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Abstract — The capillary traction of a liquid contact line causes highly localized deformations in
soft solids, tremendously slowing down wetting and dewetting dynamics by viscoelastic braking.
Enforcing nonetheless large velocities leads to the so-called stick-slip instability, during which
the contact line periodically depins from its own wetting ridge. The mechanism of this periodic
motion and, especially, the role of the dynamics in the fluid have remained elusive, partly because
a theoretical description of the unsteady soft wetting problem is not available so far. Here we
present the first numerical simulations of the full unsteady soft wetting problem, with a full
coupling between the liquid and the solid dynamics. We observe three regimes of soft wetting
dynamics: steady viscoelastic braking at slow speeds, stick-slip motion at intermediate speeds,
followed by a region of viscoelastic braking where stick-slip is suppressed by liquid damping, which
ultimately gives way to classical wetting dynamics, dominated by liquid dissipation.
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Introduction. — The capillary interaction of liquids
with soft solids is a ubiquitous situation in natural or tech-
nological settings [1-4], ranging from droplets that inter-
act with epithelia, for instance in the human eye [5], or
epithelial cells governed by capillary physics [6], to ink-
jet printing on flexible materials [7]. The capillary trac-
tions, exerted by the liquid onto their soft support, cause
strong deformations if the substrate is soft or the consid-
ered length scale is sufficiently small [8,9]. The typical
scale below which capillarity deforms solids is given by
the elastocapillary length, ¢ = v/Gy, the ratio of surface
tension v and static shear modulus Gp. At three-phase
contact lines, the length scale of the exerted traction lies
in the molecular domain, deforming the solid into a sharp-
tipped wetting ridge [10]. As a liquid spreads over a soft
surface, the traction moves relative to the material points
of the substrate. The necessary rearrangement of the solid
deformation leads to strong viscoelastic dissipation which
counteracts the motion, a phenomenon called viscoelas-
tic braking [11-19]. At small speeds, the motion remains
steady [11,12], whereas, at large speeds, unsteady motion,
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author)

frequently termed stick-slip, has been observed [13,20-24].
In this mode, the contact line velocity and the apparent
contact angle undergo strong, periodic oscillations. On
paraffin gels, Kajiya et al. observed stick-slip motion only
in an intermediate velocity range, returning to continuous
motion if the speed was increased even further [21].

The origin of this stick-slip motion remains debated in
the literature. It is clear that the pinning and depinning is
not associated with permanent surface features, but rather
with the dynamics of the wetting ridge itself: the solid de-
formation cannot follow the fast contact line motion of
the depinned (slip) phase of a stick-slip cycle [23,24]. Un-
clear, however, are the conditions upon which a contact
line may escape from its ridge, thus eliminating the vis-
coelastic braking force. The depinning of a contact line
from a sharp-tipped feature on a surface is governed by
the Gibbs inequality [23,25]. Van Gorcum et al. [23] pos-
tulated a dynamical solid surface tension, which would al-
ter the local force balance and thus allow the contact line
to slide down the slope of the ridge. Still, the physico-
chemical origin of such dynamic solid surface tension re-
mains elusive. Roche et al. [15] postulated the existence
of a point force due to bulk viscoelasticity, but the shear-
thinning nature of typical soft polymeric materials would
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Fig. 1: (a) Dynamical wetting of a cylindrical cavity (radius R) with a soft viscoelastic wall (gray, thickness hs) by a two-phase
fluid (blue and transparent). The fluid/fluid interface is represented by the gradient of a phase field, with negligible interface
width € = 0.00475 hs. The contact line speed is controlled by the flux boundary condition on the rear end of the cavity. Inset:
definition of the liquid-liquid interface rotation ¢ = 6 — 4 relative to the equilibrium angle ., = 90°. (b) Quasi-stationary
wetting ridge on the cavity wall for different velocities, comparison between FEM simulations (symbols) and the analytical
model for constant v (lines). The liquid interface is aligned at @ = 0, the blue region indicates the advancing liquid phase.
Moving ridges correspond to large velocities beyond the stick-slip regime. Note that the maximum height is located well behind
the contact line. Their rounded shapes are bumps generated by strong solid dissipation, as opposed to the sharp kink imposed

at the contact line for v = 0.

prevent such a singularity at the strain rates encountered
in soft wetting [24,26]. Unclear as well is the role of the
fluid phase during the cyclic motion, mainly because a
comprehensive multi-physics model for the unsteady soft
wetting problem is not available to date.

Here we present the first fully unsteady numerical simu-
lations of dynamical soft wetting, fully accounting for lig-
uid and solid mechanics, and for the capillarity of the inter-
faces, by which we reveal the life cycle of stick-slip motion.
We derive phase diagrams of steady and unsteady contact
line motion by tuning parameters over large ranges, recov-
ering stick-slip behavior at intermediate speeds. At small
and large speeds, we observe steady motion, in quantita-
tive agreement with an analytical model.

Setup. — Figure 1(a) shows the geometric setup of the
numerical simulations. A hollow cylinder (undeformed in-
ner radius R), made of a soft viscoelastic material (gray,
thickness hy < R), with a fixed (rigid) outer surface, is
partially filled with a liquid (blue) and an ambient fluid
phase (transparent). To keep physics conceivable, we use
a minimal model and apply the Stokes limit and iden-
tical viscosities for fluid and ambient, and assume con-
stant and equal surface tensions 7 = -y, on all interfaces
(liquid-ambient, solid-liquid, and solid-ambient). The in-
ner surface of the soft viscoelastic cylinder wall is deformed
into a wetting ridge due to the capillary action of the
liquid meniscus (cf. panel (b)). We use an incompress-
ible Kelvin-Voigt constitutive model, characterized by a
frequency-dependent complex modulus G* = Gy + i 75w,
with static shear modulus Gy and effective substrate vis-
cosity 75, obtaining an elastocapillary length £ = v/Go <
hs, a characteristic time scale 7 = 1,/Gy, and an elasto-
capillary velocity vy = £/7 = ~v/ns.

Table 1: Material parameters.

Symbol Value Meaning
n 1mPas Liquid viscosity
5 38mN/m  Liquid surface tension
Vs 38 mN/m Solid surface tension
Gy 1kPa Static shear modulus
s 3Pas Substrate viscosity
hs 1mm Substrate thickness
€ 4.75 pm Interface thickness
14 38 pm Elastocapillary length
as = ﬁ 0.038 Elastocapillary number
ve =7s/ns 0.0126m/s Elastocapillary velocity

Our numerical model is formulated with cylindrical
symmetry, implementing the two-phase fluid by a phase
field approach. Thus the liquid-ambient interface has a
finite thickness € < ¢ < hg, and the capillary traction of
the meniscus onto the solid is distributed over this char-
acteristic width. The solid is modelled by a finite element
approach, with a sharp interface toward the fluid. The
grid size is about 5% of the elastocapillary length at the
liquid-ambient interface, and typically about 20% outside
of the interface region. All phases are fully coupled to each
other by kinematic and stress boundary conditions. The
material parameters are listed in table 1, details on the
numerical model are given in [27] and the Supplementary
Material Supplementarymaterial.pdf (SM). The liquid
meniscus is forced to move by imposing the fluxes ® on
either end of the cylinder, but can freely change its shape
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(curvature) in response to the fluid flow. Thus the instan-
taneous contact line velocity v is not imposed, but rather
its long-term mean v = ®/(7 R?). All simulations are
started at ¢ = 0 with a flat substrate, a flat meniscus, and
a constant imposed flux at the boundaries, and run until
a steady state or limit cycle has been reached.

We compare our simulation results for the solid defor-
mation to the analytical plane-strain model from [13], im-
posing a constant contact line velocity v = ¥ and replacing
the d-shaped traction by

3y

o [T — vl ?

- (e (7))
which can be derived for the phase field model in equilib-
rium (see the SM for details). Since hy < R, the substrate
deformation is well approximated by plane-strain condi-
tions. Importantly, since ¢ < /¢, our analytical and nu-
merical results do not significantly depend on the actual
value of e. Figure 1(b) shows the quasi-stationary sub-
strate deformation for several imposed velocities, compar-
ing simulation results (markers) to the analytical model
(lines), in excellent agreement. Note that this comparison
is only possible as steady ridge shapes are observed for
the chosen velocities. We chose a static ridge (v = 0) and
very fast ridges (0/vg > 6), where shapes are significantly
different from the static case. One important feature of
fast ridges is the emergence of a dissipative “bump”, well
behind the contact line (see the SM for details about the
ridge geometry). In an intermediate velocity range we find
unsteady cyclic shape dynamics, as detailed below, which
cannot be grasped by the analytical model.

T(z) (1)

Modes of contact line motion. — The dynamics
of the contact line motion are characterized by the
time-dependent contact line velocity v(t) and rotation
¢ = 0 — 0O of the liquid interface at the triple line
(cf. fig. 1(a)). In the following, we focus on the three
characteristic regimes that we find in our simulations,
corresponding to small, intermediate, and large v. Due to
the large differences in 7, the dynamics are best compared
by plotting ¢ as a function of contact line position (fig. 2;
see the SM for plots of v(t) and ¢(t).) At small speed
(v < vy, blue), after some initial transient the contact
line moves steadily, with a constant speed and a constant
dynamic contact angle. Here, the relation between v
and ¢ is permanently dominated by viscoelastic brak-
ing [11-13]. Once the forcing velocity exceeds a critical
value, the motion becomes unsteady, finding a limit
cycle after an initial transient (red): the liquid interface
rotation ¢ shows large oscillations, of peak-to-peak
amplitude A¢ on the order of the mean rotation ¢, with
a non-trivial waveform, as the contact line advances at
an oscillatory speed v(t) (see fig. 3 and the SM). This
behavior is not captured by the simple analytical model.
For larger speeds (yellow), we observe again constant v
and ¢ after an initial transient. We note here that the
motion in this regime is very sensitive to discretization

— v /1y=0.27
025 v/v=3.47
5/0=13.89
021
o 0.15 |
0.1
0.05
O 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Displacement of contact line (m) %1073

Fig. 2: Rotation ¢ of the liquid-ambient interface at the contact
line, as a function of the contact line position, for different im-
posed mean velocities. Slow and fast speeds show a continuous
motion (blue and yellow, respectively). For intermediate veloc-
ities (red) we observe a strong stick-slip behavior, in which the
liquid angle oscillates with an amplitude that is comparable to
its mean. The residual waviness of the yellow curve is not an
actual non-stationary motion but can be traced back to grid
artifacts.
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Fig. 3: Phase portraits for contact line motion. Blue: stable,
stationary-motion regime. After an initial transient, the con-
tact line finds a stationary constant value in the v-¢ plane.
Discretization artifacts are visible for small speeds (mind the
logarithmic scale). Red: stick-slip motion, characterized by
a large limit cycle in the v-¢ plane. Yellow: at large speeds,
stick-slip motion is suppressed, finding a stationary point in
the v-¢ plane again.

artifacts and requires rather fine grid resolutions to give
consistent results. Supplementary movies Moviel vO.
27_(blue_curve) .m4v, Movie2_ v3.47_(red_curve) .m4dv,
Movie3_v3.89_(yellow_curve) .mdv illustrate contact
line motion and substrate dynamics for the three modes
in fig. 2.

Figure 3 shows a phase portrait of the contact line mo-
tion, i.e., in terms of the physically relevant variables ¢
and v: ¢ = 0—0,, is a measure of the imbalance in Young’s
equation, and thus a measure of the total dissipative force
(liquid and solid). Multiplying by the instantaneous ve-
locity, one obtains the total dissipated power per unit
length of contact line, since our equations of motion are

33002-p3


http://stacks.iop.org/0295-5075/139/33002/mmedia
http://stacks.iop.org/0295-5075/139/33002/mmedia
http://stacks.iop.org/0295-5075/139/33002/mmedia
http://stacks.iop.org/0295-5075/139/33002/mmedia

Dominic Mokbel et al.

overdamped. For slow forcing speeds (blue), we observe
a continuous, steady contact line motion, up to the scale
of grid artifacts (mind the logarithmic scales). For in-
termediate forcing speeds (red), we observe a limit-cycle:
As the liquid rotation exceeds a well-defined maximum
(@ in fig. 3), the contact line accelerates. In this phase, it
surfs down its own wetting ridge, releasing energy stored
in the meniscus curvature, rate-limited partly by liquid
dissipation (@ in fig. 3). It thus decelerates, and a new
wetting ridge starts to grow, opposing the contact line mo-
tion further (@ in fig. 3) until the next cycle starts. For
larger forcing speeds, the region covered by the limit cycle
decreases until it virtually vanishes (yellow), up to grid ar-
tifacts. This is caused by the growing importance of liquid
dissipation, which effectively limits, and finally prevents,
the large-speed excursions during the slip phases.

Regimes of contact line motion. — We characterize
the contact line motion by ¢ma. (O in fig. 3), dmin (@
in fig. 3), and ¢, the maximum, minimum, and mean val-
ues of ¢, respectively, in the stationary/limit cycle regime.
Figure 4 shows these values as a function of the imposed
(long-term mean) . For small speeds, v = T, and the sim-
ulated ¢ (symbols) coincides with the result of the analyt-
ical model (black line), indicating the stability of steady
contact line motion.

The onset of stick-slip motion (gray region) aligns with
the maximum of ¢ observed in the analytical model where
v is imposed instead of . This was stipulated in [13]
since the rotation ¢ is a measure for the dissipative
(viscoelastic braking) force: A dissipative force that de-
creases with speed causes acceleration, and thus an un-
stable motion. The maximum braking force is observed
at T ~ vy = v,/(GoT) = 7s/ns, the elastocapillary veloc-
ity: The finite width of the traction distribution regular-
izes the dissipation singularity at the scale ¢ < ¢ < hg.
Thus the largest characteristic frequency w ~ T/e dom-
inates the dissipation associated with the contact line
motion. One may evaluate the complex modulus at the
dominant frequency to define a dynamical elastocapillary
length ¢z ~ ~,/|G*(U/€)| [23]. Near the maximum brak-
ing force, G"(v/€e) = nsv/e > Gy, and we approximate
|G*| ~ nsT/e to obtain f7 = vs€/(nsU). Resonance is ex-
pected at € ~ Uz, i.e., T ~ v5/ns, independent of the choice
of €, which is confirmed in our analytical model (see the
SM). ¢pae remains approximately constant upon enter-
ing the stick-slip regime, indicating a well-defined upper
limit of the viscoelastic braking force also in unsteady sit-
uations (cf. location D in fig. 3). However, this force
periodically drops to much smaller values, as indicated by
the much smaller values of ¢,i,. In these surfing phases
(@ in fig. 3), liquid dissipation and the finite capillary en-
ergy stored in the curved meniscus are the rate-limiting
factors.

As the imposed v is increased further, the amplitude
of the oscillation A¢ shrinks, reaching virtually zero
(indicated by the fading gray region). In this regime,

stick-slip velocity range
——@— simulation, maximum angle
—&—— minumum angle
—>—— mean angle
theory

10° 101

@/ Uy

Fig. 4: Rotation ¢ of the liquid-ambient interface relative to its
equilibrium orientation, as a function of the imposed mean ve-
locity . In the gray region, the contact line motion is unsteady
(stick-slip) in the simulations. The solid black line depicts the
analytical calculation of the ridge tip rotation, for an imposed
constant contact line velocity. Markers depict the maximum
(green solid discs), mean (blue crosses), and minimum (red
open discs) angle observed in the simulations. The onset of
unsteady motion correlates with the maximum in ridge rota-
tion. At large speeds, the amplitude of the angle oscillations
decreases and the motion becomes stationary again until, fi-
nally, liquid dissipation becomes relevant.

the reduced viscoelastic braking force (¢pqy) limits the
build-up of capillary energy in the meniscus, while liquid
dissipation prevents its fast release. This balance between
capillarity and liquid dissipation can be quantified by the
capillary number Ca =9 n/v = (vs/v)(n/1s)(T/ve). If Ca
exceeds a certain critical value Ca,, the oscillatory motion
is effectively damped out by liquid dissipation. Ca. de-
pends on the solid parameters, most notably the ratio /v
which sets the scale of ¢. Further, decay and growth rates
of abandoned and new ridges during the stick-slip cycle
matter, and thus we expect also some dependence on 7;.
For Ca 2 Ca,, the overall motion is still governed by vis-
coelastic braking: ¢ ~ 77! closely follows the result from
the analytical model. The increased mean liquid rotation
for the largest velocity ~28uv,, relative to the prediction of
the analytical model, is another consequence of liquid dis-
sipation. This can be rationalized by a comparison with
the Cox-Voinov law for moving contact lines on rigid sur-
faces which predicts, for Ca ~ 1072, rotations of this order
of magnitude [28-30]. In this hydrodynamic regime, one
returns to the classical wetting physics on rigid surfaces.
In fig. 5, we summarize the dynamical wetting behavior
in terms of these three modes, as a function of the imposed
mean speed and the solid parameters. Steady small-speed,
stick-slip, and steady high-speed modes are indicated by
blue, red, and yellow discs, respectively. On panel (a), we
vary on the vertical axis the solid and liquid surface ten-
sions and thus the elastocapillary number oy = ¢/h, while
keeping the Neumann angles of static wetting constant.
Since Gy and hg merely enter ay, they are not varied sep-
arately but their effect can be extracted from fig. 5(a).

33002-pd



Stick-slip contact line motion on Kelvin-Voigt model substrates

(a) i i
\AAAAA N
\ A A AA N N
1071
= vvvyvEe R
€ vvvaean
e
I vve =
1072 vvvyn
, A A ,
107" 100 10’
5/1}[
(b) H N
H BH B
— 101k vEEBRN
’fé vvyEERBHN
S8 vVvvEBR
vVvvyvEenm
10°F
vvyvvyynm ) )
107" 100 10! 102
v/ vg

Fig. 5: Phase diagrams for stick-slip behavior vs. contact
line speed. Blue triangles: steady contact line motion; red
squares: stick-slip; yellow circles: high-speed continuous mo-
tion. (a) Tuning the magnitude of capillary forces v = s on
the vertical axis. (b) Varying the substrate viscosity on the

vertical axis.

The onset of stick-slip is located near v = vy, given by the
maximum of ¢ wvs. v. This maximum is independent of
as, up to a small correction due to the finite thickness €
of the fluid interface, as can be shown by the analytical
model (see fig. 1 of the SM). In physical units, however,
the onset of stick-slip is inversely proportional to v since
vy ~ 7vs. The transition to the fast continuous mode is,
in scaled units, nearly independent of the surface tension.
This can be rationalized again by a critical capillary num-
ber: since we tuned 7 and -~ simultaneously, the scale
of ¢ ~ «v/vs [13] remains constant, and neither Ca., nor
Ca ~ (vs/7)(T/ve) changes along the vertical axis. The
stick-slip mode disappears at very low v = 4, where £ ~ e.

Similarly, the solid viscosity 7 (panel (b)) has no mea-
surable impact on the critical v/v, for the transition to
stick slip since the maximum ¢, which governs this tran-
sition, is independent of 7. Still, the physical critical
velocity is proportional to 74 since vy ~ n;t. The tran-
sition to the fast continuous mode behaves differently.
Ca ~ (n/ns)(U/ve) increases with decreasing 7y, and the
damping effect of liquid dissipation becomes noticeable
already at smaller T/v,. Thus the transition back to
steady motion occurs earlier, such that the stick-slip region
ultimately disappears at very low 7. In any case, at very

large speeds, liquid dissipation will take over, leading to
wetting dynamics equivalent to those on rigid surfaces.

Discussion. — In this letter, we provide a comprehen-
sive numerical analysis of dynamical soft wetting, includ-
ing the physics of all relevant elements, the liquid, the
solid, and the interfaces. For each element, we used the
minimal required level of complexity, to keep physics in-
tact and conceivable: The Stokes limit for the fluid, a
Kelvin-Voigt constitutive relation for the soft solid, regu-
larized at a constant scale € < £, and constant and equal
solid surface tensions on all three interfaces. This simple
model already requires a complex, strongly coupled multi-
physics modelling approach, and exhibits rich behaviors.

Our numerical experiments cover a wide range of sys-
tem parameters, and we reveal three regimes in which the
dominant physical mechanisms differ: i) a slow regime, in
which the contact line motion is entirely dominated by the
dissipation in the solid. This regime is observed as long as
the viscoelastic braking force increases with speed. ii) an
intermediate regime, in which the dominant rate-limiting
mechanism periodically switches from solid to liquid dis-
sipation. This regime starts where the viscoelastic brak-
ing force exhibits a maximum with respect to the contact
line velocity. This maximum is caused by a resonance
effect, due to the regularization of a singular dissipation
at some finite (constant) length scale. Other mechanisms,
like dynamic solid surface tensions (surface constitutive re-
lations [23,31-35]) or a constitutive relation that exhibits
resonance (e.g., standard-linear solid [13]) would lead to
the same phenomenology. iii) a large-v regime with con-
tinuous motion, yet governed by viscoelastic braking, in
which liquid dissipation prevents strong oscillations of the
meniscus. This regime, and especially the transition into
it, is based on a strong coupling between solid and fluid
physics, and has so far, to the best of our knowledge, been
reported only in a single experimental work [21]. Since the
viscoelastic braking force, in contrast to liquid dissipation,
does not increase with velocity, we ultimately find again
liquid dissipation dominating the contact line motion, and
one recovers the wetting physics of rigid surfaces.

With this first comprehensive overview of soft wetting
physics scenarios, we provide a strong basis for inter-
preting the different phenomenology observed in exper-
iments, ranging from paraffins [21] over microelectronic
sealants [8,23] to biology [5,6,36] and motivate experi-
ments on the the so-far little explored transition to con-
tinuous motion beyond stick-slip.

X K K
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