a gap t, and we find that Ee

reduces to the classical value18 Ee ¼ �pewU2
ffiffiffiffiffiffiffiffiffiffiffiffi
R1=2t

p
(valid for

t� R1).

To carry out the numerical simulations with the 2D model we

impose as fixed parameters the non-dimensional values (d + h)/L,

S/L2 and L/LEC, for the voltage, dielectric and membrane

thicknesses, droplet cross section and membrane length, respec-

tively. For each set of parameters the shape of the system which

minimizes the total energy is computed as a function of k (k is the

curvature 1/R1). Fig. 7 shows the results of the simulation for

Uopen and Uclose as a function of the different parameters. The

results for Uopen as a function of L/LEC agree qualitatively with

experiments. As in the experiments, the simulation results for

Uclose are independent of L/LEC. Similarly the simulation shows

a decreasing value of Uopen as a function of the insulating layer

thickness d. However, the dependence of Uclose on d shows a large

discrepancy between the simulation and the experiments. This

discrepancy is discussed in more detail in the following section.

Finally, the opening critical voltage decreases as the volume (or

its 2D analog S/L2) increases in the experiments (Fig. 5-b) as well

as in the simulation (Fig. 7-c). The results of the simulation are

encouraging since they provide a qualitative agreement with the

experiments. Analytical expressions, even approximative, are

however more useful for practical applications. In the following
This journal is ª The Royal Society of Chemistry 2010
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Fig. 7 (a) 2D simulation results for Uopen and Uclose as a function of L/LEC, solid lines show the fit of the experimental data to expressions obtained for

Uopen and Uclose from the scaling analysis in section 5, (b) simulation results as a function of the insulating layer thickness, (c) as a function of S/L2.
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section we derive scaling laws for Uopen and Uclose as a function of

the physical parameters.
5 Scaling analysis

Based on the same simplified 2D configuration, we first consider

the state when the membrane completely wraps the droplet, such

that L � pR1. This state is expected to remain closed while the

following torque inequality is verified:
Gg > GB + GE (5)

where Gg, GB and GE are the torques generated by surface tension,

bending and electrical forces respectively. The torques due to

elastic bending and surface tension are, considering L � R1:

GB �
Bw

R1

� Bw

L
� gL2

ECw

L
(6)

Gg � gLw (7)

In order to estimate the torque produced by the electric

field we consider the electric energy of the system as the

energy of a classical cylinder-plane configuration,18

Ee ¼ �pew
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R1=2ðhþ dÞ

p
U2 (valid under condition R1 [ h + d).

The torque due to the electric force is deduced from the derivative

vEe/vq1 where q1 is defined on Fig. 6. Considering the geometrical

relation L ¼ R1q1, we find:
This journal is ª The Royal Society of Chemistry 2010
GE �
vEe

vq1

� 3w
R1

L

ffiffiffiffiffiffiffiffiffiffiffi
R1

hþ d

r
U2 � 3w

ffiffiffiffiffiffiffiffiffiffiffi
R1

hþ d

r
U2 (8)

The following expression for Uopen can finally be inferred from

balancing the three torques from eqn (5):

Uopen ¼ aU0

�
1�

�
bLEC

L

�2�1=2�
L

hþ d

�1=4

(9)

where a and b are numbers expected to be of order 1. Proceeding

in a similar way, we compare the torques needed to keep the fully

open state to estimate Uclose. Since the membrane is completely

flat, there is no torque generated by the elastic sheet (Gb ¼ 0),

which leads to the following condition:

GE > Gg. (10)

This condition can be rewritten as

3

ðd þ hÞ2
wL2U2.gwL (11)

where the torque is directly computed on the parallel plate

configuration. From eqn (11) the following expression for Uclose

can easily be found:

Uclose ¼ U0

ffiffiffiffiffiffiffiffiffiffiffi
d þ h

L

r
(12)

which is independent from bending stiffness. It is important

to notice that Uopen will always be larger than Uclose as soon as

(d + h) << L (condition which is also needed to keep valid the
Soft Matter, 2010, 6, 4491–4496 | 4495
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expression obtained for Uopen). Therefore hysteresis will be

present in the system.

To verify the proposed scaling laws we compared them with

the experimental data and with the results obtained by numerical

simulations carried out with the 2D model. In our experiments

we note that the factor (L/(d + h))1/4 remains between 2.4 and 2.7

due to the weak exponents. The experimental results for Uopen/U0

shown in Fig. 4 were therefore fitted to an expression of the form

f ¼ a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðbLEC=LÞ2

q
corresponding to the scaling presented in

eqn (9), where a ¼ a(L/(d + h))1/4. A fair agreement was found

between the experiments and the scaling law in this case. The

fitted value obtained a ¼ 1.11 shows that a is of order one in eqn

(9). On the other hand, we found b � 9.22, which is close to the

value of L/LEC¼ 11.9 obtained for triangular shapes by Py et al.1

when U ¼ 0 and within the interval
ffiffiffi
2
p

p\L=LEC\
ffiffiffi
8
p

pLc=LEC

proposed by de Langre et al.17 as a wrapping criteria. Also in

agreement with eqn (12), in the results shown in Fig. 4, Uclose/U0

remains independent of L/LEC with a constant value � 0.35. For

the same parameters eqn (12) suggests a value of

0:136\
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðd þ hÞ=L

p
\0:178. This agreement between the experi-

mental results and the proposed scaling law derived from the 2D

model, confirms the hypothesis that elasticity does not play an

important role in determining the value of Uclose.

As shown in Fig. 5-a, Uopen/U0 slightly decreases as a function

of d. This variation may be approximated in order of magnitude

to the expected ((h + d)/L)�1/4 obtained from the 2D model.

However, in the numerical simulation shown in Fig. 7-b, Uopen/

U0 decreases as (d/L)�0.17 and not as (d/L)�0.25 as proposed by the

scaling law. This difference is due to the relation used to estimate

the electric energy which is only valid for R1 >> h + d. However

this condition is not verified for the range of d/L range presented

in Fig. 7-b (the same range was used in the experiments), which

leads to a lower dependence of Uopen/U0 on the dielectric

thickness.‡ On the other hand, in the experimental results shown

in Fig. 5-a, Uclose/U0 is independent from the thickness of the

insulating layer, which does not agree with the ((d + h)/L)1/2

scaling law (eqn (12)). This scaling is however verified by the

numerical simulations with the 2D model (Fig. 7-b). We believe

that the mismatch between the experimental results and the

proposed scaling law may be due to the existence of some

remaining adhesion between the elastic membrane and the

insulating layer of the electrode, in addition to gravity effects.

However a better control of the adhesive properties of the

membrane and the miniaturization of the system would reduce

these effects.
6 Conclusions

We have proven experimentally the feasibility of actuating

a capillary origami structure by means of electric forces, being

able to switch between its completely opened and closed states in

a controlled and reproducible way. A simplified 2D simulation of

the problem and scaling laws describing the interaction between

surface tension, bending stiffness and electric forces provide
‡ An extra simulation was carried out with a range where d/L was small
enough to hold the relation R1 >> d + h, which successfully verified the
scaling law.

4496 | Soft Matter, 2010, 6, 4491–4496
qualitative agreement with the experimental results. However

a more quantitative description of the actuation would require an

improved simulation including three dimensional and gravity

effects. From a practical point of view, the use of thinner insu-

lating layers and membranes will result in reduced values for the

operating voltages. This system is therefore relatively easy to set

up (no moving mechanical parts) at micro-scale, and could

provide the basis for a micro-actuator.
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