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Behaviour of flexible superhydrophobic striped
surfaces during (electro-)wetting of a sessile
drop†

Arvind Arun Dev, ‡ Ranabir Dey § and Frieder Mugele *

We study here the microscopic deformations of elastic lamellae constituting a superhydrophobic

substrate under different wetting conditions of a sessile droplet using electrowetting. The deformation

profiles of the lamellae are experimentally evaluated using confocal microscopy. These experimental

results are then explained using a variational principle formalism within the framework of linear elasticity.

We show that the local deformation profile of a lamella is mainly controlled by the net horizontal

component of the capillary forces acting on its top due to the pinned droplet contact line. We also

discuss the indirect role of electrowetting in dictating the deformation characteristics of the elastic

lamellae. One important conclusion is that the small deflection assumption, which is frequently used in

the literature, fails to provide a quantitative description of the experimental results; a full solution of the

non-linear governing equation is necessary to describe the experimentally obtained deflection profiles.

1 Introduction

Superhydrophobic surfaces are ubiquitous in nature like lotus

leaves1 and salvinia surfaces.2 While a lotus leaf surface can

be considered as a rigid superhydrophobic surface, a Salvinia

surface is covered with hairy hierarchical structures with elastic

properties and may be considered as a flexible superhydrophobic

surface.3 Artificial surfaces mimicking the hierarchical structures

and extreme water repellency of such natural superhydrophobic

surfaces are intrinsic to various technologies like anti-freezing

surfaces,4 self-cleaning surfaces,5 corrosion resistance surfaces,6

enhanced water vapor condensation7 and fog harvesting.8

Furthermore, over the years artificial superhydrophobic surfaces

have gained importance in biomedical applications such as control

of protein adsorption,9 cellular interaction,10 anti-platelet

adhesion,11 and reduction of bacterial growth.12 Specifically,

flexible structured surfaces are used for quantifying cell traction

forces,13,14 and as flow sensors,15 artificial skin,16 and tactile

sensors.17

Owing to such a wide range of technological applications,

extensive research has been performed to understand the

wetting characteristics of liquids on both natural and artificial

superhydrophobic surfaces.18–23 However, these studies focus

on the wetting behaviour on rigid structured substrates; studies

pertaining to wetting characteristics on substrates with soft/

flexible structures are relatively scarce despite the wide range of

applications. The existing studies in this regard reveal that the

wetting characteristics on soft micro-structured substrates

are definitely dependent on the elasticity of the underlying

structures. The droplet rolling contact angle increases, and the

receding contact angle decreases, with increasing softness

of the elastic micro-structures.24 Furthermore, contact angle

hysteresis often increases due to the deformation and collapse

of the soft micro-structures underneath the drop.25 However,

these studies do not examine in detail the microscopic defor-

mation of the underlying soft structures due to capillary inter-

actions during droplet wetting, specifically when the droplet is

still in the Cassie state.18,26 In order to have a comprehensive

idea of wetting and superhydrophobicity on soft structured

substrates, it is imperative to understand the changes in shape

of the underlying structures due to the involved capillary

interactions.

The deformation of an array of soft micropillars, constituting

a superhydrophobic substrate, during wetting was studied very

recently.27 This work highlights the relationship between the

deformation of the underlying soft micropillars and the macro-

scopic wetting characteristics of a glycerol/water drop as charac-

terized by the apparent advancing and receding contact angles.27
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However, the behaviour of the soft micropillars was analyzed

assuming small deflections of the elastic pillars, whichmay not be

the general case considering the wide range of applications

involving different magnitudes of capillary forces and structure

geometries. Therefore, a detailed analysis of the deformation

characteristics of flexible superhydrophobic substrates over a wide

range of wetting conditions, and hence, capillary force magni-

tudes, has remained unexplored.

In this paper we investigate the deformation of flexible

stripes/lamellae, constituting a superhydrophobic substrate,

under different wetting conditions of a sessile droplet using

electrowetting (EW).28 During EW, the presence of surface

charges results in a Maxwell stress distribution at the droplet

liquid–vapour interface, which gives rise to a net electrical force

pulling on it.29,30 This electrical force results in enhanced

wetting and deformation of the drop on a macroscopic scale.

Moreover, at equilibrium the balance of the Maxwell stress and

the Laplace pressure results in large curvature of the liquid–

vapour interfaces. So, during EW on a structured superhydro-

phobic substrate, provided the droplet is still in Cassie state,

the enhanced wetting, macroscopic deformation of the drop,

and the increasing curvature of the liquid–vapour interface in

between the structures can result in the application of different

magnitudes of capillary forces on the structures at the droplet

contact line. Therefore, EW can provide a flexible way for

probing the mechanics of the soft deformable structures over

a range of capillary force magnitude. This is precisely what we

try to exploit in the present work. Additionally, the present work

also explores the feasibility of using such soft superhydro-

phobic substrates for the myriad of EW applications.31,32

We perform a systematic study of the deformation shapes of

the soft lamellae during EW of a sessile drop for different

structure geometry, material elasticity, and EW conditions using

confocal microscopy. We also explain the observed deformation

characteristics using the classical elastica theory which goes

beyond the small deflection assumption.

2 Materials and methods
2.1 Fabrication of striped superhydrophobic substrates of

different elasticity

We use Sylgardt 184, a two part, thermo-curable, cross-linked

polydimethylsiloxane (PDMS) based elastomer to fabricate

soft striped superhydrophobic surfaces of varying rigidity. The

soft structured substrates are fabricated using a three step soft

molding process.27 In the first step, we fabricate a SU8 replica

(primary) of the desired striped substrate using photo-

lithography (see step 1 in Section S1 in ESI†). In the second

step, we prepare a mold out of the SU8 replica using Sylgard 184

prepolymer. The prepolymer is prepared by mixing the base

and the cross-linker in the weight ratio of 10 : 1. This mixture is

then poured on the primary SU8 replica, and cured in vacuum

at 60 1C for 14 h. The mold is obtained by peeling off the cured

Sylgard 184 from the SU8 replica (see step 2 in Section S1 in

ESI†). The secondary mold is further cleaned using air plasma

for 45 seconds at 60 W power, and thereafter silanized with

trichloro(1H,1H,2H,2H-perfluoro-octyl) silane (Sigma-Aldrich)

using chemical vapour deposition. In the third step, Sylgard

184 is first prepared by mixing the base and the cross-linker

in different weight ratios in order to fabricate substrates of

different rigidity, as quantified by the Young’s modulus of

elasticity (E). For the present work, we use three different base

to crosslinker ratios-10 : 1, 15 : 1, and 20 : 1, resulting in values

of E varying from 2.1 MPa to 0.6 MPa (for details of the

measurement of E see Section 2.2). Thereafter, an ITO coated

coverslip of thickness 175 mm is spin coated with the Sylgard

184 prepolymer (mixed in the desired weight ratio as men-

tioned above). The Sylgard 184 coated coverslip is then placed

on top of the secondary Sylgard 184 mold, and is then cured

for 14 h at 60 1C. After curing, the secondary mold is peeled

off from the coverslip, which leaves behind the final replica

of the soft striped substrate on the ITO coverslip (Fig. 1(b);

also see step 3 in Section S1 in ESI†). Note that these

soft striped substrates are intrinsically superhydrophobic

and no additional surface treatments are done on these.

The Cassie state observed for droplets on these substrates,

as will be shown subsequently, is truly thermodynamically

stable.33 The co-ordinate system shown in Fig. 1(b) is followed

throughout the subsequent analysis. The length of each

lamella along the y-axis is 3 mm, while the distance between

any two lamellae is 37 mm (shown in Fig. 1(b)). The striped

substrates of different Young’s modulus of elasticity are

fabricated using different mould geometry so that we get

stable lamella, with comparable aspect ratios, for smaller

values of E. Hence, the absolute dimensions of the lamellae

constituting these striped substrates are different which are

listed in Table 1.

Fig. 1 (a) Schematic of the experimental setup used for visualizing the

shapes of the flexible lamellae during EW of a sessile drop. (b) A SEM image

of a soft superhydrophobic striped surface fabricated using a three-step

soft-molding process. (c) A water droplet at equilibrium on the soft

superhydrophobic striped surface.
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2.2 Measurement of Young’s modulus

The values of the Young’s modulus (E) of cured Sylgard 184

substrates prepared by mixing the base and the cross-linker

in the weight ratios of 10 :1, 15 : 1, and 20 : 1 are measured

independently using a extensometer (Zwick Roell). The extenso-

meter provides stress–strain relations for the different Sylgard 184

substrates, which remain linear for small strains. E is evaluated

from the slope of the stress strain curve in the linear region, in

accordance with the Hooke’s law.34 The values of E for base to

crosslinker ratios of 10 :1, 15 : 1, and 20 :1 are 2.1 MPa, 0.9 MPa,

and 0.6 MPa respectively (see Section S2 in ESI† for details).

2.3 Experimental setup

The experimental setup used for visualising the behaviour of the

flexible striped superhydrophobic substrates during EW of a

sessile drop is shown in Fig. 1(a). For ac-EW, a 4 ml drop of 1 mM

aqueous potassium chloride (KCl) solution is first placed on the

substrate (Fig. 1(a) and (c)), and then the desired electrical

voltage is applied between the ITO electrode (on the coverslip)

and a needle electrode dipped into the droplet (Fig. 1(a)). The

electrical voltage is applied by means of a function generator and

an amplifier. For the experiments reported here, the root-mean-

square voltage (Urms) is varied from 0 V to 450 V, while the

applied frequency is kept fixed at f = 1 kHz. The deformation of

the flexible lamellae due to interfacial capillary interactions

during EW is characterised using confocal microscopy.

2.4 Details of confocal microscopy

For confocal microscopy we use two fluorescent dyes – DFSB-

K175 (Risk Reactor) in the Sylgard 184 substrate and Alexa

FluorTM 647 (ThermoFisher SCIENTIFIC) in the drop. The dye

DFSB-K175 is mixed with the crosslinker of Sylgard 184 in the

volume ratio of 1 : 3000 during the coating of the ITO cover slip

in the third step of the substrate fabrication procedure. Alexa

Fluor 647 is first mixed with Milli-Q water in the concentration

of 5 mg ml�1 to create a stock solution; this stock solution is further

diluted with 1 mM KCl solution in the volume ratio of 1 : 100 and

used for the confocal experiments. The maximum emission

wavelength for the dye DFSB-K175 corresponding to an excitation

wavelength of 488 nm is 540 nm, while the maximum excitation

and emission wavelengths for Alexa Fluor 647 are 653 nm and

669 nm respectively (see Section S3 in ESI† for details).

For confocal imaging (Fig. 1(a)) we use a Nikon A1 inverted

line scanning confocal microscope with excitation lasers at

488 nm (for DFSB-K175 in the substrate) and 638 nm (for Alexa

Fluor 647 in the drop), and two objectives-60� water immersion

with numerical aperture (NA) = 1.2 and 20� dry with NA = 0.85.

The emissions from the two dyes are collected using band

filters in the range 500 nm to 550 nm for DFSB-K175 and in the

range of 663 nm to 700 nm for Alexa Fluor 647. The refractive

indices of the different components involved are as follows –

glass: 1.5, Sylgard 184: 1.42, air: 1.0, and water drop: 1.33. 3D

confocal scans are performed in the immediate vicinity of the

macroscopic droplet contact line such that lamellae wetted

by the droplet as well as outside the droplet footprint are

simultaneously visible (Fig. 2). The confocal scans are performed

at two different locations (Fig. 2(a)) so that two different orienta-

tions of the macroscopic droplet contact line relative to a lamella

can be investigated (Fig. 2(b) and (c)). xy projections of the two

vertical planes along which xz slices are acquired for studying

the deflection profiles of the lamella are schematically repre-

sented by A–A0 and C–C0 in Fig. 2(a); note that the planes for the

xz slices are always perpendicular to the lamellae. Furthermore,

C–C0 passes through the centre of the droplet footprint and A–A0

passes through a location where the macroscopic droplet contact

line locally covers only one top edge of the lamella for the first

time as one moves away from C–C0 (see the closeup of macro-

scopic droplet contact line in Fig. 2(b)). The 3D confocal scans

are post-processed using ImageJ, and the xz slices are analyzed

using an in-house MATLAB code to evaluate the deformation

characteristics of the soft lamellae due to interfacial capillary

interactions (see Section S4 in ESI† for image analysis details).

3 Result and discussions

We investigate the behaviour of the flexible lamellae under-

neath the electrowetted droplet both at the macroscopic droplet

contact line (edge of the droplet) as well as away from the

macroscopic droplet contact line. For the deformation of a

lamella at the macroscopic droplet contact line we investigate

two possible configurations of the contact line relative to the

lamella top. One, the configuration in which the macroscopic

droplet contact line locally covers only one top edge of a

lamella, which is usually the case where the contact line

changes orientation and leaves a lamella (see the close-up of

the macroscopic droplet contact line on top of lamella 2 at A–A0

in Fig. 2(b)). Two, the configuration in which the macroscopic

droplet contact line locally covers both the top edges of a

lamella, e.g. in the vicinity of the minor axis (diameter) of the

elliptical (circular) droplet footprint perpendicular to the lamellae

(see the close-up of the macroscopic droplet contact line on top of

lamella 2 at C–C0 in Fig. 2(c)). It must be noted here that the

droplet footprint is initially elliptical in shape due to the inherent

Table 1 Measured dimensions of lamellae

Sylgard 10 : 1 (E = 2.1 MPa)

Sample no. Height (L) (mm) Width (t) (mm) Aspect ratio (a = L/t)

1 34 11.3 3.0
2 34 15 2.2
3 34 25 1.3

Sylgard 15 : 1 (E = 0.9 MPa)

Sample no. Height (L) (mm) Width (t) (mm) Aspect ratio (a = L/t)

4 30.75 13.9 2.2
5 30.75 24 1.3

Sylgard 20 : 1 (E = 0.6 MPa)

Sample no. Height (L) (mm) Width (t) (mm) Aspect ratio (a = L/t)

6 30.75 13.9 2.2
7 30.75 24 1.3
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anisotropy in the substrate, but gradually becomes circular due to

spreading under the applied electrical voltage. This shape trans-

formation under applied electrical voltage can be explained

qualitatively by the energy minimisation condition. In essence,

the droplet footprint becomes circular with increasing voltage in

order to minimize the total free energy involving a dominant

electrostatic energy contribution stemming from the isotropic EW

actuation (see Section S5 in ESI†). However, with decrease in the

applied electric field, the droplet does not recede back to its initial

shape due to the inherent hysteresis of the anisotropic surface.

This situation is similar to drops on a substrate with hydrophilic

and hydrophobic stripes.35

In Fig. 3, the image columns A–A0 and C–C0 show the

configurations of the lamellae in the x–z planes A–A0 and

C–C0 respectively for increasing magnitude (different rows) of

the applied electrical voltage represented here by the so-called

non-dimensional electrowetting number Z.28 Note first that for

the range of electrical voltage applied here the droplet progres-

sively undergoes enhanced wetting while always maintaining

the Cassie state (see the gradual progression of the macroscopic

droplet contact line over the lamellae 2 to 5 with increasing Z in

Fig. 3(a) to (d) at both A–A0 and C–C0). Second, during EW only

the lamella underneath the macroscopic droplet contact line

deforms, while the other lamellae underneath the droplet

remain undeformed (e.g. see lamellae 2, 3, 4, and 5 in rows

(a), (b), (c), and (d) respectively in Fig. 3). Third, apparently the

magnitude of deflection of the outermost lamella at A–A0 is

more compared to that observed in C–C0 (compare the shapes

of the lamella underneath the macroscopic droplet contact line

in A–A0 and C–C0 corresponding to any value of Z in Fig. 3).

Finally, the curvatures of the liquid–air interfaces in-between

the lamellae underneath the droplet increase with increasing Z.

Increase in the electric field between the menisci and the

electrodes pulls the liquid menisci between the lamellae down

until the additional curvature balances the electric(Maxwell)

stress given by pel ¼ e0
S
2

2
, where e0 is the permittivity of free

space and S is the magnitude of the local electric field.28,29

Furthermore due to applied frequency of AC voltage, the liquid

interfaces underneath the droplet between the lamellae is

expected to oscillate.36 Consequently, the lamellae deflections

should also oscillate provided the response time of lamellae

are comparable with liquid interfaces. However the confocal

imaging is slow to capture these oscillations and therefore we

do not observe any response of these liquid interfaces and

lamellae deflections to applied frequency. Hence, we should

ideally interpret the interface positions and deflections described

here as time-averaged positions and deflections respectively. Note

that in the experiments the change in curvature of the liquid–air

interface between the lamella is weakly dependent on Z and a

clear detection of the same is somewhat restricted by the optical

challenges of diffraction. However, comparison of the interfaces

as outlined by the yellow dotted line (guide to the eye) in rows (a)

and (d) in Fig. 3 makes the increased curvature due to the applied

voltage (Z = 0.19) still visible. Here, c(Z) denotes the local angle at

which the liquid–air interface meets the lamella edge underneath

the droplet, while f(Z) denotes the apparent angle the droplet–air

interface makes with the horizontal at the macroscopic droplet

contact line (Fig. 3). It should be noted that with the decrease in

the applied electric field, the curvature of the liquid–air interfaces

underneath the drop is expected to decrease. In fact, this

phenomenon of bending of the interface is reversible as long

Fig. 2 (a) Footprint of a sessile drop on the soft superhydrophobic striped

surface captured using a confocal microscope. The ellipticity of the

droplet footprint is measured by the ratio (l) of the major axis (along the

lamellae) to the minor axis (perpendicular to the lamellae). xy projections

of the two vertical planes along which the xz confocal slices are acquired

are shown by A–A0 and C–C 0. (b) Close-up of the macroscopic droplet

contact line in the xy plane about A–A0. The image clearly shows the

deformation of lamella 2 due to the particular orientation of the contact

line such that it covers only one top edge (left top edge) of the lamella; the

blow-up in the inset clearly shows the partial coverage of the top of

lamella 2 where it is deformed. (c) Close-up of the macroscopic droplet

contact line in the x–y plane about C–C0. In this case, the droplet covers

both the top edges of the outermost lamella underneath the droplet,

i.e. lamella 2, as also shown by the blow-up in the inset. The schematics in

the insets in (b) and (c) show the capillary forces acting on the top edges of

the lamella due to the pinned three phase contact lines at A–A 0 and C–C0

respectively.
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as the contact line remains pinned at the edge of the lamella,

i.e. as long as the Maxwell stress does not exceed the critical stress

for the transition from the Cassie to the Wenzel state.29

In Fig. 4, the left and right columns show the lamellae

configurations for Z = 0 and Z = 0.18 respectively for decreasing

E (different rows). Note that all the lamellae configurations in

Fig. 4 are at A–A0 and the lamellae have identical aspect ratio

a = 2.2. The deformation of the lamella at the macroscopic

droplet contact line (i.e. lamella 2 for Z = 0 and lamella 5 for

Z = 0.18) increases with decreasing value of E (Fig. 4) as

qualitatively anticipated. Moreover, a comparison of Fig. 4(a)(i)

and 3(a)(i) or Fig. 4(a)(ii) and 3(d)(i) shows that the deformation of

the lamella decreases with decreasing a for a particular value of E.

Furthermore, for a particular value of E, there is no significant

difference in the deformation of the lamella underneath the

macroscopic contact line for different values of Z (compare

images in columns (i) and (ii) corresponding to any row in Fig. 4).

Similar observations were also recorded for soft substrates with

lamellae of a = 1.3 (see Section S6 in ESI†).

In order to understand the EW-induced deformation charac-

teristics of the soft lamellae for different values of a, E, and Z,

it is useful to first delineate the orientations of the capillary

forces acting on a lamella due to the pinned contact lines.

The orientations of the capillary forces acting at the top of the

lamella underneath the macroscopic droplet contact line at

A–A0 and C–C0 are schematically shown in the insets in Fig. 2(b)

and (c) respectively. The red solid and dashed lines in the

schematics represent the water–air interfaces without any

applied voltage and under an applied electrical voltage respectively.

The curvatures of these interfaces determine the angles c(Z) and

f(Z), and consequently, the magnitudes of the horizontal

and the vertical components of the capillary forces acting on

Fig. 3 xz confocal slices showing a droplet (red) in Cassie state on the soft structured surface (green) at the A–A0 plane ((i) left column) and at the

C–C0 plane ((ii) right column) for increasing magnitude of the applied voltage (rows), as represented by the increasing value of the electrowetting number

Z – (a) Z = 0, (b) Z = 0.10, (c) Z = 0.14, and (d) Z = 0.19. As the droplet spreads with increasing Z, the droplet contact line jumps from one lamella to the next,

while maintaining the Cassie state. At a particular value of Z, the deflection of the lamella at the macroscopic droplet contact line (‘2’ in (a), ‘3’ in (b), ‘4’ in

(c), ‘5’ in (d)) is clearly visible, especially at A–A0. c(Z) denotes the local contact angle at which the liquid–air interface meets the top inner edge of the

deflected lamella underneath the droplet, and f(Z) is the angle at which the macroscopic droplet contact line meets the lamella edge. The aspect ratio (a)

and the Young’s modulus (E) of the lamellae shown here are 3.0 and 2.1 MPa respectively.
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the top of the lamella (black arrows in the schematics shown in

Fig. 2(b) and (c)). Note that at A–A0, the macroscopic droplet

contact line crosses the lamella somewhere between the two top

edges of the lamella and the droplet covers only one top edge.

Moreover, the apparent contact angle for such a configuration of

the macroscopic droplet contact line is always close to 901.

Accordingly at A–A0, there is an almost vertical force g acting

on the top of lamella besides the capillary force acting at the

edge of the lamella covered by the drop (see Fig. 2(b) and left

column of Fig. 3). Furthermore, with increasing Z, c increases

due to Maxwell stress induced enhanced curvature of the liquid–

air interface underneath the droplet at A–A0 and C–C0; however,

simultaneously f decreases at C–C0 due to enhanced wetting

with increasing Z. The variation in f between A–A0 and C–C0 for a

given value of Z is due to the anisotropy in the substrate, which

makes the apparent contact angle dependent on the location

of the macroscopic droplet contact line on the substrate.37 The

overall Z-dependence of c and f makes the orientation of the

capillary forces acting on the outermost lamella at the pinned

droplet contact lines function of Z, which at least theoretically

makes the consequential deformation of the lamella dependent

on Z. So, at A–A0 we consider two capillary forces acting on the

outermost lamella due to the pinning of the macroscopic droplet

contact line – one acting somewhere between the two top edges

of the lamella and the second acting on one edge of the lamella

covered by the droplet (left edge in accordance with Fig. 2(b)); at

C–C0, we consider the capillary forces on both the top edges of

the outermost lamella (both left and right edges in accordance

with Fig. 2(c)). The different components of these capillary forces

can be written as following

Fxl = g sin(p � c(Z)) (1a)

Fzl = g cos(p � c(Z)) (1b)

Fzt = g (1c)

Fxr = g cos(p � f(Z)) (1d)

Fzr = g sin(p � f(Z)) (1e)

Here subscripts xl, zl denote respectively the components of the

capillary force acting along the horizontal (x-) and vertical (z-)

directions at the left (l) edge of the lamella underneath the

macroscopic droplet contact line. Similarly, subscripts xr, zr

denote the same for the right edge (r) of the lamella. Fzt denotes

the vertical capillary force acting on the top of lamella only at

A–A0 whereas Fxr and Fzr are only applicable at C–C0. The

deflection profile d(z) of a soft lamella due to the afore-

mentioned capillary forces can be theoretically determined

using variational principle as classically done for problems in

linear elasticity.38 Specifically, the free energy functional for a

deformed soft lamella (involving bending energy and the work

done by the external capillary forces) is used to derive the

corresponding Euler–Lagrange equation38 as shown in eqn (2).

By00 þ Fx cos y� Fz sin y ¼ 0 (2)

where B = EI/(1 � n
2) is the flexural rigidy for planar

structures,39 I is the moment of inertia about the bending axis

Fig. 4 Increasing deflection of the lamella at the droplet contact line with decreasing value of the Young’s modulus E (rows) – (a) E = 2.1 MPa,

(b) E = 0.9 MPa, and (c) E = 0.6 MPa, for electrowetting number Z = 0 ((i) left column) and Z = 0.18 ((ii) right column), at A–A0. The aspect ratio (a) of the

lamellae shown here is 2.2.
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(here y axis) and n = 0.5 40,41 is the Poisson’s ratio for PDMS. Here, Fx
and Fz are net horizontal and vertical forces acting on the lamella, i.e.

resultants of Fxr, Fxl, and Fzr, Fzl, Fzt respectively (see eqn (1a)–(1e))

and y0 ¼
dy

ds
is the local curvature of deformed lamella with s as the

arc length. So, the effects of E and a are essentially encapsulated in B,

and the effect of Z is implicitly represented by Fx and Fz. Eqn (2),

along with the boundary conditions,

s = 0; y = 0 (2a)

s = L; y0 = 0 (2b)

forms a boundary value problem. We convert this boundary

value problem to an initial value problem by reducing the

second order differential equation to two first order coupled

differential equations. We solve the coupled differential equa-

tions as an initial value problem using the ode45 routine of

Matlab. To satisfy the boundary conditions, we employed

shooting technique in which at s = 0, we guessed the value of

y0 and the resulting value of y0 at s = L is compared with the

boundary condition in eqn (2b). The solution is accepted only

when the boundary condition in eqn (2b) is satisfied for the

guessed the value of y0 at s = 0. It is important to note here that

the aforementioned solution procedure does not assume small

deflection of the lamella as commonly done in the literature for

quantifying the deformation of microstructures.42,43 For small

deflection of the lamella an explicit expression for the shape of

the deformed lamella can be written as eqn (3)44

dðzÞ ¼
FxL

3

6B

3z
2

L2
�

z
3

L3

� �

(3)

Furthermore, the values of c and f are also necessary for

solving eqn (2). We estimate these values at A–A0 and C–C0

directly from the confocal images for different EW conditions,

rather than using these as fitting parameters (see Section S7

in ESI†).

Fig. 5 shows comparisons between experimentally obtained

(markers; see Section S4 in ESI† for details) and theoretically

evaluated (lines) deformation profiles of the lamella under-

neath the macroscopic droplet contact line at A–A0 for different

values of a, E, and Z. The maximum deflection of the lamella

observed in the present work for a E 2.2 and E = 0.9 MPa is

E3 mm (Fig. 5(b)(i) green circular markers), which is significantly

Fig. 5 Variations in the shape of the deflected lamella (in the x–z plane) at the droplet contact line (markers: experimental data; lines: theory) with

reducing value of the Young’s modulus E, for different values of the aspect ratio a (rows) – (a) a = 3.0, (b) a = 2.2, at two different magnitudes of the

electrowetting number Z ((i) left column – Z = 0; (ii) right column – Z = 0.18–0.19). d(z) denotes the deflection of the lamella in the x–z plane at a height z

from the base of the lamella. The shapes of the deflected lamella shown here all correspond to the A–A 0 plane.
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larger than the maximum deflection of E1.8 mm reported in an

earlier study27 for similar a and E on wetting induced deflection of

soft pillars. It is important to note here that the theoretical

deformation profile (dash-dotted line) based on the small deflec-

tion assumption given by eqn (3) fails to describe the experi-

mental deformation profiles (Fig. 5(a)(i) and (a)(ii)); the small

deflection assumption fails to predict the experimentally observed

deflection of even about 3 mm by almost 1 mm. However, the

experimental profiles are described reasonably well by the general

solution (solid line) obtained using eqn (2). Hence, it can be

concluded that the small deflection assumption must not be

assumed a priori to describe the wetting induced deformation

of micro-structures, as often done in the literature.27,45–47

A comparison of Fig. 5(a)(i) (or (ii)) and (b)(i) (or (ii)) shows that

the smaller deformation of the lamella due to smaller value of a,

for identical value of E, is also reasonably addressed by the

solution of eqn (2). Furthermore, at a particular value of Z, the

increasing deformation of the lamella underneath the macro-

scopic droplet contact line with reducing value of E is also nicely

captured (Fig. 5(b)(i) and (ii)); this is mainly due to the reducing

value of B with decreasing E. Finally, Fig. 5(a(i)) and (a(ii)) show

that the lamella deflection for Z = 0 and Z = 0.19 at z E 30 mm is

d E 3.28 mm and d E 2.87 mm respectively. Hence, the deflection

of lamella decreases with Z. This mainly stems from the lowering

of the horizontal component of the capillary force (Fxl for A–A0;

eqn (1a)) triggered by the enhancement in c due to the effect of

Maxwell stress. It must be admitted here that the observable effect

of Z on the deformation is indeed weak. However, provided the

drop stays in the Cassie State, it is possible to achieve significant

reduction in the deformation of the lamella with increasing Z

(or increasing c) as predicted by the theoretical model (see

Section S8 in ESI†). The solution of eqn (2) also nicely captures

the smaller deformation of the lamella underneath the macro-

scopic droplet contact line at C–C 0 for different values of Z

(Fig. 6). The smaller deformation is because at C–C 0 there are

capillary forces at both the top edges of the lamella (Fig. 2(c))

which reduce the resultant horizontal capillary force on the

lamella (Fx = Fxl � Fxr; (see eqn (1))). Furthermore, at C–C 0, the

maximum deformation of the lamella is also slightly less

for Z = 0.18 than for Z = 0. Based on the aforementioned

discussion, it can be now intuitively concluded that the

lamellae underneath the droplet but away from the macro-

scopic contact line do not deform because the horizontal

components of the capillary forces acting on the two top edges

of each are almost equal in magnitude but opposite in direc-

tion thereby resulting in zero net horizontal force.

4 Conclusion

We studied the microscopic deformation of elastic lamellae

constituting a super-hydrophobic substrate during electro-

wetting of a sessile drop using confocal microscopy. We provide

a detailed description of the local deformation of the lamella,

which turns out to be mainly controlled by the net horizontal

component of the surface tension force exerted by the liquid-

vapor interface. Since the orientation of the free liquid surface

and the pinning conditions of the three phase contact line

varies along the macroscopic edge of the drop, the local

deformation of the lamella also varies and is maximum in

regions where the liquid–vapor interface is essentially only

pinned to one edge of a lamella but not to the other. The role

of electrowetting is indirect: by moving the contact line and

deforming the liquid surface, it controls the magnitudes of the

net capillary forces and the direction in which these pull.

A direct influence of the Maxwell stress on the deformation of

the lamella, however, could not be detected – and is in fact

expected to be very small. Analyzing the shape and maximum

deflection of the lamella and comparing to theory, we find that

the frequently used small deflection model fails to provide a

quantitative description of the experimental results. A full non-

linear system of equation and boundary conditions (albeit

derived using linear elasticity theory) that requires a numerical

solution, however, describes the experiments very well. This

conclusion may also apply to other experiments that were

previously analysed in terms of a linear small deflection model.

Fig. 6 Shapes of the deflected lamella (in the x–z plane) at the droplet

contact line (markers: experimental data; lines: theory) in the A–A 0 plane

(red) and in the C–C0 plane (blue) for two different magnitudes of the

electrowetting number Z – (a) Z = 0, (b) Z = 0.18. The aspect ratio (a) and

the Young’s modulus (E) of the deflected lamella shown here are 2.2 and

0.6 MPa respectively.
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