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A gravity-driven droplet will rapidly flow down an inclined sub-
strate, resisted only by stresses inside the liquid. If the substrate is
compliant, with an elastic modulus G < 100 kPa, the droplet will
markedly slow as a consequence of viscoelastic braking. This phe-
nomenon arises due to deformations of the solid at the moving
contact line, enhancing dissipation in the solid phase. Here, we
pattern compliant surfaces with textures and probe their interac-
tion with droplets. We show that the superhydrophobic Cassie
state, where a droplet is supported atop air-immersed textures,
is preserved on soft textured substrates. Confocal microscopy re-
veals that every texture in contact with the liquid is deformed by
capillary stresses. This deformation is coupled to liquid pinning
induced by the orientation of contact lines atop soft textures.
Thus, compared to flat substrates, greater forcing is required for
the onset of drop motion when the soft solid is textured. Surpris-
ingly, droplet velocities down inclined soft or hard textured sub-
strates are indistinguishable; the textures thus suppress viscoelastic
braking despite substantial fluid-solid contact. High-speed micros-
copy shows that contact line velocities atop the pillars vastly exceed
those associated with viscoelastic braking. This velocity regime in-
volves less deformation, thus less dissipation, in the solid phase. Such
rapid motions are only possible because the textures introduce a
new scale and contact-line geometry. The contact-line orientation
atop soft pillars induces significant deflections of the pillars on the
receding edge of the droplet; calculations confirm that this does not
slow down the droplet.
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From the raindrops pendent on a window to the fog on humid
glasses, liquid droplets often get stuck on solid surfaces, even
when those surfaces are vertical. Such retention of liquids arises
due to microscopic heterogeneities of the substrate that pin the
liquid-solid contact line in place (1); the pinning strength can be
measured by contact-angle hysteresis (2, 3), that is the difference
between the advancing and trailing contact angle for a droplet at
the onset of motion over a solid surface. The pinning of droplets
on substrates is often undesirable, as it can lead to proliferation
of microorganisms, corrosion, or degradation of optical properties
for transparent materials including solar cells and reflectors.
Contact line pinning is essentially nonexistent on soft materials—
—they exhibit very low contact-angle hysteresis (4, 5). At the three-
phase juncture, a soft solid forms a wetting ridge (6), resulting
from the equilibrium of capillary stresses at the contact line and
elastic stresses in the material. For a substrate with shear modulus
G, a liquid of surface tension y induces the formation of a ridge of
typical dimension y/2G, proportional to the elastocapillary length
of the solid y¢/2G (where vs is the surface tension of the gel). The
consequences of this deformation are substantial for contact-line
dynamics, as the ridge induces stick-slip motion (7, 8), self-
propulsion of droplets (9), and long-range interactions between
droplets (10).

The contact line advances by surfing the elastocapillary ridge
(11), which moves in tandem with the liquid; the microscopic
liquidlike behavior of soft solids drastically reduces contact-line
pinning at their top. However, the motion of the solid corner
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leads to substantial viscous dissipation in the solid phase (12, 13),
slowing down the drop, which rarely translates faster than a few
micrometers per second, an effect called “viscoelastic braking.”
Hence, even if the drop is not “sticking” to the material, it is
essentially dynamically pinned, because its low velocity will result
in long residence times on the substrate, potentially leading to
the same fouling problems that arise for pinned droplets. Studies
of the dynamics of the three-phase contact line on soft solids pro-
vide insight on how to reduce this effect, as the viscous dissipation
has been shown to be dependent on the speed of the contact line
(11) and the thickness (14) of the soft substrate. However, no so-
lution has been proposed to fully suppress viscoelastic braking.
Here, we study the effect of decorating soft silicone gels of
storage modulus of order kPa with 100-pm textures on their
wetting properties. Texturing solids at scales ranging from hun-
dreds of nanometers to hundreds of micrometers change their
wetting properties, making hydrophilic solids more hydrophilic
and hydrophobic ones more hydrophobic (15). On densely textured
hydrophobic substrates, air can be trapped below water or other lig-
uids with high surface tension (16), that are in the superhydrophobic
Cassie state. Such substrates are water-repellent (17), self-cleaning
(18), and can even reduce drag (19). In this state, droplets move
much faster than on smooth substrates, due to the combination of
high contact angles and weak pinning (20, 21). We show that the
Cassie state on soft textured substrates is qualitatively different
from that on hard textured solids; the multiple triple lines below a
droplet are deformed by surface tension. Using confocal micros-
copy, we show that every texture beneath the droplet is decorated
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with a wetting ridge in a plane parallel to the substrate. Despite
the existence of these multiple elastocapillary deformations, we
show that viscoelastic braking is suppressed on soft textured
substrates, and the dominant resistance to their motion is the
liquid’s viscosity; indeed, the viscous dissipation in the solid is not
observed to play a role. Based on high-speed imaging of the
microscopic contact lines at the top of the peripheral textures
below a droplet, we identify the mechanisms responsible for the
suppression of viscoelastic braking. We finally show that the
suppression of the dissipation in the solid phase comes with a
price, as decorating soft substrates with textures induces reten-
tion of liquid, in contrast to what is observed on hard substrates,
where texturing usually reduces pinning.

Materials and Methods

We produce ultrasoft textured substrates using established replication
techniques from a master substrate. We first produce a silicon wafer
covered with cylindrical pillars of height 93 + 0.5 um, radius 50 + 0.5 pm,
arrayed on a square lattice with a pitch of 200 + 0.5 pm; the corre-
sponding solid fraction ¢ is 20%. The wafer is chemically treated with
trichloroperfluorooctylsilane (Sigma-Aldrich) via chemical vapor deposi-
tion and molded with polydimethylsiloxane (PDMS) Sylgard 184 (Dow
Corning), cured at 80 °C for 4 h. The PDMS mold is in turn silanized with
the same process and filled with Dow Corning CY52-276 A/B in propor-
tions 1:1.2, dyed with 1% of fluorescent dye (TP-3400, Tracer Products).
The ensemble is then covered with a 150-pm-thick microscope slide,
separated from the PDMS mold by two 170-um cover slides used as
spacers, and put into an oven at 70 °C for 15 min. At the end of the curing
process, the textured substrate is extracted from the mold. The silicone
gel has a shear modulus G = 2.36 + 0.15 kPa (S/ Appendix, Fig. S1). Using
optical microscopy to image the substrate from both the top and the
side, we verify the fidelity of the replication process by measuring the
geometry of the textures, as shown in Fig. 1A. Within the resolution of
our image, the shape and geometry of our replica match those of our
master substrate.

The hydrophobicsilicone gel is rendered superhydrophobic by the addition
of textures; liquids with high surface tension can thus be maintained at the
top of the surface features. A 20 pL droplet of glycerol (density p = 1.26 +
0.01, surface tension y = 63.4 + 0.2 mN/m, viscosity n = 1120 + 40 mPa-s,
Sigma-Aldrich) deposited on the ultrasoft textured substrate exhibits a high
contact angle (151 + 2°, Fig. 1B) and is weakly pinned (the liquid rolls off the
substrate when inclined by 14 + 0.5°), as expected for a liquid in the
superhydrophobic Cassie state.

In order to probe the static elastocapillary interactions with a smooth soft
substrate, we retain untextured millimetric patches adjacent to the textures,
as sketched in Fig. 1C, Top. On such a patch, we deposit a millimetric droplet
of glycerol dyed with 1% blue alimentary dye (Jolly dessert, Migros) fluo-
rescing at wavelengths between 700 and 800 nm when excited at 633 nm.
Glycerol is poorly wetting on the silicone gel: the droplet adopts a hemi-
spherical shape with contact angle 6 = 89 + 2°. Contact-angle hysteresis A0 is
very low, equal to 4 + 2°. Furthermore, glycerol has an optical index close to
that of the silicone gel; for the liquid and the solid, the optical indices are
1.47 and 1.42, respectively. We image the triple line with a Leica SP-8 con-
focal microscope using a 93x glycerol immersion objective (Leica HC PL APO
93x/numerical aperture, NA, of 1.3). The gel fluoresces between 450 and
600 nm when excited at 405 nm; there is no cross-talk between the fluo-
rescence signals of the solid and the liquid. We use two separate excitation
and detection channels and thus resolve the location of the different phases
with high precision. Fig. 1C, Bottom shows the triple line formed by the
glycerol (cyan) droplet. The initially flat solid (red) is deformed by the con-
tact line, creating a wetting ridge with a height of 12 + 0.5 pm, in good
agreement with y/2G = 13.3 um, the expected amplitude of deformation for
glycerol on the soft silicone gel. At the tip of the corner, the solid forms an
angle of 78 + 3°.

Static Interaction between Drops and Compliant Textured
Substrates

The addition of textures fundamentally changes the interactions
of the droplet and the soft substrate. In the Cassie state, the
droplet is supported by air-permeated textures; the three-phase
contact line thus forms at the top of each texture beneath the
liquid. However, not all textures are subjected to the same
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Fig. 1. (A) Microscopic top view of an ultrasoft textured substrate. The
textures are cylinders of diameter 100 + 1 pm and height 93 + 0.5 um de-
posited on a square array of pitch 200 + 0.5 pm. Their aspect ratio and shape
can be seen in side views, as shown in inset. (B) Picture of a 20 uL glycerol
droplet deposited on an ultrasoft textured substrate. The liquid exhibits high
contact angle 151 + 2°, small contact radius, and rolls off the substrate when
inclined of 14 + 0.5°; it is in the superhydrophobic Cassie state. (C, Bottom)
Confocal microscopy observation of a contact line formed when a glycerol
fluorescent droplet (cyan) is deposited on a flat region of an ultrasoft tex-
tured fluorescent substrate (red), as sketched at top. The initially flat sub-
strate is deformed by the liquid-vapor surface tension, forming a ridge of
height 12 + 0.5 pm at the triple line. (Scale bar, 10 pm.)

capillary stresses, as shown schematically in Fig. 24; the textures
can thus be divided into two groups, one along the periphery of
the projected contact area and the other internal to this area. At
the top of each internal texture, the contact line is symmetric
about the pillar’s axis, and exerts an isotropic capillary stress in
the plane of the surface. Atop the peripheral textures, the cap-
illary stresses are no longer symmetric, and the capillary force
exerted by the contact line is not balanced in the horizontal
plane. This force results in giant deflections of the soft pillars, as
can be seen from the side, as shown in Fig. 2B. Here, an initially
vertical peripheral pillar is deflected by § = 37 + 1 pm due to the
asymmetric contact with glycerol. Elastocapillary deformations
on silicone elastomer textured substrates with shear modulus of
order MPa have been reported: slender textures bend as a con-
sequence of the asymmetry of the contact lines at their top (22,
23); here, however, the textures have a low aspect ratio and the
deformations are comparable to the size of the textures. As a
consequence of their aspect ratio, the peripheral textures un-
dergo a deformation consisting of both rigid-body rotation and
bending.
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Fig. 2. (A) Schematic representation of the contact region of a droplet in the Cassie state on a textured substrate. The pillars internal to the liquid-solid
contact are isotropically stressed by capillary forces in the horizontal plane (as sketched in top right corner). In comparison, the pillars at the periphery of the
liquid—solid contact (yellow) are subjected to imbalanced capillary forces along the horizontal (bottom right corner). On soft textured substrates, these
asymmetric capillary stresses deform the peripheral textures, as shown in the side-view microscopy image in (B). The asymmetric capillary stress deflects the
central texture by 6 = 37 + 1 um. (Scale bar, 200 um.) (C, i) A sketch of the confocal setup used to study the soft Cassie state. The immersion fluid (here glycerol)
is maintained at the top of the pillars by surface tension. An optical volume is reconstructed around the top of a single pillar. A cut through this volume over a
vertical (y-z) plane passing through the center of the cylinder is shown in C, ii. The glycerol (cyan) is maintained at the top of the pillar (red). The cylinder
radius varies along its height and is maximal at the triple line. The height of the triple line is indicated with the dashed white line. (C, iii) Horizontal (x-y) slice
of the same pillar at the contact line; the perimeter of the pillar at this height is indicated by the white dashed circle. C, iv-vi show the same confocal setup
and observations in the superhydrophobic Wenzel state, when the liquid has penetrated into the textures. The white dashed circle in C, vi indicates the
maximal perimeter in the Cassie state. (All scale bars, 10 pm.) Stripes in the pillar’s fluorescent signal arise from interference effect in the excitation field.

The deflection of the peripheral textures is not the only elas-
tocapillary deformation that can be observed below a droplet on
a soft textured substrate. In order to image the triple lines formed
at the top of every pillar in the Cassie state, we use confocal mi-
croscopy with fluorescent glycerol. As sketched in Fig. 2 C, i, the
fluorescent glycerol is used simultaneously as an immersion fluid
and as the wetting phase, enabling direct, high-resolution imaging
of the liquid-solid contact region at the top of a single pillar.

We reconstruct an optical volume containing the top of a
single pillar and the surrounding fluid using images captured
with the microscope (Movies S1 and S2). We define an ortho-
normal coordinate system where axis z is parallel to the axis of
the pillar (Fig. 2C, i); Fig. 2C, ii and 2C, iii show two slices
through this volume in a vertical (y-z) and horizontal (x-y) plane.
The x-y plane is imaged at the height corresponding to the po-
sition of the contact line, indicated by the dashed line in Fig. 2C
i. The glycerol (cyan) remains atop the texture (red) and the air
(black) is trapped between the pillar and the liquid, as the liquid
is in the Cassie state. The shape of the pillar in the Cassie state is
significantly different from that observed in Fig. 14. The pillar
indeed does not have a uniform diameter—it is wider at its top,
where the triple line sits. At its maximal extent, its diameter is
103 + 0.5 pm. Furthermore, the top of the cylinder is not flat, but
rounded close to its edges, as shown in Fig. 2C, ii. The solid
subtends an angle of 105 + 5° at the contact line, higher than the
angle at the tip of the ridge on flat regions of the same substrate.
Both deformations along the y axis (extension of the diameter)
and z (rounding of the top) decay on a similar length of about
15-20 pm.
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Because the Cassie state is metastable, an increase in the
pressure in the fluid leads to its penetration into the textures
(24). The corresponding superhydrophobic state is called the
Wenzel state; in this configuration, the triple line at the top of
each texture is no longer present, as sketched in Fig. 2C, iv. We
use the objective to pressurize the glycerol and trigger the
transition from the Cassie to the Wenzel state. In this way, we
can image the same pillar with and without a triple line at its top.
Once the textures are fully wetted, we observe that the pillar
recovers its shape observed in absence of a contact line at its top:
it is cylindrical, as shown in Fig. 2C, v and Movie S3. Its diameter
i8 97 + 0.5 pm, 6 pm smaller than in the Cassie state, as shown by
the image and white dashed circle in Fig. 2C, vi. The ridges on
soft textured substrates are oriented horizontally due to the
position of the contact line. They have an extension of 3 pm,
significantly smaller than those on smooth substrates. This dis-
crepancy could be due to the finite size or curved geometry of
the pillar, which causes gradients in the deformations, and thus
the strains, to be larger, as reported for ridge sizes in previous
works (25). Finally, the solid angle, reported to be independent
of drop size and substrate thickness for a given liquid/flat soft
substrate (26), is larger when the contact line surrounds the top
of a soft pillar. Beneath the projected contact area of the droplet
in the Cassie state, the shape of every soft texture element is
modified by the multiple triple lines, leading to significant total
deformation of the substrate at the top of the textures. The
deformation atop each pillar is qualitatively similar to that ob-
served at the triple line on soft flat substrates, which is at the
origin of viscoelastic braking. This effect is not observable on
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hard substrates: on a textured PDMS substrate with elastic
modulus of order 2 MPa, where the elastocapillary length is of
order 10 nm, the geometry of the pillar is the same in both
superhydrophobic situations (SI Appendix, Fig. S2).

Dynamics of Droplet Motion over Soft Textured Substrates. Despite
the numerous elastocapillary deformations observed in the static
case, the addition of textures on soft substrates dramatically
accelerates the motion of droplets. To probe this effect, droplets
of glycerol of controlled volume Q = 11.9 + 0.1 pL are gently
deposited on either of two soft substrates, with and without
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Fig. 3. (A) Sliding velocities of a glycerol droplet of volume @ = 11.9 pL on
soft substrates, respectively, flat (black dots) and textured with pillar density
20% (red dots) substrates inclined at an angle o, as a function of its weight
projected along the vertical axis. The color panels represent ranges of in-
fluence of the textures on the motion dynamics: at low inclinations, below
a* = 22 + 0.5° (blue zone), textures induce pinning; above o* textures sup-
press viscoelastic braking (red zone) that is observed on flat substrate (yellow
zone). The red dashed line shows the best fit of velocity data on textured
substrate of type U « pQg-(sin a — sin a*); the black dashed line shows a
power law U « (pQg-sin a)"” where n = 0.53 + 0.02 is determined from a fit
of the rheological measurements, as G"(») « o". (B) Comparison between
sliding velocities of a glycerol droplet of volume @ = 11.9 pL on textured
substrates, either hard (blue triangles) with texture density 20%, or soft with
pillar densities 10, 20, and 30% (respectively, orange, red, and purple dots)
as a function of the projected weight. The dashed lines are a guide for the
eye; all data collapse on a single line of slope 0.043 + 0.002 m/s (0.76% for
glycerol) when plotted as a function of sin o — sin a* (Inset).
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textures. The smooth substrates have a constant thickness of
150 pm. The soft surfaces are inclined to the horizontal with an
angle o ranging from (° to 75°, subjecting the droplet to a force
pQg-sin a. Depending on the surface properties, a critical angle
a* must be exceeded for the droplet to move along the surface.
This angle provides a measurement of contact-angle hysteresis
because, at the onset of motion, the driving force equals the
retention force, i.e., pQg-sin a* ~ le/ 3 (cos 6, — cos 6,), where 0,
and 6, are the advancing and receding contact angles, respec-
tively (2, 3). On soft smooth substrates, pinning of liquid is ab-
sent; the critical angle for the onset of droplet motion is
vanishingly small. We indeed observe (very slow) sliding of
glycerol droplets on smooth substrates inclined by less than 10°,
in stark contrast to what happens on textured substrates, where
the liquid—while in the Cassie state—does not slide for incli-
nations lower than o* = 22 + 0.5°, as can be seen from the ve-
locity data displayed in Fig. 34. Textures thus lead to pinning of
droplets on the soft substrate, unlike what is observed on hard
substrates, where the textures only facilitate droplet motion. On
both substrates, the droplets move with constant velocity U after
a short transient regime. We measure U via images recorded at
fixed rates with a camera (Nikon D850 or Photron Mini-UX
100). The sliding velocities on the textured substrate, observed
for inclinations larger than o*, are higher by four orders of
magnitude than on the smooth substrate, ranging from 1 to
20 mm/s. Texturing of soft substrates thus leads to a giant re-
duction of viscoelastic braking. On soft substrates, U increases
with the forcing applied to the droplet; however, the velocity
variations are different for textured and smooth substrates, as
can be seen in Fig. 34). As predicted by viscoelastic braking (6),
on smooth substrates with large and constant thickness (14), U
varies as a power-law function of the driving force, U « (pQg-sin
a)", where n = 0.53 is determined by the scaling of the loss
modulus G” with shear rate o as G”(w) x " (6, 11) (see rheo-
logical measurements in SI Appendix, Fig. S1). The data on the
textured substrate cannot be described with the same power law;
instead, U varies linearly with forcing above o*: U « pQg-(sin o —
sin a*). The different velocity regimes are demarcated by the
color panels in Fig. 34.

The discrepancy between the observed scaling laws of U(pQg-
sin a) for smooth and textured soft surfaces arises from the
different sources of dissipation. For soft smooth substrates, the
main dissipation occurs in the solid phase at the contact line,
whereas on textured surfaces, the dominant losses take place in
the bulk of the droplet. This can clearly be observed by varying
the substrate compliance or density of the textures and mea-
suring the variation of velocity with forcing. We produce a tex-
tured substrate with PDMS with an elastic modulus of ~2 MPa
using the same master substrate to vary substrate compliance.
Pillar density on soft substrates is varied using identical cylin-
drical posts arrayed on squared lattices of pitch 280 and 160 pm,
corresponding to pillar densities ¢ of 10 and 30%, respectively.
The velocities measured on these textured substrates are
reported with the data obtained on the standard soft substrates
(¢ = 20%) in Fig. 3B. On all textured substrates, independently
of substrate compliance and pillar density, velocities follow an
identical linear trend beyond the critical forcing needed for the
onset of droplet motion, pQg-sin a*, shown by the dashed lines in
Fig. 3B. This linear trend is expected on hard substrates (27)
where the weight of the droplets is balanced by bulk viscous
dissipation and droplet pinning. Finding an identical trend on
compliant substrates indicates that the main dissipative mecha-
nism in the experiment is also viscous dissipation in the droplet,
despite the multiple wetting ridges below the droplets. The offset
from the origin for the different lines corresponds to pinning,
where a finite forcing must be exceeded for the onset of droplet
motion. It is mostly sensitive to pillar density for the soft sub-
strates: it is an increasing function of ¢ as demonstrated for hard
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(A, Top) Schematic representation of contact-line progress on the advancing side in the Cassie state. As the bulk of the droplet advances with velocity

U (A, i-ii), the triple line at the top of the frontmost pillar (yellow) bends and the microscopic contact angle at its top 6, increases until liquid—solid contact
occurs on the next dry pillar (between A, ii and A, iii). Once liquid-solid contact initiates on the next dry pillar, it is totally wetted in 1 ms, as shown in the time
series in A, Bottom, where U= 1 mm/s and red arrows indicate the position of the triple line. (B, Top) Schematic representation of the contact line receding in
the Cassie state. As the bulk of the droplet moves away from the pillar with velocity U (B, i-ii), the liquid-air interface bends until 0, reaches a critical value.
The liquid then sweeps over the top of the trailing pillar and deposits a tiny droplet at its top when detaching from it between instants B, ii and B, iii. Contact-
line motion occurs during less than 40 ms, as shown in the time-lapse series in B, Bottom where U = 1 mm/s. (C) Microscopic contact angle 6, at the top of a
trailing texture (sketched in red, Inset) as a function of A, the bulk displacement of the droplet, as it translates at 1 mm/s. A = 0 is taken at the depinning from
the previous pillar; the black dotted lines show the transitions between the different depicted regimes described in the text. The contact line remains stuck on
the red pillar and starts sliding with constant 6, only when it reaches 55 + 2°, as indicated with the red dashed line. The black cross indicates the instant of
depinning. The last reported angle (blue point) is measured at the top of the next pillar, and the cycle repeats. (D) As sketched in the top half, we zoom on the
receding (red) and advancing (blue) side of a 11.9 pL glycerol droplet stuck on a soft textured substrate inclined at 20°, below a*. The contacts at the top of the
textures are displayed in the bottom half of the panel; the microscopic contact angles 6, are equal to 119 + 2° on the receding side and 148 + 2° on the

advancing side.

textured substrates (28). However, it does not change signifi-
cantly with substrate compliance; with ¢ = 20%, the pinning is
only slightly stronger on soft textured substrates than on hard
ones. Furthermore, the variation of pinning force on soft sub-
strates with texture density is in good agreement with the expected
scaling from (28): pQg sin a* ~ ¢ log (n/¢p) (SI Appendix, Fig. S3).
Upon accounting for pinning, all data collapse on a single line and
follow the linear relationship expected for large viscous droplets
on hard textured substrates, U « %(sin a — sin a*) (29) with a
prefactor close to unity, 0.76 + 0.03, as shown in inset of Fig. 3B.
Although water droplets cannot reach their terminal velocity on
the length of soft textured substrates, similar results can be
obtained with liquids of intermediate viscosities. In SI Appendir,
Fig. S4, we report the terminal velocities reached by droplets
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comprising water and glycerol with viscosity 165 + 10 mPa-s on
soft and hard textured substrates. The data obtained on both
substrates with these other fluids are also simply shifted due to a
slight change in pinning strength. These results underscore that
the main resistance to droplet motion on soft textured substrates
remains viscous dissipation in the liquid phase [scaling with the
viscosity (27)], even for fluids almost 10X less viscous than pure
glycerol. Textures thus screen viscoelastic dissipation in the solid
phase.

To understand the profound difference in dynamics induced
by textures, we probe the dynamics of a moving glycerol droplet
on a soft textured substrate using direct high-speed microscopy
to image the liquid—solid contact line at the advancing and receding
edges of the droplet. As reported in previous studies (30, 31),
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contact-line motions are restricted to the texture elements at
the periphery of the contact area while all texture elements
internal to the contact area remain unaffected by the motion of
the droplet; we thus do not expect the internal textures to play a
role in the dynamics of moving droplets despite their substan-
tial deformation. The periphery of the contact area is main-
tained within the field of view of our microscope by holding the
droplet stationary using a needle and displacing the substrate
with a linear actuator. After bringing the liquid into contact
with the solid, the substrate is set into motion at controlled
speed U = 1 mm/s using a programmable linear actuator
(Newport LTA-HS).

The global motion of the droplet leads to a repetition of
pinning and depinning events from one pillar to the next at its
peripheral edges, as shown schematically in the top halves of
Fig. 4 A and B and Movies S4 and S5. On both edges, the contact
line remains pinned, forming a microscopic contact angle 6, at
the top of the textures, that we measure from the side at the scale
of a single texture; 6, is different from the macroscopic ad-
vancing and receding angles usually measured at the scale of the
drop (31, 32). As the droplet moves relative to the pillar, the
liquid—air interface deforms. On the advancing side, the liquid—
solid interface bends, causing 6, to increase until contact initiates
on the next texture, completing the cycle. On the receding edge,
0, decreases, causing progressive bending of the pillar, until the
contact line dewets from the pillar and jumps to the next one.
After liquid detachment, the pillar relaxes in about 10 ms. These
events repeat cyclically, on average every T = 200 ms, a period
set by the ratio between the texture pitch and the substrate ve-
locity. This repetitive and macroscopically smooth motion is
punctuated by discontinuous events when the contact line is set
into rapid motion at both the advancing and receding edges. At
the advancing edge, the top of the next pillar is completely
wetted within 1 ms after liquid—solid contact initiates, as shown
in Fig. 44, Bottom. During the wetting of the pillar, the contact
line thus advances at an average velocity of ~10 cm/s, much
higher than the velocity of the bulk droplet. For the remainder of
T, the contact line remains pinned at the top of the pillar while
the bulk of the droplet advances. At the receding edge, the
motion occurs after a critical distortion of the contact line, the
liquid then dewets from the pillar within 40 ms, as shown in
Fig. 4B, Bottom, moving with an average velocity of order 1 mm/
s, comparable to U. For the remainder of 7, the liquid is pinned
at the top of the pillar and the motion of the droplet is mediated
by variations of the microscopic contact angle 6, that does not
lead to contact line motion. The experiment was repeated for
stage velocities varied between 1 and 10 mm/s and we observed
similar behaviors at both advancing and receding edges of the
droplet; only the dewetting events on the trailing edge occur
faster as U is larger.

Along the perimeter of a moving droplet in the Cassie state on
a soft textured substrate, despite the existence of wetting ridges
at every liquid-solid contact, the microscopic contact lines at the
top of the textures thus move at velocities significantly larger
than allowed by viscoelastic braking, observed on flat soft sub-
strates, and that are at higher forcing of 10 pm/s. This is a con-
sequence of the conformation of the multiple triple lines sitting
on the peripheral pillars. On the advancing side, the liquid is
pinned on the peripheral pillars; contact-line motions occur only
when liquid touches the following texture. The initiation of
liquid-solid contact on the next pillar resembles the initiation of
the contact between a pendant viscous droplet and a flat sub-
strate, where the contact-line dynamics are controlled by the
liquid viscosity (33), and spreading is shown to be independent of
substrate compliance during the first milliseconds (34, 35). We
thus expect viscous losses in the solid to be negligible compared
to those in the liquid. The motions are qualitatively different on
the receding side of the droplet: there, the liquid dewets from the
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pillars. To understand the rapid events in this region, we mea-
sure the microscopic contact angle 6, at the top of one of the
central pillars of the wetted row that forms the receding edge of
a moving droplet. This angle decreases as the bulk of the liquid
advances by a distance A at U = 1 mm/s, as shown in Fig. 4C; A =
0 corresponds to the depinning of the liquid from the previous
row. The inset sketches represent the progress of the receding
edge as the droplet advances. First, the bulk droplet motion
forces the progressive detachment of the contact line, pillar by
pillar along a row, starting with the extremal textures in this row
(30, 36). For the central pillars in this row, 8, remains approxi-
mately constant with a value of 97 + 4°. Only when a few pillars
remain at the receding edge, 6, undergoes a series of transitions,
decreasing rapidly until depinning critically when reaching a
value of 55 + 2°, which it retains as the contact line sweeps across
the top of the texture. Finally, a small droplet pinches off from
the fluid bulk and remains at the top of the texture. The bulk of
the liquid advances of 150 pm before the rapid motion of the
contact line initiates. This global behavior, together with the
critical value of 6, required to trigger the slipping event, remains
unchanged as U increases from 1 to 10 mm/s, and when the
distance between pillars is varied. For driven fluid motion over
flat soft surfaces, dynamical depinning occurs beyond a critical
forcing, when the solid undergoes reduced deformation at high
forcing rates, leading to limited dissipation in the solid phase (11,
37) and thus, to contact-line motion with velocities set by the
dissipation in the liquid phase. Here, we show that this also
happens at the microscale: due to localization of the contact lines
at the top of the textures; the microscopic angles 6, at the re-
ceding edge of the droplet vary strongly as the bulk of the liquid
advances, leading to critical forcing and slipping events. As a
whole, due to the orientation of the three-phase contact line in
the Cassie state, the contact-line motions under a droplet on a
soft textured substrate involve only very limited viscous dissipa-
tion in the solid phase.

The motion of droplets also induces large deformations of the
textures, mostly on the receding side. The pillars bend when the
triple lines at their top are asymmetric. Their maximal defor-
mation ¢ is reached on the trailing edge of the droplets, an in-
stant before the onset of the slipping events. The deformations of
soft trailing textures, although substantial (a typical scale for § is
30 pm), do not alter the dynamics of moving droplets. To explain
this surprising observation, we estimate the dissipated power due
to bending of one pillar by the moving droplet. We assume that
the deformation is restricted to the pillar, subjected to pure
bending. The pillar of radius r and height ~# undergoes a de-
flection 6 when traversed by a droplet moving at velocity U, with
frequency f = U/S. As shown in ST Appendix, a typical scaling for
the dissipated power during this deformation is:

U.

4
Pyis xG” <g) or

5] h

A millimetric droplet with volume Q sliding down a soft textured
substrate bends about 10 pillars on its receding edge. At U =
1 mm/s, 2nf ~1 kHz and the loss modulus is of order 400 Pa; the
total dissipated power in the viscoelastic solid is thus of the order
of 10™'" W. This value is compared with P,, the dissipated power
in the viscous droplet,

P,,o<;791/3U- U,
as described in ST Appendix and in ref. (29). With glycerol (n ~1
Pa-s), a typical scale for P, is 10~ W. The viscoelastic dissipation

in the solid due to bending of the pillars is thus negligible
compared to dissipation in the bulk of the droplet.

Coux and Kolinski

www.manaraa.com


http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2008683117/video-4
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2008683117/video-5
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008683117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2008683117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2008683117

Downloaded at Palestinian Territory, occupied on December 27, 2021

As a whole, textures screen viscoelastic braking despite their
substantial deformations induced by contact with the liquid droplet.
The three primary causes comprising this screening mechanism
during droplet displacement are the restriction of contact-line mo-
tion to peripheral textures, the orientation of the contact lines in the
Cassie state that induces pinning, precipitating rapid motion upon
depinning at the receding edge or wetting initiation at the advancing
edge and finally, negligible dissipation during bending of the tex-
tures. This results in a macroscopic suppression of the viscoelastic
braking.

In addition to its key role in the suppression of viscoelastic
braking, the geometry of the triple lines at the periphery of the
droplet also induces liquid pinning on textured soft substrates.
Indeed, in contrast with a flat substrate that is homogeneous and
that cannot induce liquid retention in the absence of chemical
heterogeneity, each texture on a soft superhydrophobic substrate
is a pinning site for the liquid. The edge of the textures is sharp;
as a consequence, the contact angle at its top can take multiple
values without triggering motion of the triple line. For a droplet
on a textured substrate inclined below the critical angle for the
onset of motion o* (sketched in Fig. 4D, top), 6, takes large
values both on the receding and advancing edges of the droplet:
respectively, 119 + 2° and 148 + 2°, as shown in Fig. 4D, bottom.
On the receding edge, the angle is large compared to 55°, the
critical angle for rapid motion; it is also larger than the receding
contact angle on the smooth substrate (6, = 87 + 2°), value that
needs to be exceeded for recession of the triple line on hard
textured substrates (32). The contact line thus remains pinned on
that edge of the droplet, while 8, can be very large on the ad-
vancing edge, provided the liquid does not contact the pillar on
the downslope side. The microscopic contact angles at the top of
the peripheral pillars have to reach critical values at both the
advancing and the receding edges for the Cassie droplet to de-
scend the substrate; the contact lines pinned by the textures
anchor the liquid in place. This anchoring can lead to bending of
the pillars on the receding side of the droplet, similar to what was
observed on PDMS surfaces covered with slender textures (22).
As was the case for the slender PDMS textures, the bending of
the pillars on the receding side might explain the slight increase
in the pinning strength compared to hard textured substrates. As
a texture bends on the receding side, it reorients toward the
liquid; compared to a rigid pillar, higher forcing is thus required
for 6, to reach a given value.

Discussion

We report the suppression of viscoelastic braking on soft sub-
strates by surface texturing. As a droplet of liquid is in the Cassie
state, sitting on soft textures, elastocapillary deformations occur
at every triple line below it. The textures at the periphery of the
droplet circular imprint are the most affected by the contact with
the liquid; as the contact lines at their tops are asymmetric in the
horizontal plane, these textures are significantly deflected.
However, all of the textures supporting the Cassie droplet exhibit
a wetting ridge at their top, qualitatively similar to that observed
on flat substrate with the same compliance; however, in this
configuration, the deformation is parallel to the plane of the
surface and it is also smaller in size than on the nontextured
material. Although the presence of a ridge below a droplet on a
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soft substrate is usually associated with viscoelastic braking, we
show that, despite the multiple ridges below a Cassie droplet, this
effect is suppressed on soft textured substrates. The hallmark of
this suppression is the increase by orders of magnitude of
translational velocities of viscous droplets along inclined soft
substrates upon the addition of textures. Whereas the main
dissipation in viscoelastic braking is in the solid phase, we show
that for textured substrates the dissipation occurs in the liquid.

Why are droplets moving so rapidly on soft textured substrates?
First, dynamic elastocapillary deformations of the textured sub-
strates only occur at the periphery of droplets. Second, high-speed
microscopic imaging at the advancing and receding edges of the
droplet shows that the triple lines move rapidly across the texture,
with velocities much higher than those allowed by viscoelastic
braking; they are indeed locally forced in wetting situations that
strongly limit the viscous dissipation in the solid. Third, as a
droplet slides over a soft textured substrate, pillars are dynamically
bent, mostly on its receding edge; however, the dissipation induced
in the solid is small compared to viscous dissipation in the liquid.
As the viscous drag in the liquid is the main resistance to the
motion of droplets, it governs the motion dynamics, as on hard
substrates. Texturing soft substrates finally leads to a counterin-
tuitive effect: it induces pinning, contrary to what is commonly
observed for liquids in the superhydrophobic Cassie state on hard
surfaces, where contact-angle hysteresis is much lower than on
bare substrates. This can be seen most clearly in the critical in-
clination angle a* required for the onset of droplet motion that is
higher on soft substrates decorated with textures (even sparsely,
with a low pillar density ¢ = 10%) than it is on smooth substrates.
This effect is again a consequence of the local geometry of the
contact lines at the top of the peripheral textures, where the liquid
is pinned when microscopic contact angles do not reach critical
values; the pillars thus act like physical defects on a material on
which, when flat, pinning is absent. The pinning force is however
weak, very close to that observed on hard textured substrates.

These observations open a road to the understanding of in-
teractions between liquids and soft solids. In particular, they
suggest the existence of regimes where dissipations in solids and
liquids are comparable, leading to unexplored and interesting
droplet dynamics. Our current methods for replication of tex-
tured silicone gels limit which aspects of textures geometry can
be controlled or modified. In future investigations, it will be of
great interest to see how advancements in soft surface texturing
can enable the study of, for example, how more slender pillars
modify droplet dynamics or how the shape of the textures alters
the pinning on soft substrates. Finally, in our experiments the
elastocapillary deformation size remained small compared to the
size of the textures—we expect that the mechanisms described in
this article will be strongly modified in the case where these two
lengths are of the same magnitude.

Data Availability. All study data are included in the article and
SI Appendix.
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