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A sessile droplet can deform the surface of a soft solid not only with its weight. The surface tension pulls

up a ridge at the perimeter of the drop, and the capillary pressure embosses a quasi-spherical dimple

underneath the drop. This holds for the case of a bulk solid. However, if the solid forms a film with

thickness comparable to the deformation scale the shape and the depth of the dimple are strongly

distorted. We investigated dimples on elastomer films with a Young’s modulus of 25 kPa and thickness

in the range 4–104 mm embossed by sessile ionic liquid droplets. The films are supported by an

undeformable glass slide. Below a certain critical film thickness, the dimple is shallower and the ridge at

the drop rim is less elevated than for the bulk elastomer. The deviations are more pronounced for

thinner films. Further, troughs form at the two sides of the ridge. Their distance from the rim is

equivalent to the layer thickness. The measurements are qualitatively reproduced by an analytical

model and quantitatively by numerical simulations. A consistent physical picture of the deformation on

the bulk elastomer and of the distortions on the thin films is given.
Fig. 1 Schematic of the deformation on (a) bulk soft surfaces and

(b) thin soft films due to the action of surface tension gL and capillary

pressure DP. The drop radius is a and the dimple depth d.
Introduction

The study of wetting of a solid surface by a liquid is of high

interest not only from a fundamental point of view, but it is

relevant in numerous industrial applications as diverse as the

spreading of paints and coatings on surfaces, the lubrication of

bearings, crop spraying, surface cleaning, or printing processes.1

The physical heterogeneity of a surface (random roughness or

controlled topology) and its chemical heterogeneity (surface

energy) play a key role in wetting processes, as already demon-

strated by Wenzel2 and Cassie3 and confirmed by an increasing

number of investigations on static and dynamic wetting4–7 since

then. The influence of a third surface property on wetting, on the

other hand, has been studied to a much smaller extent: its

‘softness’ or ‘elasticity’. In fact, a droplet of liquid of millimeter

size resting on a sufficiently soft solid material causes a warping

of the surface. This deformation is not due to the weight of the

droplet, but solely to its surface tension. The exact shape of the

deformation has been calculated by several authors.8–10 In early

work, it was merely predicted that a ridge of height h is formed at

the three-phase contact line (TPCL – rim of the drop) due to the

surface tension of the liquid gL pulling upwards. In later work,

also the contribution of the capillary or Laplace pressure DP was

taken into consideration. A dimple of depth d was predicted to

form under the area wetted by the drop (Fig. 1a). The presence of

the ridge outside the droplet had been measured optically by
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several authors.11–14 Only recently, however, Pericet-Camara

et al.15 characterized and analyzed the entire deformation of

a soft Sylgard� 184 surface by a sessile microdrop by means of

laser scanning confocal microscopy (LSCM). Sylgard is an

elastomer mainly consisting of poly(dimethylsiloxane) (PDMS).

The elastic modulus E was tuned between 25 and 340 kPa. Ridges

and dimples several microns high or deep produced by the

surface tension on the microdrop were found. The measurements

were all made on thick films since the theoretical models were

developed for semi-infinitely thick solids. Finite film thickness

and the influence of a solid support underneath the film were

addressed in two papers, by Fredrickson et al.16 and Long et al.17

The first one dealt with the wetting of nanometer-thick films of

polymer brushes, while the second treated a generic elastic film.

Both sets of authors described the formation of the ridge only by

the surface tension pulling perpendicularly upwards along the

wetting front of a liquid film. Their models predict a symmetric

profile on the two sides of the ridge, of the form of an expo-

nentially decaying sine wave. The periodicity of the sine is similar

to the film thickness. More recently, also finite element simula-

tions of the deformation of solid-supported elastic films by

droplets have been reported.18 The elastic modulus was in the

range 360–740 kPa and the layer thickness t was between 0.5 and

10 mm. The contact radius of the drop was a ¼ 1.16 mm. The
Soft Matter, 2009, 5, 3611–3617 | 3611



authors considered the effect of the capillary pressure and could

predict the formation of a dimple underneath the drop. They

found that its depth decreased with decreasing film thickness,

and that the profile was not symmetric on the two sides of the

TPCL. For the thinnest (t ¼ 0.5 mm) and softest (E ¼ 360 kPa)

film, their results show a weak undulation of the profile on

the inside of the drop. On the outside, the spatial resolution of

the simulations was too low to allow visualizing the undulation.

The authors, however, did not address this feature in their

analysis. Summarizing the works cited above, one can expect

that a droplet resting on a thin elastic film will generate a ridge

and a dimple with an oscillating but non-symmetric profile on

the two sides of the TPCL (Fig. 1b). To the best of our knowl-

edge, such a system has not been directly characterized and

modelled yet.

The quantitative prediction of such a deformation is relevant

for the modelling of static, but foremost dynamic wetting

processes on thin elastic films, like polymer coatings, car paint-

ings, or the coating of printing plates with inks. In a series of

experiments, Shanahan and Carr�e19,20 demonstrated that the

wetting dynamics of a liquid on a surface is slower for softer

substrates. They called the phenomenon ‘viscoelastic braking’

and explained it as follows: the liquid front spreading on a soft

surface deforms the surface due to capillary forces. In order to

further spread, the contact line has to overcome an additional

energy needed for deforming the surface. The energy dissipation

due to the viscoelastic deformation of the surface reduces the

spreading speed.11 The authors compared the ideal spreading

velocity on a hard and undeformable surface and a soft and

deformable surface. They analyzed the profile of the deformation

generated by the advancing liquid front and developed a semi-

quantitative model. Applying this model to thick films and bulk

elastomers, Vou�e et al.21 found that viscoelastic breaking dissi-

pates additional energy during liquid spreading for films with

t > 30 mm. When the film thickness was reduced below 3 mm,

liquid spreading was governed by the viscous dissipation inside

the drop only. These works stressed the influence of elasticity and

of film thickness on dynamic wetting, but still no quantitative

information on the extent of the deformation of the thin film was

obtained. This is the aim of the present work. We optically

measured deformation profiles inside and outside of sessile

droplets resting on soft films of different thickness and fixed

elastic modulus E ¼ 25 kPa. We compared the results with the

analytic models by the groups of Fredrickson16 and Long17 and

found good quantitative agreement with results from finite

element simulations. In the ESI,† we rationalize the formation of

the microtrough in terms of minimization of the simplified free

energy expression derived by Frederickson.
Experimental

Materials

We used sessile drops of the ionic liquid 1-butyl-3-methyl-

imidazolium hexafluorophosphate (Fluka, Switzerland) doped

with the fluorophore Nile Red (Sigma-Aldrich, Germany) at

1 mM concentration. The surface tension of the ionic liquid is

gL ¼ 48.8 mN/m22 and the viscosity at room temperature is

h ¼ 312 mPa$s.23
3612 | Soft Matter, 2009, 5, 3611–3617
The thin elastic films are made of Sylgard� 184 (Dow Corning,

USA), a commercial two-component silicone elastomer based on

PDMS. The base (monomer) is mixed with a curing agent (cross-

linker). The amount of curing agent determines the elastic

modulus of the film. We use a ratio of 50:1 by weight of the

base/curing agent to produce Sylgard with an elastic modulus

E ¼ 25 kPa, as measured by tensile tests. The Sylgard film

behaves purely elastically in the range of applied strains. The

nominal Poisson’s ratio of the film is n ¼ 0.5.

Fabrication of thin films

Thin round glass slides (microscope cover slips, MENZEL,

Germany) with a diameter of 25 mm and thickness of �0.15 mm

are used as solid supports for the soft films. Uncrosslinked

Sylgard is spin-coated onto the slides. Afterwards, the samples

are cured for 1 h in an oven at 80 �C. The thickness of the films is

controlled by the rotation speed of the glass slide and by the

overall spin-coating time. Thicknesses between 4 and 104 mm are

obtained by spinning at speeds from 500 to 10 000 rpm for 120 s,

at an initial acceleration of 500 rpm/s and a final deceleration of

20 rpm/s. The thickness of the films is measured by scratching the

Sylgard with a needle at various positions and imaging the

samples with a msurf� white-light confocal profilometer (Nano-

focus AG, Germany). The thickness of the Sylgard is homoge-

neous over the whole glass slide, with deviations of less than 1%

from the mean thickness. The surface topography of ten Sylgard

samples was analyzed. The average slope of the studied regions

with scan size of 160 mm � 160 mm was 0.6%, and it was never

above 1%. After correction of this tilting, a mean peak-to-peak

value of Rmax ¼ 35 � 7 nm was found. This value includes

the waviness of the surface. The average surface roughness of

the Sylgard was Ra ¼ 2.7 � 0.5 nm.

Ink-jet deposition of microdrops

Ionic liquid droplets are deposited on the films with an ink-jet

dispenser (Nano-Plotter NP 2.0, GeSiM mbH, Germany).

A pipette heatable up to 125 �C is used to warm up the viscous

ionic liquid before dispensing it. Droplets of contact radii

between 60 and 300 mm are deposited at different positions of the

same sample to form a regular array.

Imaging of microdrops and deformed surface

We used a commercial laser scanning confocal microscope

(LSCM) setup (Carl Zeiss, Jena, Germany) consisting of the

module LSM 510 and an inverted microscope model Axiovert

200. In all experiments, a 40� Plan-Neofluar multi-immersion

objective (Carl Zeiss, Jena, Germany) with numerical aperture

NA ¼ 0.9 and oil as the immersion liquid was used. The exci-

tation light source was a He-Ne laser operating at a wavelength

l ¼ 543 nm. In order to image simultaneously the PDMS surface

and the ionic liquid droplet, two detection channels were used.

The first one was configured in reflection mode, i.e. a BP505-550

emission filter was applied to detect the excitation laser light

reflected from the PDMS/air interface. The second channel was

configured to detect the fluorescence of the Nile Red dispersed in

the ionic liquid using an LP560 emission filter (Fig. 2). By moving

the focus plane in the Z-direction, single images showing optical
This journal is ª The Royal Society of Chemistry 2009



Fig. 2 (a) Experimental image of an ionic liquid droplet labelled with

fluorescent Nile Red on a soft PDMS surface obtained with laser scan-

ning confocal microscopy (LSCM). The green line shows the reflected

light at the solid–vapour interface. (b) Schematic representation of

a droplet containing a fluorescent dye on an elastic surface scanned by

LSCM. The green arrows symbolize the exciting laser and the reflection

on the solid–vapour interface, and the red arrow indicates the emitted

fluorescence.

Fig. 3 LSCM images of an ionic liquid sessile droplet of a ¼ 60 mm

contact radius on an elastomer surface of elastic modulus E¼ 25 kPa and

Poisson’s ratio n¼ 0.5. The red area indicates the fluorescing droplet. The

green line indicates the solid–vapour interface. The black dashed line is

calculated according to the model of Rusanov,9 and the solid black line

is the simulated profile. The contact angle of the drop with the surface is

q¼ 74� and the surface tension of the ionic liquid is gL¼ 48.8 mN/m. The

grey arrows point the microtroughs at the two sides of the TPCL (see text

for details). S, V and L indicate the solid (Sylgard), vapour (air), and

liquid (microdrop) regions, respectively. Thickness of the elastomer

layers are: (a) t ¼ 104 mm and (b) t ¼ 8.5 mm.
slices of the system can be put together to build up a 3D recon-

struction of the fluorescing ionic liquid droplet on the reflecting

elastic surface.15

The fluorescence image of the droplet is thresholded with the

Isodata algorithm24 implemented in ImageJ analysis software

(Wayne Rasband, National Institute of Health, USA). In this

way, the location of the interfaces of the droplet with the elastic

surface and with air can be precisely determined. The intensity of

the reflected light at the solid–vapour interface has a Gaussian

distribution when scanned perpendicular to the surface. Only the

centre of that distribution is displayed in the graphs below and

represents the exact position of the interface. In order to further

increase the resolution close to the TPCL on the outside of the

drop, we acquire additional images with the msurf� white-light

confocal profilometer and combine them with the reflection data

from the LSCM measurements. The tilting of the Sylgard

surfaces is corrected by levelling the obtained images with the

white-light confocal profilometer to the horizontal. However,

this correction was not possible for the images acquired with

LSCM, and they keep the surface slope.

Simulations

The numerical (based on finite elements – FE) simulations were

performed using commercial software (COMSOL Multiphysics

3.5 equipped with the Thermal-Structural Interaction package).

In the range of deformations discussed here, the PDMS film can

be safely regarded as a linear elastic and incompressible material.

Hence, Poisson’s ratio was set to 0.5. The radius of the PDMS

film considered in the model was always three times the radius of

the ionic liquid droplets, in order to respect the condition of semi-

infinite layer. The drop radius could vary from 5 to 300 mm, while

the PDMS thickness ranged from below 10 mm to above 100 mm.

The mesh for the PDMS film consisted of about 30 000 tetra-

hedral elements (the number of elements varied according to the

thickness of the film) and, consequently, of about 120 000

degrees of freedom. A finer mesh size for the elements close to the

TPCL was used in order to better resolve the stress caused by the

droplet at its rim. The boundary conditions were set as follows:

the nodes on the axis of symmetry of the PDMS film cannot

move in the radial direction; moreover, the nodes on the bottom

of the film cannot move in any direction because the PDMS film

is considered to fully adhere to a rigid substrate. The capillary

pressure generates a compressive stress over the wetted area
This journal is ª The Royal Society of Chemistry 2009
which is uniformly distributed over all nodes of the contact area.

The vertical component of liquid surface tension generates

a tensile stress at the rim of the drop which is uniformly

distributed over all nodes at the contact line. The deformation of

the drop was not taken into consideration.
Results and discussion

We monitored the deformation of the solid–liquid–vapour

interface between sessile ionic liquid drops and soft elastomers of

varying thickness with elastic modulus E ¼ 25 kPa. We acquired

3D images with LSCM and plotted cross-sections through the

drops perpendicularly to the surface at the drop diameters

(Fig. 3). The red area is the fluorescence of the ionic liquid drop

and the green line is the reflection from the solid–vapour inter-

face. No reflection is detected at the solid–liquid interface due to

the similar refractive indexes of ionic liquid and elastomer

(around n ¼ 1.43 for a wavelength of l ¼ 633 nm). We extracted

the profile inside the drop from the fluorescence signal and

outside the drop from the reflection signal. We thus obtained

a map of the entire deformation of the surface. In Fig. 3a, the

image of a droplet (red area) with a ¼ 60 mm on a film with

thickness t¼ 104 mm is shown. Deformation of the surface due to

gravity is negligible for such small drops. On the other hand, the

capillary pressure embosses a parabolic dimple �2.8 mm deep

underneath the wetted area.15 As well, a ridge �0.7 mm high is

formed at the TPCL due to the non-balanced vertical component

of the surface tension of the drop. We additionally acquired
Soft Matter, 2009, 5, 3611–3617 | 3613



surface profiles on the outer side of the drop with a white-light

profilometer. These profiles are comparable to those acquired by

LSCM, but the Z-scale resolution is enhanced. For comparison,

theoretical profiles are calculated with the continuum elastic

model first presented by Rusanov9 (dashed line) and with

FE-simulations (solid line). The substrate is considered as a semi-

infinite and homogeneous elastic solid. The experimental profile

(green line) agrees well with the calculated profiles within the

experimental error of the LSCM measurement. The discrepancy

in the left part of the image between the calculated and the

measured profiles is due to a slight tilting of the sample with

respect to the horizontal. The experimental deformation profile

shown in Fig. 3b is for a similar drop with a ¼ 60 mm, but resting

on a much thinner film with thickness t ¼ 8.5 mm.
Deformation due to the capillary pressure

The profile under the drop on the thin film is different from that

on the thick film: the dimple is shallower (depth z 0.7 mm), the

ridge is lower (height z 0.2 mm), but foremost the dimple under

the drop is not of parabolic shape. It is flat, even slightly convex

in the central area, and on both sides of the TPCL shallow

microtroughs are formed. Similar microtroughs have been

observed also upon micropatterning thin polymer films25 and

bulk polymer surfaces26–28 by microdrops of solvents, and also

upon micropatterning bulk polymer surfaces by the uptake of

solvent vapour using non-solvent sessile droplets as shadow

masks.29

The characteristic shape of the profile is a direct effect of the

finite film thickness and of the incompressibility of the film

material.16,17 Sylgard has Poisson’s ratio n ¼ 0.5 and is thus

incompressible. The deformation is axisymmetric, like for the

bulk case. The measured deformation profile (green line and

bottom border of red area) is well reproduced by the finite

element simulation (solid line). The difference is in the range of

the experimental error of the LSCM measurements. We will

discuss and comment on the FE-simulation results in more detail

in the last paragraph.

To quantify the influence of film thickness t on deformation,

we plotted the depths d of the dimples measured at the centre of

the drops versus t (Fig. 4). The film thickness t varied between
Fig. 4 Dimple depth d under the drop as a function of the layer thickness

t. The error bars correspond to the step between two subsequent optical

slices. The solid line is the limiting value dRus for semi-infinite solids as

calculated from Rusanov’s model.9

3614 | Soft Matter, 2009, 5, 3611–3617
4 and 104 mm. The contact radius of the drop a was 60 mm and

the elastic modulus of the film E was 25 kPa. The dimple depth

for a semi-infinitely thick layer of Sylgard (limiting value tlim) was

calculated from Rusanov’s model and plotted for comparison

(solid line). For film thickness t > 55 mm the experimental and the

theoretical depths coincide. When t < 55 mm the depth of the

dimple becomes progressively smaller. We cannot assume any

further that the film thickness is semi-infinite. As the film

becomes thinner, the solid support increasingly exerts an influ-

ence on the deformation.

The phenomenon is similar to that observed in works of nano-

indentation,30 where such a solid-supported film has been termed

a ‘mechanical double-layer’.31 In our system the sessile drop

‘indents’ the soft surface exerting a downwards-oriented force via

its capillary pressure. The effect is very similar to the pressure

exerted by a hard tip indenting a substrate. According to litera-

ture, the effect of the solid support under the soft film cannot be

neglected when the indentation is deeper than around 10% of the

film thickness.32 We found a similar value here. We fitted a line to

the measured depths for films up to 30 mm thickness and

extrapolated it to larger thicknesses. This line crossed the

horizontal line of the limiting value calculated according to

Rusanov’s model (dRus ¼ 2.9 mm) at tlim ¼ 36.7 mm. Beyond this

film thickness, the influence of the solid support could be

neglected. The depth of the dimple is 8% of the limiting film

thickness, which is very close to the limiting value of 10%

measured in and calculated for indentation measurements.
Deformation due to the surface tension

Besides the capillary pressure, the surface tension of a sessile

drop also exerts an upwards directed force at the TPCL. The

consequence in our system is the formation of a ridge at the rim

of the drop. Depending on the contact angle between drop and

surface and on the elasticity of the surface, the height of the ridge

can be up to several microns (see Fig. 3). For a semi-infinite film,

the profile of the solid–vapour interface outside the drop shows

a logarithmic decay9,19 and it is in good agreement with the

profile calculated with Rusanov’s model. For films of finite

thickness, the profile is better described by a decaying and

oscillating exponential. As for the profile inside the drop, only

the first minimum can be measured and forms a microtrough just

next to the TPCL. Finite element simulations of the outer part of

the profiles agree well with the measured profiles.

The resolution of the LSCM profiles in proximity of the TPCL

is rather poor. This technique can only collect the light reflected

by surfaces which are not tilted beyond a certain threshold angle.

For our instrument, this angle is around 5�. We thus used

a white-light confocal profilometer to acquire the 3D drop

profiles in reflection mode. The threshold angle of our instrument

is around 35� so that steeper surfaces can be measured. Also, the

vertical resolution is in the nanometer range and allows for an

increased Z-scale resolution.

Fig. 5 shows the high resolution measured profiles close to

the TPCL outside of drops with similar contact radii of

a¼ 60 mm. The thickness of the Sylgard film varies between 4 and

104 mm. The calculated deformation profile for a semi-infinite

layer is plotted for comparison (dashed line). The profile for

a 104 mm thick film is well reproduced by Rusanov’s model.
This journal is ª The Royal Society of Chemistry 2009



Fig. 5 Profiles of the solid–vapour interface of a Sylgard film

(E ¼ 25 kPa and n ¼ 0.5) warped by an ionic liquid droplet (a ¼ 60 mm,

q ¼ 74� and gL ¼ 48.8 mN/m). The different symbols of the profiles

correspond to different thicknesses t of the Sylgard film. The inset shows

the profiles close to the TPCL. The two arrows point to the microtroughs

(see text for details). S stands for the solid (Sylgard) and V for the vapour

(air) phase.

Fig. 6 Profile of the solid–vapour interface close to the TPCL of an ionic

liquid droplet of contact radius a ¼ 60 mm on an elastomer surface with

E¼ 25 kPa Young’s modulus. The symbols are the experimental profiles.

The coloured lines represent Long’s model. The blue and red lines are

respectively close and far from the contact line. The TPCL region is

shown as a dotted blue line. The black line is Rusanov’s model. Elastomer

layer thickness is (a) t ¼ 4 mm, and (b) t ¼ 8.5 mm.
A slight deviation is found only in close proximity (within 5 mm)

of the TPCL. This means that the solid support does not influ-

ence either the height or the shape of the ridge. On the other

hand, as expected, the deformation profile progressively deviates

from the semi-infinite bulk model as the layer thickness t is

reduced below the limiting thickness tlim ¼ 36.7 mm. Further, the

profiles of films of thickness t from 27 down to 4 mm do not show

a monotonic logarithmic decay: microtroughs are formed before

the profiles level off again. They are concentric with the TPCL,

up to 100 nm deep and up to 50 mm broad. Microtroughs are

deeper, narrower and closer to the TPCL for thinner Sylgard

films.

A zoom of the profiles next to the TPCL is shown in the inset

of Fig. 5. We set the highest measured point at X ¼ 0, but this

choice has to be taken with caution. The imaging technique

cannot resolve the complete ridge because the slope of the upper

part is at an angle higher than 35�. A simple extrapolation of the

profiles indicates that the TPCL is 1–2 mm beyond the first

measured data point. The measured maximum heights

decrease with decreasing film thickness: the ridge formed on the

4 mm-thick film is around 50% smaller than on the 104 mm (semi-

infinite) film. This trend and the shape of the profile can be

qualitatively reproduced by the 1D model developed by Long

et al.17 for the static wetting of thin soft rubber films by a liquid.

In this model, the free surface deformation Dh(x) is calculated

explicitly. The contribution of the capillary pressure is neglected

and the surface tension is modelled as a punctual force pulling

vertically upwards at the TPCL. The deformation is limited by

the free energy increase due to the expansion of the film free

surface and the elastic bulk deformation. Through the minimi-

zation of the total energy, the equilibrium deformation is

calculated along x in three regions with qualitatively different

behaviours (see also the ESI† for an illustrative explanation):

(1) At distances from the TPCL larger than the film thickness

(|x| > t):
This journal is ª The Royal Society of Chemistry 2009
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(3) At short distances |x| < gL/E the deformation is limited to

a finite value:
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�
g

Et

�
(1.3)

The profile of the deformation is an oscillating decaying expo-

nential, symmetric on both sides of the TPCL. We have

compared calculations based on Long’s model with two exam-

ples of our experimental data (Fig. 6). The model was developed

for a film thickness t much smaller than the drop contact

radius a. We thus chose two films, with t1 ¼ 4 mm (Fig. 6a) and

t2 ¼ 8.5 mm (Fig. 6b), and with a ¼ 60 mm. Surface tension gL,

Young’s modulus E and film thickness t are fixed in the model;

x1 and x2 have been put equal to the film thickness t. The

agreement between model and experiment is qualitatively good
Soft Matter, 2009, 5, 3611–3617 | 3615



Fig. 8 Lateral profile of the solid–vapour interface close to the TPCL of

an ionic liquid droplet on an elastomer surface of 25 kPa Young’s

modulus. The symbols are the experimental profiles. The red lines are the

simulation profiles of the systems. The black lines are Rusanov’s

model. S and V mark the solid (elastomer) and the vapour (air) regions.

(a) Droplet of radius a ¼ 60 mm and elastomer layer thickness t ¼ 4 mm,

and (b) a ¼ 266 mm and t ¼ 60 mm.
in both cases. The model predicts the formation of a first trough

at a distance from the TPCL approximately equal to the film

thickness. We could confirm this feature with our measurements

(Fig. 5 and Fig. 6). We could not measure further oscillations

beyond the first. However, calculations with the material

parameters we used predict the second oscillation to be only

a few nanometers in amplitude, which is beyond the resolution of

our technique. The model predicts well the depth and position of

the trough, and the profile close to the ridge (blue line), but less

well the profile far from the ridge (red line). We plotted eqn (1.1)

(red line) using a proportionality constant A1 ¼ �0.12 (Fig. 6a)

and A2 ¼ �0.08 (Fig. 6b). Eqn (1.2) is displayed as a blue line in

the interval established by the model. The lower limit, x ¼ gL/ E,

marks the start of the TPCL region, whose height value Dh is

calculated from eqn (1.3). The model predicts ridge heights lower

than the experimental ones, but it has clear limitations: expres-

sions (1.1)–(1.3) are only close approximations to the exact

solution. Additionally, they are for much thinner films than the

drop size. Further, the deformation caused by the capillary

pressure is not included.

We plotted the distance x0 of the microtroughs from the TPCL

(X ¼ 0) on the outside of the drop as a function of film thickness

t (Fig. 7). The model by Long et al.17 predicts a nearly 1:1 relation

between both lengths and is plotted as a solid line. For thin films

up to t ¼ 10 mm, the model exactly matches the measured

distances (inset of Fig. 7). For thicker layers, the agreement is

weaker, but still satisfactory considering the simplicity of the

model. The scattering of the data for a given film thickness is due

to using different drops. Thus, the distance x0 appears to be

a constant of the system.

FE-simulations of the deformation produced by sessile

microdrops on soft Sylgard films are compared to the experi-

mental deformation profiles of the solid–vapour surface and to

Rusanov’s model (Fig. 3 and Fig. 8). The theoretical models

predict that the ridge height increases with increasing drop radius

and decreases with decreasing film thickness. The dimple depth is

independent of drop size for semi-infinitely thick films, and

decreases with film thickness for t < tlim. To demonstrate the
Fig. 7 Distance x0 of the microtrough from the TPCL as a function of

the Sylgard film thickness t. The circles are the experimental data and the

line is the prediction from Long’s model.17 The inset shows a zoom-in for

thin films.
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predictive power of the simulations, we present two extreme

cases, though all simulations match similarly well with the

measurements: droplets with contact radii of 60 and 266 mm on

films with thicknesses of 4 and 60 mm. The upper profile (Fig. 8a)

is relatively steep close to the TPCL, the microtrough begins at

a distance x0 ¼ 4 mm from the TPCL, is around 80 nm deep, and

levels off at a distance of around 50 mm from the TPCL. The

experimental deformation is, as expected, in full disagreement

with Rusanov’s model, but in good agreement with the finite

element simulation. The simulated ridge is lower and the

microtrough only slightly narrower than the measured ones. In

comparison, the ridge of the lower profile (Fig. 8b) is higher and

the profile is less steep in the proximity of the TPCL. The

microtrough begins at x0¼ 54 mm from the TPCL, is only around

40 nm deep, but extends up to around 150 mm where it levels off.

Agreement with profiles calculated according to the Long model

is fair as well. Also, the simulation reproduces the main features

of the experimental profile, such as the ridge height and slope,

and the general trend with one microtrough and no further

measurable oscillations. Yet, there is a slight difference con-

cerning the position and the depth of the microtrough. A number

of factors could explain this slight discrepancy. The X-Y reso-

lution of the imaging technique is 300 nm, while the Z resolution

is around 5 nm in this case. For such shallow features as the ones

measured here, even a slight tilting of the sample can influence
This journal is ª The Royal Society of Chemistry 2009



the accuracy of the measured values, especially since they are

close to the native waviness of the Sylgard surface of around

10 nm.
Conclusions

The effect of film thickness on its deformation caused by a non-

evaporating and immobile sessile droplet has been studied. Both

the dimple formed under the drop due to the capillary pressure

and the ridge formed at the rim of the drop due to the surface

tension are affected by the solid support underneath the soft

elastic thin film. For a film with an elastic modulus of 25 kPa, we

found that the hard substrate influences the depth of the dimple

when the deformation is above 8% of the film thickness. These

results agree with indentation measurements on similar thin

films, where a threshold value of around 10% is found. Below

such a film thickness, the profiles of the dimple and the ridge do

not monotonically decrease any more, but show exponentially

decaying oscillations. In particular, our measurements revealed

only the first oscillation, i.e. a minimum in the form of a micro-

trough. The distance of the microtrough from the rim of the drop

is a constant of the system and is approximately equivalent to the

film thickness. In fact, the free energy of the system exhibits

a clear minimum for Fourier components of the surface profile in

the order of the inverse layer thickness. This favours Fourier

modes close to the minimum and tries to reduce Fourier modes

far away from it. As argued in the ESI,† balancing these two

tendences leads to the formation of a minimum in the defor-

mation profile at distances from the TPCL in the order of the

layer thickness. This conclusion is also important when it comes

to wetting studies on deformable surfaces, because it can provide

a mechanism for tuning the wetting dynamics via controlling film

elasticity and thickness. This mechanism could be implemented,

for instance, in microfluidic devices. We thus see the results of

this work as a starting point for investigating the fundamental

process of dynamic wetting/dewetting on soft surfaces in-situ.

The outcomes presented here may help as well in understanding

the dynamics of evaporation and/or condensation of microdrops

on such surfaces.
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