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Surface stress and surface energy are two fundamental parameters that determine the surface
properties of any material. While it is commonly believed that the surface stress and surface energy
of liquids are identical, the relationship between the two parameters in soft polymeric gels remains
debatable. In this work, we measured the surface stress and surface energy of soft silicone gels with
varying crosslinking densities in soft wetting experiments. Above a critical crosslink density, k0, the
surface stress is found to increase significantly with crosslinking density while the surface energy,
by contrast, remains unchanged. In this regime, we can estimate a non-zero surface elastic modulus
that also increases with the ratio of crosslinkers. By comparing the surface mechanics of the soft
gels to their bulk rheology, the surface properties near the critical density k0 are found to be closely
related to the underlying percolation transition of the polymer networks.

Surface stress and surface energy are the essential pa-
rameters in many mechanical problems involving mate-
rial interfaces, including adhesion and wetting between
materials [1–3], the dynamics of fracture formations [4–
6], and the evolution of phase separations in composite
systems [7, 8]. While surface stress, Υ, indicates the force
per unit length required to expand a region at a material
interface, surface energy, γ, characterizes the associated
energy cost per unit area. At a liquid interface, molecules
can easily redistribute themselves under deformation to
keep a constant density such that surface stress and sur-
face energy are always identical, Υ = γ. By contrast,
the surface densities of molecules or atoms in crystalline
solids will vary through deformations. As a result, the
surface stress and surface energy of crystalline solids can
differ greatly, Υ 6= γ [9, 10].

However, despite the growing interest in the mechanics
of soft polymeric gels, there is little consensus on whether
their surface stress (Υg) and surface energy (γg) are equal
[11–14]. In experiments wiith liquid droplets wetting on
soft gels, for example, the macroscopic contact angle is
found to remain constant as the substrate stretches up
to 100 % [15]. The result reveals the potential similarity
between the surfaces of liquids and gels where the sur-
face energy is strain-independent and hence consistently
equal to the surface stress. On the other hand, direct
imaging of local wetting profiles on the scales of tens of
micrometers show that the surface stress of soft gels can
differ substantially from the surface energy [16, 17]. Un-
der highly asymmetric strain fields, the surface stress of
soft gels can even be anisotropic, like crystalline solids
[12, 18]. However, despite the apparent discrepancies in
the surface properties of soft solids among different stud-
ies, quantitative studies of relationship between the sur-
face stress and surface energy of soft polymeric gels are
still lacking.

To address the issue, we systematically studied how
the wetting of liquid droplets on soft gels is affected by
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the crosslinking density of the substrates. By measuring
the droplet shapes and the substrate profiles separately
on different length scales, we observe a gradual crossover
from a solid-like regime where surface stress is greater
than surface energy (Υg > γg) to a liquid-like state where
the two parameters become approximately equal (Υg ≈
γg) near a critical density of crosslinkers. We show that
this transition in surface properties is physically related
to an underlying change of the material rheology.

RESULTS

The gel substrates used in this work were prepared
by mixing the divinyl-terminated polydimethylsiloxane
(Gelest, DMS-V31) with a trimethylsiloxane terminated-
dimethylsiloxane copolymer as the cross-linkers (Gelest,
HMS-301) and a platinum-divinyltetramethyldisiloxane
complex in xylene as the catalyst (Gelest, SIP6831.2)
[19]. The pre-cured solution was spin-coated on standard
1.5 thickness cover-slips at a speed of 800 rpm for one
minute, and then cured at room temperature for about 40
hours before carrying out experiments. This preparation
protocol results in a gel layer approximately 56 µm thick
with a surface roughness around 20 nm [20]. The weight
ratio of the crosslinkers, k, determines the stiffness of
the substrates. In this work, we keep k in the range of
0.7% ∼ 1.4% so that the resulting bulk modulus can be
adjusted over the orders of 101 ∼ 103 Pa.

We firstly quantify how the macroscopic wetting pro-
files of liquid droplets are affected by the crosslinking
densities of the gel substrates. We deposited millimeter-
sized liquid droplets on the substrates using a pipette
and then waited for 40 mins to ensure the wetting was
in equilibrium. Figures 1 a-d show representative im-
ages of glycerol droplets wetting soft gels with different
crosslinker ratios, and the panel e shows how shear mod-
ulus (G′) varies with the weight ratio of crosslinkers (k).
As k increases from 0.7 % to 1.33 %, G′ rises sharply from
39 Pa to 2.1 KPa . For k < 0.7 %, the pre-mixed solu-
tion will have not cured properly but will have remained
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FIG. 1. Measurements of macroscopic contact angles.
(a)-(d) Snapshots of millimeter-sized glycerol droplets wetting
the substrates of soft silicone gels with different crosslinker
weight ratios, k = 1.25%, 1.11%, 1.0% and 0.91%, respec-
tively. The dashed lines in the images indicate the macro-
scopic contact angle θ. The solid red lines are the best fits
to the drop boundaries with the measured surface tension Υl

at the glycerol-air interface. The scale bar in the panel (a)
is 1 mm long. (e) Plots of the shear modulus G′ against the
crosslinker weight ratio, k. (f) A plot of glycerol surface ten-
sion Υl on measured gel substrates with different shear mod-
uli G′. They grey region indicates the average value from the
measurements, Υl = 40.7 ± 0.7 mN/m. (g) The plots of the
contact angle θ against the shear modulus of the substrates
G′ for glycerol and fluorinated oil droplets, respectively. The
red-grey and blue-grey regions represent the average values,
θl = 98.4◦± 1.2◦ and θf = 36.7◦± 1.1◦, for the two deposited
liquids.

mainly as a fluid. The droplets in the images have the
typical sizes of 5 ∼ 7 mm, which are much larger than
the liquid capillary length (∼ 1 mm). Therefore, the
overall shapes of the droplets result from the balance be-
tween the gravitational stress of droplets and the Laplace
pressure induced at liquid-air interfaces. By solving the
stress equation numerically and fitting the outcomes to
the droplet boundaries in Fig. 1a-d, we can determine
the surface stress of glycerol droplets (Υl) for each gel
substrate [21]. As shown in Fig. 1f, the surface stress
of glycerol remains constantly around Υl = 40.7 ± 0.7
mN/m while the shear modulus of the substrates (G′)
varies from 0.22 KPa to 2.1 KPa. It is noticeable that
this constant value is considerably lower than the sur-
face stress of pure liquid glycerol in air (∼ 67 mN/m),
a phenomenon that has been observed in previous ex-
periments [16, 17]. This reduction in the surface tension

is caused by uncrosslinked polymer chains that are ex-
tracted from the gel substrates. The extracted polymers
will cover the droplet surfaces and lower the resulting sur-
face stress [20, 22, 23]. The modulus-independent surface
stress Υl indicates that the extracted free chains are fully
saturated at the liquid-air interfaces.

We next focus on the contact angles of the liquid
droplets θ on these substrates. For droplets much larger
than the elastocapillary length of the substrates (le ∼ 101

µm), the equilibrium θ should follow the classical Young
Dupre’s law [24],

cos θ =
γga − γgl

γl
(1)

where γga and γgl are the surface energies of the soft
gels interfacing with air and liquid, respectively. For liq-
uid glycerol droplets, the surface energy is expected to
be equal to the surface stress, γl = Υl = 40.7 mN/m.
By resolving the droplet boundaries using imaging anal-
ysis, contact angles can be measured precisely. The red
triangles in Fig. 1g show that the contact angle of glyc-
erol droplets is consistently around θl = 98.4◦ ± 1.2◦ as
the substrate modulus varies from G′ = 0.22 KPa to
G′ = 2.1 KPa. According to Eq. 1, this result sug-
gests that γga − γgl is independent of G′ for glycerol
droplets wetting on soft silicone gels. We then replace
glycerol with fluorinated oil (Sigma Aldrich FC-70) as
the deposited liquid. As indicated by the blue circles
in Fig.1g, the contact angles of fluorinated oil droplets,
θf = 36.7◦ ± 1.1◦, are also independent of G′. Since
it is very unlikely that both γga and γgl vary with G′

in exactly same way for two different deposited liquids
(glycerol and fluorinated oil), we conclude that the sur-
face energy of the soft silicone gels is not affected by the
crosslinking density.

While the equilibrium contact angle results from min-
imization of the overall surface energy, it provides little
information on the deformations of the gel surfaces in-
duced by wetting. It has been shown that the local pro-
files near the contact points are related to the gel surface
stress Υg [16]. Since surface stress (Υg) is not necessarily
equal to surface energy (γg) for polymeric gels, we need
to quantify the wetting profiles microscopically to eval-
uate the influence of crosslinking density on the surface
stress.

To measure surface profiles of the substrates induced
by wetting precisely, we deposited a layer of fluorescent
nano-beads (∼ 200 nm) at the interfaces of the gels as
the tracer particles. Area densities of the beads are less
than 0.2% so that their modifications of the surface prop-
erties of the gels can be neglected [17]. The fluorescent
particles were imaged using a Leica-SP8 laser confocal
fluorescent microscope with a 63x water immersion ob-
jective (N.A. = 1.20). We obtain a stack image by scan-
ning the focal plane vertically to cover the height of wet-
ting ridges. By locating the positions of the nanoparti-
cles in 3D, we can reconstruct the surface deformations
with a spatial resolution around 200 nm. Figures 2a-d
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FIG. 2. Microscopic wetting profiles for different gel
substrates. (a)-(d) Reconstructed three-dimensional surface
profiles from confocal microscope measurements of the gel
substrates for k = 1.25%, 1.11 %, 1.0 %, and 0.91‘%, respec-
tively. The color bar indicates deformations along z. Scale
bar: 50µm. (e) The 2D wetting profiles in the z-r plane as
the cross-linker ratio k varies from 0.91 % to 1.33 % where
the dashed line indicates the glycerol-air interface. The inset
illustrates the surface stress balance at the contact points.

show the wetting ridges induced by millimeter-sized glyc-
erol droplets on gels with various ratios of crosslinkers,
k = 1.25%, 1.11%, 1.00%, and 0.91%, respectively. Due
to the axis-symmetry of the wetting profiles with respect
to the droplet center, we can collapse the 3D profile az-
imuthally to a 2D plane. The resulting plots for various
k are presented as height (z) versus radial distance (r)
in Fig. 2e. The plots are shifted to align on the peaks of
the wetting ridges.

The overall geometry of the induced ridges varies
greatly as k decreases from 1.33% to 0.91%. The height
of the wetting ridges rises from 6 µm to 55 µm (Fig. 2e).
Meanwhile, the opening angle (α) at the top of the ridges
decreases correspondingly from 91 to 36 degree (Fig. 3a).
For a given crosslinking density of the substrate, we re-
peated the profile measurements with 5 to 10 glycerol
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FIG. 3. Surface stress of soft gels with different
crosslinking densities. (a) A plot of the opening angles of
the wetting profiles (α) against the crosslinker weight density,
k. The error bars in α indicate the standard deviations from
the repeated measurements for at least five droplets in each
experiment. (b) The gel surface stress Υg is plotted against
k. The dashed blue line represents the linear extrapolation to
the measured Υg(k). The black solid line indicates the sur-
face stress of uncrosslinked PDMS, Υ0 = 19 mN/m. Inset:
a pendant droplet image of uncrosslinked PDMS where the
scale bar is 1 mm long. The red solid line indicates the best
fit to the droplet boundary.

droplets. The opening angle α was found to be indepen-
dent of the droplet size. This generic profile near the top
of ridges is like the Neumann’s triangle in three-liquid
contacts. The geometry is determined by the balance
of surface stresses between different interfaces [16]. Since
the profiles are found to be symmetric with respect to the
glycerol-air interface (the dashed line in Fig. 2e), the gel
surface stresses on both sides are approximately equal,
Υgl = Υga = Υg. Hence we have the stress balance
along the droplet surface,

2Υg cos(α/2) = Υl. (2)

Since the glycerol surface stress Υl = 40.7 mN/m is inde-
pendent on the density of crosslinkers k, the surface stress
of the gels Υg is determined exclusively by the opening
angle α in Eq. 2. Figure 3b shows how Υg varies with
the crosslinker ratio k. From k = 0.91% to k = 1.33%,
Υg rises by almost 50%, from 22 mN/m to 30 mN/m.

The substantial change of surface stress Υg with
crosslinking density is in sharp contrast to the constant
surface energy γg found in contact angle measurements.
In a control experiment, we measured the surface stress of
uncrosslinked PDMS, Υ0 = 19 ± 1 mN/m, by using the
pendent droplet method (Fig. 3b inset). Since the un-
crosslinked PDMS is a Newtonian liquid, we expect that
its surface stress and surface energy to be equal, Υ0 = γ0.
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FIG. 4. Material properties near the critical density
k0. (a) A plot of tan δ(= G′/G′′) against the crosslinker ratio,
k, at a frequency ω = 0.1 s−1 where δ is the phase shift in
viscoelastic measurements. The grey area indicates the region
where k0 = (0.77 ± 0.07)%. The dashed line corresponds to
δ = π/4 or G′ = G′′. The dotted red and blue boxes highlight
the results for k = 0.71% and k = 0.91%, respectively. (b)
For the gels with a crosslinker ratio k = 0.71%, a cut at the
interface is spontaneously healed within 30 minutes. (c) As k
increases to 0.91%, the cut at the interface remains.

.

Also because the surface energy of gels γg does not vary
with the density of crosslinkers, we further assume that
γg ≈ γ0 = Υ0 = 19 mN/m. This value of γg is indicated
in Fig. 3b by the black solid line. Meanwhile, as shown by
the blue squares in the figure, we consistently found that
Υg > γg for all the samples we measured. However, the
difference between Υg and γg gradually diminishes as the
density of crosslinkers k decreases. By applying a linear
extrapolation to the surface stress results in Fig. 3b, we
estimate that at a critical density k0 = (0.77±0.07)% the
surface stress and surface energy of the soft gels become
approximately equal, Υg ≈ γg.

To understand the physical implications of the critical
density k0, we compare the surface properties to the rhe-
ology near this transition. To characterize the viscoelas-
ticity of soft gels, we focus on the phase shift δ, which
is defined by the ratio of storage modulus (G′) and loss
modulus (G′′) of the materials, tan δ = G′/G′′. Figure
4a shows the plot of tan δ against k at a fixed frequency
ω = 0.1 s−1. The viscoelasticity of the soft gels varies
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FIG. 5. Surface elasticity of soft gels. A plot showing
the measured surface stress Γg versus εs for k = 1.31% and
k = 1.11%, respectively. The solid line indicates the surface
stress of uncrosslinked PDMS, Υ0 = 19 mN/m. Considering
Υg = Υ0 + Λsεs, we can estimate the surface elastic moduli
(Λs) for the two ratios of crosslinker.

significantly with the crosslink densities. When k < k0,
the phase shift δ was found to be less than π/4, sug-
gesting that the viscous dissipation dominates the stress
responses. At k = 0.63%, for example, the pre-mixed
solution form a gel by curing with difficulty and remains
fluid state at room temperature. By contrast, as the ratio
of crosslinkers increases above k0, δ becomes larger than
π/4, suggesting that the bulk rheology is dominated by
elastic stresses. In this regime, solid-like gels form prop-
erly.

The materials exhibit particularly interesting mechan-
ics near the critical density k0 = (0.77 ± 0.07)%. At
k = 0.71%, for example, a very soft solid-gel can still
form with a shear modulus G′ = 39.6 Pa. In this state of
phase, the bulk of the materials remain similar to highly
compliant solids. The material surface, however, begins
to show liquid-like features. As illustrated in the im-
ages of Fig. 4b, a slight cut by a razor blade on the
gel surfaces can be healed spontaneously in 30 minutes.
This self-healing character indicates a high diffusivity of
polymer chains at the interface while the bulk is already
crosslinked into a gel. In a control experiment, as long as
we increase the crosslinker ratio to k = 0.91% and shear
modulus to G′ = 219.6 Pa, a similar cut on gel surfaces
in Fig. 4c will remain permanently.

DISCUSSION

This relationship between surface properties and bulk
rheology for different crosslinking densities is not cap-
tured by the nonlinear elastic model of Neo-Hookean
solids [25]. Here we interpret the results by considering
the surface elasticity of the gels [17]. The surface modu-
lus Λs for two different ratios, k = 1.33% and k = 1.11%
respectively, can be estimated. By tracking the move-
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ment of fluorescent beads before and after depositing the
droplets, we can estimate the average surface strain (εs)
near the peak of the wetting ridges [12, 17, 27]. As
shown in Fig. 5, the local surface strains are approxi-
mately εs ≈ 0.11 and εs ≈ 0.17 for two different densities
of crosslinkers. Considering a linear model for the sur-
face stress Υg = Υ0 + εsΛs, we estimate that the surface
modulus Λs decreases from 93.1 mN/m to 37.5 mN/m
as the crosslinker ratio k changes from 1.31% to 1.11%.
The decrease of surface elastic modulus with the stiff-
ness of gels was also observed recently in experiments of
spontaneous flattening on patterned gel surfaces [26].

For k ≤ k0 = 0.77%, we expect surface elasticity to
vanish, Λs = 0. In this regime, the average spacing
between crosslinkers is too large to affect inter-polymer
interactions. Thus, the material surface preserves the
liquid-like feature, Υg = γg. For k > k0, surface elastic-
ity appears (Λs > 0) if the storage modulus becomes the
dominating term for the bulk rheology. As a result, the
surface stress is increased by local wetting profiles and
hence we measured Υg > γg in experiments. The inter-
pretation is consistent with the Shuttleworth effect that
was previously observed for soft silicone gels [17].

Since surface stress (Υg) and surface energy (γg) show
strikingly different dependencies on crosslinking density,
the macroscopic contact angle alone can not decide the
surface properties of soft polymeric gels. Our results
show the importance of measuring the wetting profiles
at different length scales to quantify the surface mechan-
ics of soft gels fully. The distinction between the two
regimes, Υg > γg and Υg = γg, suggests a fundamental
difference between the surfaces of soft gels and liquid-like
states. The crossover between the two regimes signifies a
liquid-to-gel phase transition in the bulk.
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METHOD

Measurements of surface tension of liquid droplets

To measure the surface stress of liquids, including glyc-
erol and uncrosslinked PDMS, we directly imaged the

macroscopic profiles of sessile droplets (Fig. 1) and the
pendent droplets (Fig. 3). The boundaries of the droplets
were detected by using the Canny detector. In these ex-
periments, the sizes of the droplets are greater than the
liquid capillary lengths. Therefore, we assume that the
equilibrium profiles are governed by the balance between
gravitational stress and Laplace pressure. For a given
liquid surface tension, the droplet profile can be solved
numerically by an iterative method. The surface tension
of liquid droplets is determined when the numerical result
best fits the droplet boundary. The method can be ap-
plied to both sessile and pendant droplets by considering
different boundary conditions. As a result, we obtained
the surface stress of glycerol (Υl = 40.7 mN/m on sili-
cone gels) and uncrosslinked PDMS (Υ0 = 19 mN/m) in
our experiments.

Measurements of surface stresses of soft gels

To measure of local wetting profiles, we coated the sur-
faces of soft gels with Yellow-green fluorescent particles
(size ∼ 200 nm) purchased from the ThermoFisher Sci-
entific. We use a Leica-SP8 laser confocal microscope to
image fluorescent beads directly. To reconstruct the 3D
positions of the beads, we applied a locating algorithm
that was developed in our previous work [17, 19]. To
check validity of the Neumann’s triangle, we varied the
droplet sizes from 20 µm to a few millimeters. For each
given crosslinker raito, k, the wetting profiles from differ-
ent sizes of droplets were found to have the same open-
ing angles. To estimate the local strain near the wetting
ridge, we used a large-displacement tracking algorithm
to identify the beads displacements [27].

Rheological characterizations

Viscoelasticity of the soft gels were characterized by
an Anton Paar MCR302 rheometer equipped with a 50
mm parallel-plate geometry. To prepare samples for rhe-
ological measurements, we made a circular mould for cur-
ing the soft gels which fitted the gap between measuring
plates well. To avoid nonlinear effects, the strain ampli-
tude in the viscoelastic tests was kept at 1%.
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