Soft Matter
View Article Online

Published on 02 January 2018. Downloaded by Universita di Padova on 6/27/2018 5:55:56 PM.

PAPER

Cite this: Soft Matter, 2018,
14, 1142

View Journal | View Issue

Contact mechanics for polydimethylsiloxane: from
liquid to solid
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and B. N. J. Persson
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Adhesion between a glass ball and a polydimethylsiloxane (PDMS) sample is dependent on the PDMS
cross-link density, and the transformation of the material from the uncrosslinked liquid state to the fully
crosslinked solid state is investigated in this study. The physical picture reflected a gradual transition
from capillary forces driven contact mechanics to the classical Johnson–Kendall–Roberts (JKR)-type
contact mechanics. PDMS was produced by mixing the base fluid and a cross-linker at a ratio of
10 : 1 and allowed to slowly cross-link at room temperature with simultaneous measurement of the
ball–PDMS interaction force. The PDMS sample was in the liquid state during the first E16 hours, and in
this case the ball–PDMS interaction was purely adhesive, i.e., no repulsive interaction was observed.
Later at the PDMS gel-point the cross-linked PDMS clusters percolate, converting the fluid into a soft
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(fluid-filled) poroelastic solid. In the transition period, PDMS appears similar to pressure-sensitive
adhesives. There we observe so-called ‘‘stringing’’ and permanent deformation of the material impacted
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by the ball. At room temperature, it takes more than B100 hours for PDMS to fully cross-link that
can be confirmed by the comparison with the earlier-studied reference PDMS produced at elevated
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temperatures.

1 Introduction
The interaction between a spherical rigid ball and a flat elastic
substrate can often be accurately described using the Johnson–
Kendall–Roberts (JKR) theory.1 When the substrate is a fluid,
the interaction is instead described by the theory of capillary
bridges. Both theories are based on minimizing the total energy
of the system. When the substrate is an elastic solid, the total
energy consists of elastic deformation energy and the interfacial binding energy between the atoms at the contacting
interface. When the substrate is a fluid, there will be no elastic
energy but only surface and interfacial energies, and gravitational potential energy. For a very soft solid, e.g., a solid close
to the gel point, neither the JKR nor capillary theories are
accurate and a theory which combines both limits must be
used. The study of this problem has recently drawn increasing
attention,2–4 and is related to other effects such as smothering
of small structures on a soft solid surface due to the surface
tension.5–7 We also note that adhesion always involves finite
timescales, and non-adiabatic effects will often be important
and may result in adhesive contact hysteresis that can be linked
to the difference in crack propagation energies for the closing
a

PGI-1, FZ Jülich, Germany. E-mail: b.persson@fz-juelich.de;
Web: www.MultiscaleConsulting.com
b
Leibniz Institut für Polymerforschung Dresden e.V., D-01069 Dresden, Germany
c
ITMO University, Kronverskiy pr. 49, 197101, Saint-Petersburg, Russia

1142 | Soft Matter, 2018, 14, 1142--1148

and opening of interfacial cracks in solids. These non-adiabatic
effects depend on bulk material properties such as fluid viscosity
and solid viscoelastic moduli as well as single-molecular
mechanisms in the vicinity of the crack.
In this study we report on adhesion experiments with a
substrate that is continuously transformed from the fluid state
to the solid state with time. As a substrate, we use a PDMS
substance where the molecules slowly cross-link with increasing
time. At some point in time, the system reaches the gel-point
which is a critical point of a continuous (or second order) phase
transition, where a cluster of cross-linked molecules percolates.
This point in time separates the fluid state from the solid state.
At the gel-point, the viscosity approaches infinity and the static
Young’s modulus vanishes. However, when probed at finite frequencies (in time) the material exhibits viscoelastic properties.8
Polydimethylsiloxane (PDMS) is often used for the model
studies of adhesion and friction. It can be easily produced with
diﬀerent cross-link densities by using diﬀerent ratios between
the cross-linker and the base fluid. For Sylgard 184, using a
ratio of 10 : 1 (base/cross-linker) results in a (nearly) fully crosslinked material, while using larger ratios, e.g., 30 : 1, results in a
large fraction of uncrosslinked molecules. The unclosslinked
molecules can be extracted but for large ratios, say 30 : 1 or
more, this results in the destruction of the PDMS sample, e.g.,
the formation of small fragments of PDMS.9
Below we show the adhesive properties of PDMS 10 : 1 as
a function of time during the cross-linking process. For this
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purpose, we prepared several PDMS samples by mixing the base
fluid with the crosslinker (at a ratio of 10 : 1) at the time t = 0,
and then we studied the interaction between a glass ball and
PDMS as the ball was repeatedly brought into and out of
contact with the PDMS sample in an oscillatory mode. Since
close to the gel-point the PDMS sample gets permanently
deformed by the impacting ball, we replaced the samples with
equivalent ones from the same batch through the study. Because
of permanent deformations of the PDMS surface close to the gel
point, the results for this time interval is mainly of qualitative
nature (but reproducible). In the liquid state and in the solid state
far from the time point of the gel transition, no permanent
deformation of the PDMS surface occurs.

2 Experimental
We have produced 5 samples of polydimethylsiloxane (PDMS)
from the Sylgard 184 commercial two-component kit purchased
from Dow Corning (Midland, MI) consisting of a base (vinylterminated polydimethylsiloxane) and a curing agent (methylhydrosiloxane–dimethylsiloxane copolymer) with a suitable
catalyst. From these two components, we prepared mixtures
of 10 : 1 (base/cross-linker) in weight. The mixture was degassed
to remove the trapped air bubbles induced by stirring from the
mixing process and then poured into the cast. The samples
were (slowly) cured at room temperature and simultaneously
studied using the adhesion experimental setup. We note that
before interacting with the spherical adhesion probe (glass
ball), the PDMS surfaces are very smooth due to the gravity.
The thickness of the PDMS film is about 1 cm, which is much
larger than the diameter of the contact region when the PDMS
is in the solid state. Hence the PDMS samples from the point of
view of contact mechanics can be considered as semi-infinite.
We have studied the adhesive interaction between spherical
silica-glass balls and the PDMS samples by the same setup used
in our earlier study.9 In the experiments, we bring a glass ball
with diameter 2R = 2.5 cm into contact with a rubber substrate
as shown in Fig. 1. It is positioned on a very accurate balance
(analytical balance produced by Mettler Toledo, model MS104TS/00)
with a reproducibility of 0.1 mg (or E1 mN), which serves as a force
sensor. After zeroing the scale of the instrument, we can measure

the force on the substrate as a function of time, which is directly
transferred to a computer at a rate of 10 measurement points
per second.
To move the glass ball up and down, we have used an
electric motor coiling up a nylon cord, which is attached to
the glass ball. The pulling velocity as a function of time can be
specified on a computer. In the experiments reported below,
the glass ball is repeatedly moved up and down for a total time
of B70 hours. In each contact cycle, the loading force (when
the PDMS is in the solid state) is about 0.1 N, and the vertical
speed vz E 6 mm s1, resulting in about 1 contact per hour.
During retraction the interaction between the glass ball and the
PDMS sample is fully broken, as manifested by a time interval
between each contact where the interaction force vanishes.

3 Results and discussion
Fig. 2 shows the interaction force between the glass ball and a
PDMS surface as a function of time t, where t = 0 corresponds to
the time when a PDMS 1 : 10 mixture was prepared. Thus, at
t = 0, five samples was prepared as described in Section 2, and
the diﬀerent colors in Fig. 2(a) corresponds to diﬀerent samples.
When switching to a new PDMS sample, we also replaced the
glass ball with a new clean glass ball, since the glass balls can get
contaminated by the contact with the PDMS substrate.
For the first and second samples (red and green curves, corresponding to the time periods E1–15 hours and E15–16 hours),
the PDMS is in the liquid state, with viscosity increasing with
time due to increasing cross-link density. During this time
period, there is no repulsive ball–PDMS interaction, but an
attractive capillary bridge forms as soon as one point on the
glass ball makes contact with the liquid PDMS surface.
The results for sample 1 is also shown in Fig. 2(b). The
dashed line in the figure is the interaction force expected due to
the negative Laplace pressure in the liquid bridge, as given by
the classical relation (see, e.g., ref. 10)
Fpull-oﬀ = 4pRg,

where g is the PDMS surface tension. This formula is valid for
liquids, such as the PDMS liquid, which wets the surface of the
glass ball. For a liquid bridge between two solid surfaces, the
relation follows trivially from the Laplace equation for the
(negative) pressure in the capillary bridge, which is p = g/r0,
where r0 is the curvature of the meniscus (see Fig. 3). This gives
Fpull-oﬀ = pr 2(p) = pr 2g/r0,

Fig. 1

The experimental setup for measuring adhesion.
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(1)

(2)

where r is the radius of the capillary bridge, which is related to
r0 via (see Fig. 3) r0 E r 2/4R. Using this equation in (2) gives (1).
For a glass ball in contact with a fluid (our case), the picture is
more complex than indicated by the above calculation, and one
needs to include the influence of gravity in the study of the
shape of the meniscus. (Gravity becomes important when the
bond number B = rgh2/g 4 1 (see ref. 12), where r and g are
the silicone oil mass density and surface tension, respectively,
and h is the height of the capillary bridge. In the present case,
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Fig. 2 The interaction force between the glass ball and the PDMS surface upon repeated contacts as a function of time after preparing a PDMS 1 : 10
mixture. At t = 0, five samples were prepared, and the diﬀerent colors in (a) show the results obtained for the 5 diﬀerent samples. For the first sample (red
curve; time period E1–15 hours), the PDMS is the liquid state with a viscosity increases with time. The results of the first sample is also shown in (b). The
dashed line is the interaction force expected due to the negative Laplace pressure in the liquid bridge (see the text for details). For the second sample
(green curve), a single contact with the PDMS substrate was obtained. For this case the system is very close to the gel point (see (c) for a magnified view).
For sample 3 the elastic network has percolated and a small non-zero repulsive ball–PDMS interaction force (positive force) could be observed already
during the first ball–PDMS contact. The glass ball diameter 2R = 2.5 cm and the pull-off speed vz E 5 mm s1.

Fig. 3 A PDMS capillary bridge formed at a point where the glass ball first
makes contact with the PDMS fluid. From the geometry, the height of the
capillary bridge h E r 2/2R. The PDMS fluid wet the glass surface so that
h = 2r0, where r0 is the radius of curvature of the fluid meniscus. Thus
r0 E r 2/4R.

we estimate B E 10.) Nevertheless, eqn (1) also appears to be
valid in this case. The dashed horizontal line in Fig. 2(a) was
obtained using (1) with the measured surface tension of the
PDMS fluid, g E 0.018 J m2.
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Note that during the last few contact cycles for sample 1, the
pull-oﬀ force is larger than predicted by (1), which we attribute
to the influence of the fluid viscosity on the pull-oﬀ force. For
the very last contact cycle on sample 1, the pull-oﬀ is strongly
modified by the fluid viscosity, and optical pictures of the
contact (see below) close to detachment show a long filament
(so-called ‘‘string’’) of PDMS attached to the glass ball (see
Fig. 6). As is well known, for fluids without viscosity (or in the
adiabatic limit where the viscosity is irrelevant), such a long
fluid string would not be stable, but would collapse into
droplets due to the surface tension of the fluid. The same
strong influence of the fluid viscosity is observed for sample 2
(see the green line in Fig. 2(c)).
For sample 2 (green curve) a single contact cycle was
performed. For this case, the system is very close to the PDMS
gel-point, where the elastic network formed by the cross-linked
PDMS chains percolate. The gel-point is characterized by:
infinite viscosity and zero Young’s modulus. When cross-linking
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is increased beyond the gel-point, the Young’s modulus becomes
finite.
For sample 3 the elastic network has percolated, and a small
non-zero repulsive ball–PDMS interaction force (positive force)
could be observed already during the first ball–PDMS contact.
This repulsive force rapidly increases during the following
contact cycles.
Fig. 4 shows the work needed to separate the glass ball from
the PDMS substrate as a function of time, where again t = 0
corresponds to the time the PDMS samples were prepared. The
work to remove the ball was obtained from the area under the
adhesion dips (negative interaction force), as shown in Fig. 2,
times the pull-oﬀ speed vz. Note the sharp peak in the work
close to the PDMS gel-point.
When the PDMS is in the solid state, assuming the JKR
theory is valid, the work of adhesion w can be obtained from
3
Fpulloff ¼ pRw:
2

(3)

This equation gives w E 1.5 J m2 for sample 4 and w E 0.4 J m2
for sample 5. These values are much higher than w E 0.25 J m2
for PDMS 10 : 1 crosslinked at the elevated temperature obtained at
the same pull-oﬀ speed (see ref. 9). We attribute this to the fact the
PDMS rubber is not fully cross-linked for samples 4 and 5, which
has two eﬀects, namely (a) it increases the internal friction in the
rubber (as observed previously from the PDMS 1 : 30 sample, which
has a large fraction of uncrosslinked PDMS chains), which result in
an important viscoelastic contribution to the work of adhesion, and
(b) the PDMS samples undergo permanent deformation in the
contact region (see below). This deformation of the surface is clear
from the optical pictures of the surface as obtained after the
measurements on samples 4 and 5 (see Fig. 7). As a result of
surface deformations, the JKR theory cannot be rigorously applied
in these cases. For longer times the JKR theory can be applied, but
the work of adhesion even after 30 days (w E 0.34 J m2) is not the

Fig. 4 The work needed to separate the glass ball from the PDMS
substrate is shown as a function of time, where time t = 0 correspond to
the time the PDMS mixture was prepared. Note the sharp peak in the work
close to the PDMS gel-point. The figure shows the cumulative results of
5 diﬀerent measurement sequences.
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Fig. 5 The work of adhesion w as a function of time, where time t = 0
corresponds to the time the PDMS mixture was prepared. The last
measurement (green square) is for the PDMS obtained by heat treatment
at T = 60 1C for 24 hours of the PDMS prepared 30 days earlier. In all cases,
the work of adhesion refers to the first contact between the glass ball and
the PDMS rubber.

same as expected for a fully crosslinked PDMS. This is illustrated
in Fig. 5 where the last data point (green square) is for the PDMS
after heat treatment at T = 60 1C for 24 hours of the sample
prepared 30 days earlier. The work of adhesion for this sample
(w E 0.28 J m2) is very close to what has been observed
in earlier studies for the same pull-oﬀ velocity for the samples
prepared using similar heat treatment.9
Fig. 6 shows snapshot pictures during the last pull-oﬀ event
for sample 1 (time interval E14–15 hour). The pictures were
obtained (a) at the first pull-off maximum and (c) at the second
pull-off maximum, and (b) at the pull-off minimum between
the two maxima as denoted by A, C and B in Fig. 2(c). Note that
the force on the glass ball in case (c) is larger than in case (b),
in spite of the fact that the filament is much thinner in case (c).
Clearly, the viscoelastic stresses in the PDMS filament must be
much higher in case (c), which may be due, at least in part, to
the higher viscosity of the fluid in case (c), as this state occurs
nearly 1 hour after the state (b). The first local maximum in the
pull-off force (denoted A, corresponding to the picture (a))
appears to be in-between capillary and viscoelastic limiting cases.
For sample 2 a very similar behavior is observed as for the
last pull-oﬀ event on sample 1, but the force on the ball is
higher due to a higher cross-link density and therefore a larger
fluid viscosity. Clearly, the nature of contact mechanics for the
last pull-oﬀ event for sample 1 and for the pull-oﬀ event for
sample 2 is strongly aﬀected by the viscosity (or rather emerging
viscoelasticity) of the PDMS fluid.
Fig. 7 shows optical pictures of the PDMS surfaces after the
measurements on (a) sample 2, (b) sample 3 and (c) sample 4 as
respective time points are denoted by a, b and g in Fig. 2. The
structures on the surface result from the liquid fraction of the
PDMS moving in response to the pressure exerted by the glass
ball during the contact time periods, while simultaneously
the fluid undergoes crosslinking. This is more likely than plastic
deformation involving breaking the existing cross-links, because
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Fig. 6 Snapshot pictures of the contact for sample 1 during the last pulloﬀ (time interval E14–15 hour). The contact is shown at the first pull-off
maximum (a), at the second pull-off maximum (c) and the pull-off
minimum between the two maxima (b). These time points are denoted
by A, C and B in Fig. 2(c).
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Fig. 7 Optical pictures of the PDMS surfaces after the measurements on
(a) sample 2, (b) sample 3 and (c) sample 4. The corresponding time points
are denoted by a, b and g in Fig. 2.
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in our earlier studies9 of ‘‘stable’’ PDMS 10 : 1 and 30 : 1 (where
negligible cross-linking occurred during the measurement time
period) we did not observe any permanent indentation on the
PDMS surface after the contact was removed.
Fig. 8 shows the PDMS filament for sample 2, at the glass
ball close to the point in time where the attractive ball–PDMS
interaction is maximal (green curves in Fig. 2(a) and (c) close to
the point where the interaction force takes its largest negative
value). Note the formation of many thin filaments close to the
glass ball. This may result from cavity formation and stringing as
typically observed for pressure-sensitive adhesives (soft rubber
compounds).11 When the strings finally break, a snowflake-like
PDMS pattern appears on the glass ball as shown in Fig. 9. Also
note that the liquid PDMS wets the surface as a large and thin
circular pancake-like film has formed on the glass ball surface.

4 Summary and conclusion
We have studied how the adhesion between a glass ball
(diameter 2.5 cm) and a PDMS silicone rubber sample depends
on the PDMS cross-link density when the material is transformed from the liquid state to the solid state. The PDMS
sample was produced by mixing the base fluid and the crosslinker at a ratio of 10 : 1. The system was allowed to slowly
crosslink at room temperature, and we studied the time
variation of the ball–PDMS interaction force upon repeated
contacts. The PDMS sample was in the liquid state during the
first E16 hours, and in this case the ball–PDMS interaction was

Fig. 8 The PDMS filament at the glass ball close to the point where the
attractive ball–PDMS interaction is maximal for sample 2 (green curves in
Fig. 2(a) and (c) close to the point where the interaction force takes
its largest negative value). Note the formation of many thin strings close
to the glass ball. This may result from cavity formation and stringing
as typically observed for pressure-sensitive adhesives (soft rubber
compounds).
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Fig. 9 PDMS ‘‘snowflake’’ pattern left on the glass ball after the measurements on sample 2 (green line in Fig. 2). The pattern formed may be related
to the formation of the filaments shown in Fig. 8. Also note that the silicone
oil wets the surface as a large and thin circular pancake-like film of PDMS
has formed on the glass ball surface.

purely adhesive, i.e., no repulsive interaction was observed.
In the fluid state, attraction could be quantitatively explained as
resulting from the formation of capillary bridges, with negligible
influence of the fluid viscosity until close to the gel-point.
The pull-oﬀ force as a function of time exhibits a huge,
relative sharp onset on approaching the PDMS gel-point, where
the cross-linked PDMS clusters percolate, converting the fluid
into a soft (fluid-filled) poro-viscoelastic solid. Thus, close to
the gel-point the PDMS appears as a very tacky material, similar
to pressure-sensitive adhesives. At room temperature, it takes
more than B100 hours for the PDMS to fully cross-link. During
this transition period, pull-oﬀ contact mechanics is characterized by
the formation of strings and ‘‘frozen’’ permanent deformation, and
these are neither observed in the initial liquid state nor in the fully
cross-linked state. For the PDMS in the solid state the contact
mechanics is JKR-like, but for contact times t o 100 hours the work
of adhesion as obtained from the JKR formula was larger than the
reference fully crosslinked PDMS described in ref. 9. This is consistent with earlier studies for PDMS 1 : 30 and 1 : 50 compounds,
which have a large fraction of uncrosslinked PDMS chains, and also
exhibit similar large work of adhesion as in the present case for a
duration of B30 hours after mixing the fluids. We attribute this
mainly to the viscoelastic properties of the rubber compound, but
also to modifications of the PDMS surface topography as a result of
ball indentation of the not fully cross-linked PDMS.
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