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Abstract

In this report several features of the dewetting process of a solid-liquid-solid
system are measured. The dewetting process is induced by squeezing a liquid
between a flat substrate and a sphere shaped rubber. The speed of the dewetting
process is measured when it starts at the edge of the contact spot and moves
to the centre and along the perimeter of the contact spot. Results show that
around the edges the contact line has a constant speed while towards the centre it
decelerates. The measurements of the speed around the perimeter of the contact
spot are used to determine the dependency of the contact line speed on the film
thickness at the time the dewetting starts. Results show that samples with a
lower film thickness have a higher contact line speed. Instability of the liquid rim
is measured in two cases: the liquid rim breaching its circular shape and liquid
threads developing from the liquid rim. The spacing of these instabilities are
measured and a wavelength for the instabilities is determined. This wavelength
is plotted against the film thickness at the start of dewetting and shows that
samples with a higher film thickness have instabilities with a higher wavelength.
The liquid threads developing from the instabilities are measured for different
film thickness and results show that for bigger film thickness the liquid threads
are wider. Liquid threads can break up in droplets. The droplet density is
measured for different film thickness and shows that samples with a larger film
thickness produce less droplets than samples with a lower film thickness. The
droplets can move outside of the contact spot by a so called cascade escape.
During this escape the droplet will make contact with the edge of the contact
spot, reduce in size and disconnect from the contact spot. This process may
occur several times for the same droplet. The ratio between their initial size
and size after the cascade escape is determined.
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1 Introduction

Figure 2: A snapshot of a dewetting process during dewetting with names indi-
cating the different features visible

Dewetting of thin liquid films between two solid surfaces has been studied for
many years now. Dewetting occurs in a lot of practical processes in daily life.
Sometimes fast dewetting is needed as you want to dry up the surface area
between a car tire and the road to maintain grip on the road with you tires
while driving in the rain. In other cases dewetting should be prevented as it
can cause damage or injury, for instance if the contact area between a contact
lens and the cornea dewets removal of the contact lens can severely damage the
cornea. Research for solid-liquid-solid-systems was done in 1998 [3] by Martin
and Brochard-Wyart who focussed on nucleated dewetting processes and pro-
vided experimental and theoretical results for the growth of the radius of a dry
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spot and the growth of the liquid rim around the dry spot in time. They ex-
panded on this research by conducting experiments on the same setup, but by
using predefined defects to start the dewetting and analyse the different obser-
vations for various shapes of defects [2]. In 2003 Persson, Volokitin and Tosatti
expanded the theoretical background for solid-liquid-solid dewetting, by includ-
ing the effects of a pressure gradient on the contact spot[4] (Brochard-Wyart
et al. considered the pressure to be constant over the contact spot). Till their
research the main driving force for dewetting was thought to be the gain in
surface energy by the dewetting process. Persson et al. showed that also the
variation in elastic energy due to a pressure distribution, which they modelled
to be Hertzian, could be responsible for a significant contribution to the dewet-
ting process. Till this point also viscoelastic losses in the soft material were
assumed to be not significant. Carbone and Persson expanded the theoretical
model of dewetting by including viscoelastic losses of energy in their paper from
2004 [1]. This report will further explore physical processes observed during the
dewetting of a solid-liquid-solid system. The main focus will be on the following
physical processes.

• The velocity of the contact line. see figure 3

Figure 3: A snapshot during the dewetting process with indicators for the mea-
sured arc lengths to determine the velocity of the contact line

• Instability of the liquid rim, see figure 4

• Cascading escape of droplets from the contact spot edge, see figure 5
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Figure 4: Two snapshots showing instabilities of the liquid rim during the dewet-
ting process

Figure 5: Several snapshots showing a cascade escape with the elapsed time
till that frame from the first frame. (a) The droplet moves to the contact edge
due to the pressure gradient. (b) The droplet makes contact with the external
liquid. (c) The droplet reduces in size by transferring liquid to the external
liquid. (d) The droplet breaks contact with the external liquid and becomes
smaller, a first cascade escape has happened. (e) The droplet again moves to
the contact edge due to the pressure gradient. (f) The droplet makes contact
with the contact edge. (g) The droplet reduces in size again. (d) The droplet
breaks contact with the contact edge, completing the second cascade.
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2 Theory

According to Martin and Brochard-Wyart[3], the stability of a liquid film con-
fined by a rigid and soft solid is given by the spreading coefficient S.

S = γRS − (γLS + γRL). (1)

Where γRS is the surface energy of the contact between the rigid and soft solid,
γLS is the surface energy of the contact between the liquid and the soft solid
and γRL is the surface energy of the contact between the liquid and the solid.
The experiment in this report uses two soft solid to intercalate the liquid which
simplifies equation 1.

S = γSS − 2γLS . (2)

Which gives the difference in surface energies of the solid contact (γSS) and the
lubricated contact (γLS). The surface energy of the solid contact is non-zero
due to contamination and imperfection of the solid contacts. If the spreading
coefficient is positive the liquid film is stable. If the spreading coefficient is
negative the system can lower its surface energy by removing the liquid and
dewetting can occur. The spreading coefficient can be determined by studying
the equilibrium state of sessile droplets in the solid/rubber system with Young
modulus E. These droplets are flat semi-ellipsoids with thickness H and radius
R. According to Martin and Brochard-Wyart these droplets will follow equation
3 [3].

H2 =
6

π
h0R, (3)

h0 =
|S|
E
. (4)

h0 represents the length scale for which the elastic and capillary energies become
comparable. By measuring the thickness and radius of these droplets h0 can be
determined and thus the spreading coefficient.
Lets consider a system with a liquid film with thickness e confined by soft solids
and create a dry spot with radius R. The free energy of the system has changed.

∆U ' πSR2 + E
( e
R

)2
R3. (5)

The first term gives the gained energy by creating a dry spot of radius R. The
second term is the strain of e/R over a volume R3. A dry spot will grow on its
own if the change in free energy is negative. A critical radius can be defined
which is the minimal radius for a contact spot to grow on its own.

Rc '
1

2π

e2

h0
. (6)

During dewetting the removed liquid gets pooled in a liquid rim around the dry
spot with width w and height H, see figure 2.

πR2e = 2πRwH. (7)
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It is assumed that the liquid rim is quasi-static and follows the property given by
equation 3 of sessile droplets. Assuming the rubber is purely elastic the gained
energy is fully dissipated in the moving liquid rim and no energy is dissipated
in the rubber.

d

dt

(
−SπR2

)
= η

(
Ṙ

H

)2

2πRwH. (8)

Here η is the fluid viscosity and the stored elastic energy in the rubber by the
liquid rim is neglected. Combining equations 7, 3, 8 gives

R(t)

R0
=

(
t

τ

) 3
4

, (9)

with

τ =
3η

4S

(
eR4

0

2h20

) 1
3

. (10)

Here R0 is the radius of the contact spot. The dependency R(t) ∝ t 3
4 also follows

from experiments [3]. The film thickness while squeezed but before dewetting
follows the Reynolds law [3].

e(t) =
bth√
t
. (11)

with

bth =

√
27πη<R0

64E
. (12)

With < the Reynolds number.
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3 Experimental set-up

Figure 6: A photo from above the used experimental setup naming the parts of
the setup

The experimental setup is shown in figure 6 and figure 7, it is also schematically
shown in figure 8. A droplet of Fomblin Y 2500 is squeezed between a rubber
(Smooth-On Encapso K) substrate and sphere which induces the dewetting
process. The rubber substrate is placed on the worktable with a droplet of
Fomblin Y 2500 on it. The sphere shaped rubber sample is placed on the
sample holder and its height can be adjusted by the z-stage. The z-stage can
be used to increase or decrease the force acting on the liquid by the sphere
shaped rubber sample. A substrate is made by putting rubber on a cleaned
glass substrate and letting it cure. The curing process is done by letting the
rubber cure for 24 hours or less if heated up in the oven at 70◦C. The sphere
is made in the same manner, but on a glass substrate with a small glass lens
glued to it. The dewetting process is filmed by a Camera (Basler pilot piA1000-
60gm). The camera can be focussed on the sample by the XYZ-stage. The
dewetting process is visualised by refractive interference microscopy (RICM). A
blue 450nm LED emits light into the solid-liquid-solid system and the reflected
light is captured by the camera. Based on the intensity of the reflected light the
film thickness of the liquid can be determined at that position. The captured
videos are stored as frame images and these images are enhanced and analysed
by GNU image manipulation program (GIMP). The analysis of the uncertainty
in the measurements is described in appendix B.
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Figure 7: A photo of the side view of the used experimental setup naming the
parts of the setup

Figure 8: Schematic representation of the experimental setup
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4 Results and discussion

4.1 Contact line speed

The position of the contact line is measured along path from the nucleus to the
centre and around the edge of the contact spot for different samples. Results
of these measurements are shown in figure 9 and figure 10, respectively. The
different colours represent the different used samples. A power law is fitted for
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Measurements of dewetting towards the centre
(116.6 ± 0.4) m (t/s)0.669 ± 0.005

(730 ± 30) m (t/s)0.86 ± 0.02

(730 ± 20) m (t/s)0.84 ± 0.02

(165 ± 3) m (t/s)0.89 ± 0.03

(261 ± 3) m (t/s)0.90 ± 0.02

(570 ± 30) m (t/s)1.22 ± 0.05

(370 ± 6) m (t/s)0.95 ± 0.02

Figure 9: Displacement of the contact line from the nucleation point as a func-
tion of time, the different colors represent the 7 used samples

each sample and the dependency for the arc length on time is reported in table
1.

Table 1: Power law fits for different samples
Sample Dependency
1 t0.669±0.005

2 t0.86±0.02

3 t0.84±0.02

4 t0.89±0.03

5 t0.90±0.02

6 t1.22±0.05

7 t0.95±0.02

These results get combined using the r-script shown in appendix C according to

Average =

∑n
i=0

Xi

Y 2
i∑n

i=0
1
Y 2
i

, σaverage =
1√∑n
i=0

1
Y 2
i

. (13)

dcentre(t) ∝ t0.72±0.05. (14)
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Measurements of dewetting around the perimeter of the contact spot
(253 ± 3) m (t/s)0.97 ± 0.03

(230 ± 2) m (t/s)1.031 ± 0.007

(1220 ± 20) m (t/s)0.98 ± 0.02

(1240 ± 20) m (t/s)0.980 ± 0.008

(1350 ± 20) m (t/s)0.959 ± 0.009

(1510 ± 70) m (t/s)1.01 ± 0.03

(327 ± 6) m (t/s)1.09 ± 0.03

(250 ± 10) m (t/s)1.31 ± 0.07

(361 ± 2) m (t/s)0.90 ± 0.01

(729 ± 9) m (t/s)1.01 ± 0.02

(640 ± 20) m (t/s)1.05 ± 0.03

(581 ± 6) m (t/s)1.00 ± 0.02

(601 ± 3) m (t/s)0.992 ± 0.006

(402 ± 2) m (t/s)1.072 ± 0.006

Figure 10: Displacement of the contact line from the nucleation point around the
perimeter of the contact spot as a function of time, the different colours represent
the 9 used samples. The triangle points represent another measurement on the
same sample but in a different direction as the dewetting can be measured
clockwise and counter-clockwise. The dotted lines represent power law fits of
these triangle points as the solid lines represent power law fits of the dotted
points

A power series is fitted for each sample and the dependency for the arc length
on time is reported in table 2

Table 2: arc length dependency on time for different samples
Sample Dependency Sample Dependency
1 t0.97±0.03 8 t1.31±0.07

2 t1.031±0.007 9 t0.90±0.01

3 t0.98±0.02 10 t1.01±0.02

4 t0.980±0.008 11 t1.04±0.03

5 t0.959±0.009 12 t1.00±0.02

6 t1.01±0.03 13 t0.992±0.006

7 t1.09±0.03 14 t1.072±0.006

These results get combined using the r-script shown in appendix C according
to equation 13.

drad(t) ∝ t1.01±0.02 (15)

The measurements for the dewetting around the perimeter of the contact spot
are used to determine the average speed of the dewetting process and link it to
the liquid film thickness at the start of dewetting. The method to determine
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the film thickness is described in appendix A. The results are shown in figure
11.
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Figure 11: The average speed of dewetting for samples with different film thick-
ness at the start of dewetting
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4.2 Liquid rim instability

The instability of the liquid rim is measured in cases where the dewetting started
inside the contact spot with an initially circular shaped liquid rim. The spacing
of instabilities breaching this circular shape was measured. The radius (R) of
the circular shaped liquid rim is measured and the number of instabilities (N)
is counted to obtain a wavelength

λ1 =
2πR

N − 1
. (16)

The results of these measurements are shown in figure 12.
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Figure 12: Wavelength of the spacing of the instabilities in the liquid rim as
function of the film thickness at the start of dewetting

The spacing of instabilities in the liquid rim is measured in cases without the
initial circular liquid rim as well as the film thickness of the sample at the start
of the dewetting. The number of instabilities was counted (N) and the length
(l) over which they were spread to result in a wavelength

λ2 =
l

N − 1
. (17)

The results of these measurements are shown in figure 13.
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Figure 13: Wavelength of the spacing of the instabilities in the liquid rim as
function of film thickness at the start of the dewetting

4.3 Liquid threads

From instabilities in the liquid rim liquid threads can develop. The width of
these developed liquid thread is measured for various film thickness at the start
of dewetting and shown in figure 14. Liquid threads can brake up and produce
droplets. The droplet density represented by the length of the smallest square
containing ten droplets is given for different film thickness in figure 15. These
features are not constant over the contact spot as the film thickness and dewet-
ting speed varies over the contact spot. In figure 16 the density of droplets is
shown for different places on the contact spot.

4.4 Cascading droplets

The width of droplets are measured at the moment before each cascade escape
step. The results are shown in figure 17 and figure 18. The width as a function
of time of a certain droplet having three cascading escape steps is shown in
figure 19. The values from figure 18 give a shrink ratio of

Widthinitial
Widthfinal

= 1.8± 0.4. (18)
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Figure 14: The average width of liquid threads as a function of film thickness
at the start of dewetting

4.5 Discussion

In figure 11 the fit parameters show relatively high uncertainties. More exper-
iments will be needed to increase the number of measurements and distribute
them more evenly over the interval of film thickness to decrease the relative
uncertainty.
In figure 13 the parameters of the fit have relatively big uncertainties and the fit
does not follow the measurements for high film thickness. Also it was observed
that the spacing of instabilities of the liquid rim varied over the contact spot.
An explanation for this is that the liquid film thickness is not homogeneous
over the contact spot and the same goes for the speed of the contact line while
dewetting. Both of these properties could be of influence of the development
of instabilities in the liquid rim. Future experiments should take more physical
properties and their distribution over the contact spot into account to determine
the average speed of the dewetting process.
The instabilities for figure 12 were only measured when dewetting started inside
the contact spot and developed with a circular shape. This type of dewetting
does not occur often and mostly occurs at higher film thickness due to some
defect on the substrate or lens. This results in few measurements in a small
interval of film thickness, which gives relative high uncertainties for the param-
eters of the fit. Future experiments should change the experimental setup in
such a way that dewetting in a circular shape occurs more often and at a greater
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Figure 15: The droplet density, represented by the length of the smallest square
containing ten droplets, as a function of film thickness

range of film thickness.
The dewetting speed, number of instabilities, size of instabilities and density of
droplets are measured per film thickness. Another interesting feature to mea-
sure per film thickness for future research is the average size of the droplets.
Observations showed that at lower film thickness the droplets were smaller, but
no data for this feature was gathered.
Figure 17 shows some measurements behaving differently than the majority.
Sometimes, due to low frame rate, a clear disconnection of the droplet and the
contact edge could not be observed. In some of these cases results may repre-
sent a double or even triple cascading escape, not observed by the experimental
setup. The dotted lines visible in figure 17 represent the hypothetical values
of these single, double and triple cascading escape. Another hypothesis is that
the first cascade step does not consist solely of a cascading escape process as
all irregular measurement are first steps of a cascade.. This first step does not
follow after another cascade step and thus the droplet can have some velocity
to the contact edge which results in a part of the droplet escaping not by the
cascade process but just by the velocity of the droplet. The different results can
also be caused by different behaviour based on a non measured feature such as
the speed or the shape of the droplet before cascading. Further research into
the cause of the deviating measurements will be needed.
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Figure 16: A snapshot showing the droplet density in several places on the
contact spot. The places are chosen on a perpendicular line to the direction of
dewetting.
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Figure 17: The ratio of shrinking of the width of the cascading droplets as
a function of time in contact with the contact spot edge. The dotted lines
represent the hypothesis for a single, double and triple cascade explained in the
discussion
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Figure 18: The ratio of shrinking of the width of the cascading droplets as a
function time in contact with the contact spot edge zoomed in on contact times
of 0 to 0.3
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Figure 19: The width of a certain droplet during three cascading escapes
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5 Summary and conclusions

5.1 Contact line speed

The speed of the contact line towards the centre decelerates (R(t) ∝ t0.72±0.05)
while the contact line speed along the perimeter of the contact spot is constant
speed (R(t) ∝ t1.01±0.02). Towards the centre the fluid is displaced into a liquid
rim while on the edge the fluid can be displaced to outside the contact spot.
The speed found for the contact line towards the centre correlates with the
theoretical value of R(t) ∝ t0.75.

5.2 Dewetting features per film thickness

The average speed of the dewetting process is higher at lower film thickness. As
the film thickness is lower, less liquid has to be displaced during the dewetting
process and thus dewetting will be faster.
The wavelength of instabilities in the liquid rim is higher for samples with a
higher film thickness. So at lower film thickness more instabilities will develop.
Samples with a higher film thickness produce wider liquid threads which result
in a lower density of droplets. The dependency of dewetting speed, liquid rim in-
stabilities, liquid threads and droplet density on the film thickness is represented
in figure 20

Figure 20: A picture showing the relation between the various physical proper-
ties analysed in this report
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5.3 Cascading droplets

In the results of cascading droplets a set of measurements is observed which
seem to differ significantly from the majority of measurements, but they can be
identified by the time they were in contact with the contact spot edge. These
measurements can be dependent on some feature or property which is not ob-
served by the used experimental setup. For the measurements with a contact
time of 0.40 seconds or less the shrink ratio of the droplet per cascade becomes
1.8± 0.4.
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A Method of determination of film thickness

The film thickness is determined by a python script which uses equation 11.
The script chooses a square area of the first frame with the most homogeneous
intensity of light. It then measures the intensity as a function of time of the
chosen square. An example is shown in figure 21. The intensity will be a
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Figure 21: An example of the output of the python script of a measurement of
the intensity showing the measured information to determine the film thickness

periodic function of time with a period based on the wavelength of the LED
used and refractive index of the used liquid. Now two methods can be used to
determine the film thickness. One is based on the intensity at the last maximum
and the intensity at the start of dewetting and one is based on the time of the
last maximum and minimum and the time at the start of dewetting. With
both these methods, the known wavelength of the used LED and the known
refractive index of the used fluid the film thickness at the start of dewetting can
be determined.
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B Uncertainty analysis

The measurement of the experimental values are done by GIMP in pixels and
angles. The uncertainty of a straight line measurement in GIMP is one pixel.
One pixel is measured to be approximately 0.7µm so an uncertainty of 1µm
would be sufficient for straight line measurements. The uncertainty in the mea-
sured angle is one degrees, which is π

180 ≈ 0.02 rad. The position measurements
for the contact line speed towards the centre are straight line measurements so
they have an uncertainty of 1µm. For measurements of the position change for
the contact line speed around the contact spot edge both the radius and angle
are measured to determine the displacement using the following equation.

d =
2πr

φend − φstart
. (19)

With d the arc length, r the radius of the contact spot, φend the angle at the
measured frame and φstart the angle at the previous measured frame. From this
equation the uncertainty in the arc length can be determined.

derr = r∆φerr + ∆φrerr with ∆φ = φend − φstart. (20)

The change in angle and uncertainty in the radius are small in comparison with
the radius and uncertainty in angle.

derr ≈ r∆φerr. (21)

The contact spot with the largest radius was around 400µm. This will lead to
an uncertainty of 7µm. The uncertainty of the film thickness is determined by
the difference in the found film thickness between both methods described in
appendix A with a set minimum of 3nm. Multiple measurements (n) are done
for the wavelength of instabilities in the liquid rim on the same sample. So from
these measurement the uncertainty in the wavelength (λ) can be determined
from the sample variance (S2

λ).

S2
λ =

1

n− 1

n∑
i=1

(λi − λ̄)2. (22)

The shrink ratio (γ) of the cascading droplets is calculated by the following
equation.

γ =
wi
wf

. (23)

With wi the initial and wf the final width of the droplet. From this formula
the uncertainty in the shrink ration can be derived.

σγ = (
σwi
wi

+
σwf
wf

)
wi
wf

. (24)

The uncertainty in time is determined by the used frame rate. The uncertainty
will be one frame. In most cases 60fps or 30fps is used. So the uncertainty in
time will be 0.02 seconds and 0.04 seconds respectively.
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C R-script for averaging

This r script reads the values and their uncertainty and returns a weighted
average with uncertainty. The weight of measurement i (wi) is

wi =
1

σ2
i

(25)

with σi the uncertainty of measurement i.

A<-c(Measurements)

B<-c(Uncertainties)

MeanA <-0

sumB <-0

for(i in 1: length(A))

{

MeanA <-MeanA+A[i]*1/(B[i]^2)

sumB <-sumB+1/(B[i]^2)

}

MeanA <-MeanA/sumB

sigma <-1/sqrt(sumB)
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