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Soft materials are ubiquitous in technological applications that require deformability, for instance, in
flexible, water-repellent coatings. However, the wetting properties of prestrained soft materials are only
beginning to be explored. Here we study the sliding dynamics of droplets on prestrained soft silicone
gels, both in tension and in compression. Intriguingly, in compression we find a nonmonotonic strain
dependence of the sliding speed: mild compressions decelerate the droplets, but stronger compressions lead
again to faster droplet motion. Upon further compression, creases nucleate under the droplets until, finally,
the entire surface undergoes the creasing instability, causing a “run-and-stop” motion. We quantitatively
elucidate the speed modification for moderate prestrains by incremental viscoelasticity, while the
acceleration for larger prestrains turns out to be linked to the solid pressure, presumably through a
lubrication effect of expelled oligomers.

DOI: 10.1103/PhysRevLett.134.184001

Introduction—Themotion of liquid droplets on soft solids
is widely present in nature and everyday life [1,2], e.g., in
wetting [3] or maceration [4] of human skin, impacting also
various technological processes ranging from vapor con-
densation [5] to (3D) printing [6] or meniscus formation in
atomic force microscopy [7]. While droplet motion on rigid
substrates is mainly hindered by viscous dissipation inside
the liquid phase [8,9], on soft materials, viscoelastic dis-
sipation inside the substrate phase may dominate, slowing
down the motion by “viscoelastic braking” [10–13].
Recently, a large number of experimental and theoretical
studies have revealed intriguing wetting dynamics on soft
surfaces, for instance, stick-slip motion [14–21], droplet
durotaxis [22–25], nonlocal droplet interaction [26,27], and
capillary-induced phase separation [28–30]. Yet, much less
is understood about liquid motion on prestrained materials,
which is highly relevant for many applications, e.g., in
materials engineering, where soft materials are typically
intended to be stretched [31] or squeezed [32]. Recent work
has begun exploring the behavior of liquid droplets on
prestretched soft solids [13,33–40], finding altered wetting

ridge and droplet geometries. Most of those studies inves-
tigated static wetting, and much less is known about droplet
motion across prestrained substrates. Pioneering work has
demonstrated that droplets move faster and anisotropically
on prestretched soft surfaces [37]. However, the role of the
prestrain is still not well understood, and, in particular, the
dynamics on compressed surfaces remain elusive.
In this Letter, we apply both tensile and compressive

prestrains to soft polymer gels and study how they affect the
dynamics of wetting, namely, the motion of ethylene glycol
(EG) droplets sliding under the action of gravity (see
Fig. 1). For tensile prestrains, we observe a direction-
dependent acceleration of droplet motion, similar to pre-
vious measurements [37]. Unexpectedly, however, for
sliding along the direction of a precompression, we find
a non-monotonic dependence of the speed on the prestrain:
slight compressions decelerate the droplets, as expected
from extrapolating the tensile case, while droplets move
faster again for larger compressions. Remarkably, this
occurs before the onset of surface instabilities.
Compressing further, droplets are decelerated again and
perform a “run-and-stop” motion, arising from their inter-
action with periodic creases, i.e., inward folds that emerge
on the surfaces of elastic materials beyond a critical
compression [41–45]. We show that the behavior for
moderate prestrains is quantitatively captured by incremen-
tal viscoelasticity [46], while the nonlinear acceleration for
larger compressions is linked to the solid pressure rather
than surface stretch, pointing to a lubrication effect from
expelled oligomers.
Experimental methods—To prepare prestrained soft sur-

faces, we first cure a layer of silicone gel (thickness
h0 ∼ 1.3 mm) on top of a uniaxially stretched, stiff
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polyvinyl siloxane (PVS) rubber sheet (Zhermack Elite
Double 22, shear modulus G0 ∼ 100 kPa). We use two
different silicone gels: (i) Gelest DMS-V31þ HMS-053
(Gelest) with G0 ∼ 2 kPa, and (ii) Dow Corning CY52-
276A/B (Dow) with G0 ∼ 1 kPa. The prestrain ϵ of the soft
gel is adjusted by either additionally stretching (ϵ > 0) or
partially releasing (ϵ < 0) the support with a micrometer
stage [41,45,47] [Fig. 1(a)]. To minimize the influence of
long-term trends in material properties, we conduct all
measurements at least one week after gel preparation and
finish each group of measurements within one day, ration-
alized by a long-term rheometry experiment (see
Supplemental Material [48]). For each prestrain, ethylene
glycol (EG) droplets with a defined volume are gently
deposited onto the silicone gel. Substrate thickness and
droplet radius (R ∼Oð1 mmÞ) are much larger than the
elastocapillary length le ∼ 0.037 mm, estimated by
γ sin θ=G0 with G0 ∼ 1.3 kPa, surface tension of EG, γ ¼
48 mN=m [26], and an apparent contact angle θ ∼ 85°.
After droplets reach equilibrium (around 30 min), the setup
is rotated so that gravity acts tangentially to the surface.
After a short while, the droplets move stationarily and we
record their motion by a digital camera (PointGray
Grasshopper2) attached to a telecentric lens (1.0x, working
distance 62.2 mm, Thorlabs) or a macro lens (Nikon AF
Micro Nikkor 60 mm f ¼ 2∶8D), illuminated by a ring
light (Amscope), as shown in Figs. 1(b) and 1(c).
Measurements are performed from tensile to compressive
prestrains, and samples are discarded after creasing to
exclude artifacts due to scars [45] (see Supplemental
Material [48] for detailed information).

Nonmonotonic sliding behavior—Figure 2(a) shows
the position d of 5 μL ethylene glycol (EG) droplets
sliding down a Dow Corning CY52-276 silicone gel with
G0 ∼ 1.3 kPa, prestrained along the axis of droplet motion,
as a function of time t for various prestrains ϵ (color bar).
For mildly prestrained surfaces, droplets slide with a
constant, strain-dependent speed (see Movie S1 in
Supplemental Material [48]). For the largest compression
(yellow curve), the droplet moves at a much smaller and
nonconstant speed, caused by creases: due to a nonlinear
surface instability [41–45], the surface deforms and folds
periodically into self-contacts (bright horizontal lines in the
lower inset).
Figure 2(b) shows the mean sliding speed v as a

function of prestrain ϵ, for droplets with different sizes
(2, 5, and 7 μL), sliding down two different gels (Gelest,
G0 ∼ 1.7 kPa, and Dow,G0 ∼ 1.3 kPa), under a wide range
of prestrain conditions ϵ∈ ½−0.30; 0.30�. We begin with
the more common, stretched situation [ϵ > 0, right half
of Fig. 2(b)], where we observe a monotonic increase of
sliding speed v with ϵ. This observation is consistent with a
recent study [37], which reported that droplets move faster
in the direction parallel than in the direction perpendicular
to the prestretch. In compression (ϵ < 0), however, v
depends nonmonotonically on ϵ. Initially, the trend from
the tensile regime is continued, but after reaching a
minimum around ϵ ∼ −0.18, the droplet speed increases
again. Notably, this occurs before the onset of creasing
[gray gradient region in Fig. 2(b)].
Beyond a critical compression ϵc ∼ −0.26, the mean

speed suddenly decreases significantly [Fig. 2(b),
gray gradient region]. The irregularity is more pronounced
for small droplets, up to a “run-and-stop”motion (2 μL and

FIG. 1. (a) Schematic showing the strategy of uniaxially
stretching or compressing soft gels with a defined prestrain
ϵ ¼ ðL − L0Þ=L0, where L0 and L are the initial and final lateral
lengths, respectively. (b) Experimental setup: gravity-driven
sliding of a droplet on a soft gel, illuminated by a ring light
and captured by a digital camera. (c) Typical image of a 5 μL
ethylene glycol droplet sliding down a silicone gel. The small
white ring in the droplet is a reflection of the ring light.

FIG. 2. Ethylene glycol droplets sliding down silicone gels in
the direction parallel to the applied prestrain ϵ (x direction).
(a) Droplet position d as a function of time t for various ϵ (5 μL
droplets on ∼1.3 kPa Dow gel). Insets: droplets for ϵ ¼ 0.23
(top) and ϵ ¼ −0.26 (bottom; creases appear as horizontal lines in
the background). (b) Nonmonotonic dependence of the sliding
speed v on ϵ from −0.26 to 0.23, for different drop sizes (2, 5,
7 μL) on two different gels (Gelest, ∼1.7 kPa; Dow, ∼1.3 kPa).
The gray region indicates where creasing occurs.
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1 μL, Fig. S1 in Supplemental Material and Movie S2
[48]). Apparently, the formation of creases perpendicular
to the direction of the compression [50,51] leads to a
recurrent pinning-depinning motion of the three-phase
contact line. For even smaller droplets (∼0.2 μL for
instance), the droplets are arrested completely (Fig. S1
in Supplemental Material [48]). In this context, we observe
that the crease instability is affected by the presence of
droplets: for −0.23≳ ϵ≳ −0.26, creases nucleate under the
sessile droplets, prior to the onset of the global instability
(Fig. S2 in Supplemental Material [48]). Hence, the abrupt
drop of the sliding speed for small ϵ (Fig. 2) is attributed to
subcritical nucleation of creases under the droplets.
Anisotropic droplet motion—In the light of the previ-

ously observed anisotropy of the droplet mobility on
stretched surfaces [37], we next examine the sliding of
5 μL EG droplets on the Dow gel (∼1.5 kPa) perpendicular
to the direction of the applied prestrain, i.e., in y direction,
as shown in Fig. 3(a). Note that the slightly higher modulus
of this fresh sample is insignificant as compared to the
impact of prestraining. In this case, we observe a mono-
tonic dependence of the sliding speed v on the prestrain ϵ
that is opposite to the parallel case: now, stretching
decelerates droplets, whereas compression accelerates
them. Intriguingly, that trend continues as creases start
to form: oriented parallel to the direction of motion, creases
are not impeding the droplet motion.
In all our experiments, we apply a far-field uniaxial

prestrain at two opposite edges of the PVS support rubber.
Accordingly, the gel layer around the center of the support,
where drop sliding is measured, is prestrained biaxially,
where we define the direction of the applied strain ϵ as the x
direction. Figure 3(b) shows ϵy, the strain in y direction,
measured from the displacement of marks on the support

layer, as a function of the applied strain (x direction). The
vertical (z) strain ϵz is calculated from the x and y strains by
assuming an incompressible silicone gel, in close agree-
ment with the reported Poisson ratio ν ∼ 0.48 [34]. Recent
experiments have demonstrated that wetting ridge sections
oriented perpendicular to the droplet motion dominate
viscoelastic braking [37,52]. Thus, if viscoelastic braking
according to Ref. [37] determines the speed, the strain in y
direction (ϵjj) should dominate. While the observed
dependency is qualitatively consistent with Ref. [37] and
Fig. 2(b) for tensile and small compressive strains, plotting
speed v vs ϵjj cannot collapse the data: the increase of v for
negative ϵ is much larger than for comparable stretching in
the parallel prestrain case (Fig. S3 in Supplemental
Material [48]), so a dependency on ϵjj alone cannot explain
the observed speeds.
Discussion—The nonmonotonic speed-strain depend-

ence is unexpected, since it is incompatible with the
classical, linear viscoelastic, soft wetting theory [11,12].
To examine this discrepancy, it is instructive to first
analyze the response of a prestrained material to the
capillary pinching of the droplet by linearizing the equa-
tions of elasticity around a state of homogeneous finite
prestrain [46,53,54]. Namely, this incremental response
is analogous to the linear response of the reference
configuration, but with an effective modulus μ and an
additional term in the equilibrium condition that depend on
the prestrain ε [46,53,54] (see Eq. S1 of Supplemental
Material [48]). In the case of an incompressible half-space
(ν ¼ 1=2), the surface response to localized line tractions
changes only in amplitude, quantified by an effective
surface modulus μs, expressed as

μs ¼ μ
�ð1 − ζÞ1=2ð1þ ζÞ3=2 − 1

�
=ζ; ð1Þ

μ ¼ G0

2
ðλ21 þ λ22Þ; ð2Þ

where λ1 and λ2 are two principle elongations, aligned with
the horizontal (surface parallel, x or y direction) and
vertical axis (z direction) of the incremental deformation.
In our configuration, λ1 ≈ 1þ ϵ or λ1 ≈ ð1þ ϵÞ−0.25, for
sliding parallel or perpendicular to the prestrain ϵ, respec-
tively, and λ2 ≈ ð1þ ϵÞ−0.75 for both cases. ζ ≈ ðλ22 −
λ21Þ=ðλ22 þ λ21Þ is the effective precompression of the
material [54]. For sliding parallel to the prestrain, μðϵÞ is
nonmonotonic, increasing by ∼15% toward the edges of
the investigated range of ϵ, while μsðϵÞ depends mono-
tonically on ϵ, vanishing at a critical compression [54]
where the surface becomes linearly unstable (see Fig. S5 in
Supplemental Material [48]). However, this linear insta-
bility is preceded by aforementioned nonlinear creasing
instability, in which the surface folds inward, forming
a self-contact [41,43–45,55,56] [gray zones in Figs. 2(b)
and 3(a) and inset images]. Since dissipation scales

FIG. 3. Droplets sliding in the direction perpendicular to the
applied prestrain ϵ (y-direction). (a) v vs ϵ for 5 μL droplets on a
∼1.5 kPa Dow gel. Insets: images of droplets for ϵ ¼ −0.26 (top,
creases appear as vertical lines in the background) and 0.23
(bottom). (b) Strains in the directions perpendicular to the applied
prestrain, in plane (ϵy, blue circles), and out of plane (ϵz, green
squares) vs applied strain (ϵ, x direction). Inset: photograph of a
sample, indicating the axes.
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inversely to the height of the wetting ridge [12,57] that is
governed by the elastocapillary length le ¼ γ sin θ=μs
[11,58], incremental elasticity predicts that v ∼ μs, so we
plot v as a function of μs=G0 in Fig. 4(a). For small jϵj,
where μs=G0 remains close to unity, the droplet
sliding speed indeed follows the expected trend v ∼ μs
[dashed lines in Fig. 4(a)]. Only the nonlinear increase of v
toward large jϵj (μs=G0 ≉ 1), which, importantly, occurs at
opposite μs for parallel and perpendicular sliding direc-
tions, is apparently not captured by incremental elasticity
alone.
This is neither a consequence of the drop aspect ratio,

which changes only very mildly (see Fig. S4 in
Supplemental Material [48]) nor a consequence of the
finite thickness of the soft layer: In our experiments, the
largest elastocapillary length le ∼ 0.037 mm (Dow,
∼1.3 kPa) remains much smaller than the minimum gel
thickness h0;min ∼ 1.12 mm (ϵ ¼ 0.23). Therefore, energy
dissipation dominates near the ridge tip [18,57,59,60],
implying an effective elastic half-space response.
Including the effect of finite thickness in incremental
elasticity is straight forward, but it has only a minor
influence on the ridge height (see Eqs. S13 and S14 and
Fig. S6 in Supplemental Material [48]).
The observation of a nonmonotonic or strongly

increasing speed for large precompression is also incom-
patible with the explanation in terms of a strain-dependent
solid surface tension [37]. In particular, Smith-Mannschott
et al. [37] showed that, when the silicone gel is pre-
stretched, the height of the wetting ridge is smaller along
the direction of the prestretch as compared to the opposite
direction, and attributed this effect to a strain-dependent
solid surface tension. In that case, the speed should mainly
depend on ϵjj, independent of the direction of the applied
strain, which is not the case, as shown in Fig. S3 in
Supplemental Material [48]. Extrapolating to negative
prestrains, one would expect a monotonic decrease in
sliding speeds unless the surface constitutive relation
exhibits a nonmonotonic dependence of surface tension on
strain. The logarithmic term suggested in Ref. [61] would
offer a nonmonotonicity in compression, but currently
there is neither a microscopic model that would motivate
such a particular dependency, nor a strain-dependent
surface tension of soft polymer gels in general [35].
Measurements are restricted to singular cases like contact
lines in wetting or adhesion [13,34–37,62], inherently
impeded by a logarithmic or algebraic singularity for
statics or dynamics, respectively. Thus, faithful resolution
of solid angles requires spatial resolutions of at least
Oðle=20Þ≲ 1 μm [21,61]. Figure S7 in Supplemental
Material [48] illustrates that this pertains to the impact
of the prestretch. The present results, where a majority of
the data is readily explained by incremental linear viscoe-
lasticity [54] [Fig. 4(a)], render the strain-dependent solid
surface tension more unlikely.

Notably, recent experimental and theoretical work has
demonstrated the importance of poroelastic effects in static
and dynamic wetting of soft polymer gels [28–30,52,63–67].
Soft silicone gels typically contain a significant portion
(∼50%) of mobile chains inside the cross-linked network,
i.e., “extractables” [28,63,68,69]. These extractables may
phase separate into a liquid skirt around the wetting
ridge [28,29,70] or migrate to contacting materials [66].
Indeed, we observe a significant long-term trend in the
rheometry when the gel is in contact with the PVS support
(see Figs. S8 and S9 in Supplemental Material [48]), and
therefore perform the experiments only after ∼6 days of
sample aging when rheological properties became stationary.
An oil skirt, whose size depends on the speed of moving
contact line and the degree of preswelling, can reduce the
viscoelastic dissipation in the solid [29].
Importantly, the equilibrium chemical potential in the gel

depends on the isotropic part of the elastic stress tensor
[67,71,72], i.e., the solid pressure ps, which is dominated
by the prestrain ϵ. For a neo-Hookean model,

ps ∼ −G0½ð1þ ϵÞ2 þ ð1þ ϵÞ−0.5 − 2ð1þ ϵÞ−1.5�; ð3Þ

where we employed the no-stress boundary condition
S22 ¼ 0 at the free surface [54]. Thus, the prestrain in
our samples is expected to alter the equilibrium between the
dissolved liquid and the skirt. To support this hypothesis,
we normalize the droplet sliding speed v with the speed
without prestrain, vjϵ¼0, and remove the expected speed
dependence from incremental elasticity by scaling with μs.
Plotting the scaled speed v=ðμsvjϵ¼0Þ over the solid
pressure ps=G0 [Fig. 4(b)], the nonlinear acceleration is

FIG. 4. (a) Sliding speed v vs effective surface modulus μs over
shear modulus G0. Creases appear well before μs → 0, indicated
by the gray region. Linear visco-elasto-capillary theory predicts a
linear relation between v and μs=G0 (dashed lines). (b) Sliding
speed v normalized by vjϵ¼0 (the speed at ϵ ¼ 0) and the effective
surface modulus μs as a function of the solid pressure ps over G0.
Sliding speeds are well captured by incremental linear viscoe-
lasticity (i.e., v=ðμsvjϵ¼0Þ ∼ 1) for negative or slightly positive
pressure, but increase strongly for large positive pressure,
irrespective of the surface strain parallel to the direction of
sliding (see Fig. S3 in Supplemental Material [48]).

PHYSICAL REVIEW LETTERS 134, 184001 (2025)

184001-4



indeed observed for strongly positive ps=G0, where the
chemical potential difference would drive more liquid into
the skirt, similar to squeezing liquids out of a sponge. The
experimental data is collapsed to a significant degree. A
qualitative confirmation of our interpretation is obtained
from a test experiment immediately after sample prepara-
tion, where extractables are expected to be more abundant
in the gel. There, we observe significantly larger sliding
speeds and a shift of the speed minimum toward positive
prestrains (Fig. S10 in Supplemental Material [48]). This
cannot be explained by the slightly different rheological
parameters, but is consistent with a larger amount of
swelling fluid in the sample. Thus, developing a quanti-
tative model for the visco-poro-elasto-capillary dynamics
with phase separation into “four-phase contact zones” [70]
will be an important step for future research.
Conclusion—In summary, we have studied how a tensile

or a compressive prestrain affects the elasto-wetting dynam-
ics of droplets sliding down soft silicone gels. For moderate
prestrains, the sliding speeds can be explained quantitatively
by incremental elasticity, assuming a strain-independent
solid surface tension. Unexpectedly, we find a nonmono-
tonic regime for droplet motion along large imposed
compressive prestrains, and a substantial nonlinear accel-
eration for sliding perpendicular to the applied strain. These
phenomena occur before the onset of surface instabilities
and can not be rationalized by employing the theories of
classical visco-elasto-capillary wetting [11,12], even with
incremental strains or strain-dependent surface tension [37].
The origin of the large-strain acceleration is likely due to a
lubrication effect resulting from poroelastic phase separa-
tion, as it alignswith the solid pressure and thus the chemical
potential in the solid, rather than the surface strain along the
sliding direction. Scrutinizing further the role of large
compressiveprestrains on softwetting dynamicswill require
thermodynamically consistent models that resolve those
phases in arbitrary topology. Our findings, however, eluci-
date the importance of both solid pressures and surface
instabilities for controlling droplet motion by prestrains,
enriching the current understanding of elasto-capillarity-
related fluid-structure interaction applications where new
soft materials are commonly tested and operated under
prestrained and/or wet conditions [73,74].
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