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Dynamic wetting behaviors on soft solids are important to interpret complex biological processes from
cell-substrate interactions. Despite intensive research studies over the past half-century, the underlying
mechanisms of spreading behaviors are not clearly understood. The most interesting feature of wetting
on soft matter is the formation of a “wetting ridge”, a surface deformation by a competition between
elasticity and capillarity. Dynamics of the wetting ridge formed at the three-phase contact line underlies
the dynamic wetting behaviors, but remains largely unexplored mostly due to limitations in indirect
observation. Here, we directly visualize wetting ridge dynamics during continuous- and stick-slip
motions on a viscoelastic surface using X-ray microscopy. Strikingly, we discover that the ridge spreads
spontaneously during stick and triggers contact line depinning (stick-to-slip transition) by changing the
ridge geometry which weakens the contact line pinning. Finally, we clarify ‘viscoelastic-braking’, ‘stick-slipping’,
and ‘stick-breaking’ spreading behaviors through the ridge dynamics. In stick-breaking, no ridge-spreading
occurs and contact line pinning (hysteresis) is enhanced by cusp-bending while preserving a microscopic
equilibrium at the ridge tip. We have furthered the understanding of spreading behaviors on soft solids and
demonstrated the value of X-ray microscopy in elucidating various dynamic wetting behaviors on soft solids as
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1 Introduction

Most biological tissues are soft viscoelastic materials that
interact with liquids in processes where the surface tension
forces (capillarity) dominate." Cells, for example, can sense their
mechanical microenvironment, such as substrate stiffness,
through the small strain (3-4%) caused by cellular traction
forces™* and use this information to control biological processes,
e.g. morphogenesis,® differentiation,” and proliferation.” Here,
to elucidate the physics behind the complex processes, it is
prerequisite to understand wetting behaviors in the canonical
‘droplet on soft substrate’ system as a model for the ‘cell on

soft tissue’.®™
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Wetting behaviors on soft viscoelastic surfaces are complex
compared to those on hard solids, owing to the microscopic
deformation at the three-phase contact line, i.e. “wetting ridge”
formation.'®* It is challenging to accurately visualize wetting
ridges, primarily because of the limited spatial and temporal
resolutions in optical imaging methods."*>* Recently, Park and
coworkers successfully achieved accurate visualization of static
wetting ridges using X-ray microscopy'” and showed that static
wetting follows two force balance laws on different length
scales; Young’s law and Neumann’s law in macroscopic and
microscopic scales, respectively. Interpretation of the dual-scale
mechanics clearly explained the unique ‘asymmetric ridge’
geometry with a bent cusp and rotated tip."

Wetting ridges are intrinsically dynamic on viscoelastic
solids’®™® and underlie complex spreading behaviors such
as inertial spreading,’®'” viscoelastic braking,"*'® and stick-
slipping*®2° (or stick-breaking®?"**), and depend upon inter-
facial tensions,* substrate thickness,'® spreading rate,'**° and
surface softness.’®?° However, the wetting ridge dynamics
remains largely unexplored despite concentrated efforts in the
last few decades.

In this paper, we report the first direct observation of
wetting ridge dynamics, focusing on the migration and the
geometric change of the wetting ridge during drop-spreading,
using transmission X-ray microscopy (TXM).>>2® The most
significant finding is that the ridge spreads spontaneously
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during the stick in the stick-slip regime, changing its geometry
in a manner that weakens the pinning force of the contact line.
Our observations shed light on the role the wetting ridge plays
in various drop-spreading motions.

2 Experiment and methods
2.1 Materials and sample fabrication

We used drops of water (Millipore) generated by a syringe
pump, whose surface tension is yy = 72 mN m™". The drops
were gently placed on a viscoelastic silicone gel (the elastic
modulus, E = 3 kPa and ysjliconen = 21 mN mfi) spin-coated on a
Si wafer. The detailed protocols and mechanical properties
have been reported in Style et al.>” Here, we used large droplets
(the drop radius R ~ 1 mm) to remove size effects.**>* Note
that we controlled R < A. (~2 mm) to remove gravitational
effects, where /. = (yv/pg)"'? is the capillary length of liquid, .y
is the liquid surface tension, p is the liquid density, and g is the
gravitational acceleration.

2.2 Dynamic wetting experiment using transmission X-ray
microscopy

We performed X-ray experiments using TXM with high spatial and
temporal resolutions at the 32-ID-C beamline at the Advanced
Photon Source of the Argonne National Laboratory.>**® We used
two imaging conditions for different spatial (~ 50 (~30) nm pixel )
and temporal (~50 (~500) ms frame™") resolutions in different
fields-of-view (~25 (~81) pm X ~25 (~81) um). Detailed imaging
principles and image processing sequences have been reported
in our previous paper.'” To investigate wetting ridge behaviors
during drop-spreading, we tracked a wetting ridge after inducing
contact line depinning by injecting water into a sessile droplet;
to observe natural drop-spreading, we stopped injecting water
once the contact line is depinned, while to induce repeated
stick-slip motions, we supplied water continuously at a rate of
0.1-0.5 ul min~" depending on the radius of the inflating droplet
(R < ~2 mm (= A for water)). The experiments were conducted
under controlled temperature (22.5 °C) and humidity (19.5%).

3 Results

3.1 Direct observation of wetting ridge migration

Fig. 1a and b show high-resolution real-time side-view (Fig. 1a,
inset) images that display a wetting ridge, the three-phase (solid (S),
liquid (L), and vapor (V)) contact line (or the triple point), and the
Lv-interface. Remarkably, we observe that the wetting ridge
migrates with the contact line during drop-spreading; the ridge
continuously slips in the early stage (Fig. 1a) and repeatedly shows
stick-slip, as demonstrated in Fig. 1b (Movie S1, ESIf) at A¢
(elapsed time) = 35-122 s and at At = 122-127 s, respectively.
Fig. 1c and d show the displacements of the triple point (i.e. the
contact line) in the x- (1) and the z- (u, ¢y, i.e. the height of the
ridge, H) directions in the continuous - and the stick-slip stages,
respectively, measured from the real-time images of Movie S1
(ESIY). In this continuous-slip stage (Fig. 1a), the ridge migrates
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Fig. 1 Direct visualization of ridge migration on a soft gel surface. (a and b)
X-ray images of a ridge in (a) early continuous- and (b) later stick-slipping
motions. The scale bars, 5 um. (inset) Schematic illustration of wetting ridge
formation. (c and d) The displacement of the triple point in (a) and (b), i.e. the
contact line, in x- and z-directions (u, ¢ (tops) and u, . (bottoms), respec-
tively). A small ridge moves continuously with the contact line at a slipping
rate U; ~ 0.75 um st ((a) and top of (c)). The height of the ridge, u,cL
slightly increases during drop-spreading (bottom of (c)). The ridge sticks
during At = 35-122 s (top of (d)) and the base of the ridge side broadens (red
arrow heads in (b)). With a slight change of the macroscopic angle (A0 ~ 3°),
the contact line depins and the ridge slips (At = 122-127 s) together with the
contact line, at U, ~ 2.48 um s, Here, the ridge height, Uz (bottomiin (d))
increases a little bit during sticking (blue arrow heads).

with a constant velocity (U; ~ 0.75 pm s~ '; Fig. 1c, top) and a
constant macroscopic contact angle (6) (Fig. 1a) while its height
(H ~ 1 um) slightly increases (Fig. 1c, bottom). As the height
reaches a critical value (H =~ 1.5 pm at At = 16 s in this case, see
Movie S1, ESIt), the contact line becomes pinned with a slight
increase of 6 (A0 ~ 3°; compare the LV-interfaces at At = 35 s
(yellow dashed line) and at At = 122 s in Fig. 1b, middle),
marking the crossover to the stick-slip stage (Fig. 1b). Interest-
ingly, the ridge height (u,,c) slightly lowers in sticking (blue
arrow heads in Fig. 1d bottom), opposite to the slight heighten-
ing during continuous-slip (Fig. 1c, bottom).

In addition to ridge lowering, we unexpectedly observe that
the base of the ridge side in the dry (air) region broadens, as
marked by the red arrow heads (the right endpoints defined by
u, =0 um) at A¢ = 35 s and at At = 122 s in Fig. 1b. Fig. 2 shows
details of the broadening, taken at a lower part of the ridge side
during sticking (Movie S2, ESIt); gradual broadening can be
clearly seen from the advancement of the endpoint (red arrow
head) in Fig. 2a. Surface profiles (Fig. 2b) extracted from
Fig. 2a show the broadening occurs mostly in the base region
(blue arrow). The broadening speed ~0.55 um s~ ' (Fig. 2c¢) is
measured from the real-time images of Movie S2 (ESIf).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Broadening of a ridge side in sticking. (a) X-ray images of a
broadening ridge side. Each arrow head indicates the intersection with
the base line (u, = 0 pm). The scale bar, 5 um. (b) The surface profiles of the
ridge side in (a). The ridge broadens from At = O s (black sphere) to At =9 s
(red sphere). Ax = x — xo, Where x is the intersection (u, = 0 um) and xq is the
position at the left side of the field-of-view in (a). (c) The intersection (Ax)
moves toward the vapor side (blue arrow in (b)) at the rate of 0.55 pm s~ At
the end of broadening, the bottom region of the ridge side slightly shrinks
(black arrow).

3.2 Geometrical change of wetting ridges in sticking

To investigate the geometrical change of wetting ridges
observed in sticking, we investigate large-sized ridges (u,c1 >
5 pm) in stick-slip motions, by using thick silicone gel substrates
(h ~ 250 um)."® Here water is continuously injected into a sessile
droplet with a rate of 0.1-0.5 pl min~' to induce stick-slip
motions of the wetting ridge that are recorded in real-time by
TXM in a field of view (~81 um x ~81 pm).

Fig. 3a shows representative overlapped images of two snap-
shots of the wetting ridge in sticking, captured at A¢; = 48.5 s
and At, = 188.5 s, respectively, after the ridge sticks at Ato=0s
(see a real-time movie (Movie S3, ESIt)). This clearly demon-
strates that the ridge height lowers (red box in Fig. 3a) and the
ridge side broadens (see the blue box); the ridge ‘spreads’
during sticking. We will refer this spontaneous behavior of
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Fig. 3 Self-spreading of the wetting ridge in sticking. (a) An overlapped
image of two snapshots for the spreading ridge taken at At; = 48.5 s and
At, = 188.5 s, after sticking at Aty = 0 s. The scale bar, 5 um. (b) The time
evolution of the average ridge height, &_.c. (red circle for the left axis) and
the average macroscopic angle, Af (green circle for the right axis),
measured and averaged for nine events (Fig. S1, ESIt). The ridge height
decreases under a little increase of Af ~ 5.0° (@pin ~ 110.6 =4.1° and

A_Odepm ~ 115.6 £2.3°). The error bar is standard deviation at each At.
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the ridge as ‘the self-spreading of wetting ridges’ or ‘ridge-
spreading’. The height i,c; (red in Fig. 3b) lowers with
increased 6 (green in Fig. 3b), measured and averaged for nine
sticking events. We note that the stick-to-slip transition occurs
mostly during ridge height lowering, as seen by the transition
points (star symbols) in Fig. S1 (ESIt), implying a possible
contribution of the ridge-spreading behavior to the stick-to-slip
transition.

Ridge height dynamics can be complex; without a stick-to-
slip transition, the ridge eventually stops lowering and the
height starts to increase due to creep deformation until the
transition takes place (orange arrow in Fig. S1 and Movie S3,
ESIt). Note that the heightening rate (~28.5 nm s~ ') is similar
to the lowering rate (~31.5 nm s~ ') (black circles in Fig. S1,
ESIT). Furthermore, the shape of the ridge cusp is invariant
during the entire process (inset images of Fig. S1, ESIt). We can
infer from these results that the lowering/heightening is possibly
due to viscous flows inside the silicone gel ridge."”'? In fact, the
height lowering in sticking (red in Fig. 3b) is quite noticeable,
compared to possible lowering by a little decrease in the vertical

tension (yLy sin 0) by the small increase in 0 (A0 ~ 5.0° in Fig. 3b
(green) and 6, = 105°). This is attributed to the viscoelastic
properties of the silicone gel and details will be discussed later.

3.3 Depinning dynamics

To understand the stick-to-slip transition, i.e. the dynamics of
the contact line depinning, we track the cusp region in real-
time using TXM for a sharp wetting ridge with a large height
(uscL & 8 um), prepared on a thin (k ~ 50 pm) gel substrate?
(Fig. 4a, At = 0 s). Depinning is induced by water injection into a
sessile droplet. We observe the macroscopic contact angle
increases stepwise (A0 ~ 3°) by the timely injection of water,
as marked by the red arrow heads in Fig. 4c top (Movie S4, ESIT).
Notably, the angle significantly increases from 0p, (pinning
angle) ~ 108° (At = 0 s) up to Ogepin (depinning angle) ~ 123°
(At = 130 s) (Fig. 4a—c (top)) demonstrating that the large ridge
displays a strong pinning enhancement in sticking as quantified
by a large hysteresis A0 (x16°). In contrast, small ridges induce
weaker pinning (small A (x3°)), as in Fig. 1b.

The mechanism of the pinning enhancement can be
deduced from the stepwise bending of the ridge cusp that
occurs coincidentally with stepwise increase in 0 (Movie $4,
ESIT and Fig. 4c, top), which suggests the existence of a
horizontal ‘pinning force’ linked to contact-angle hysteresis.
We compare our experimental data to a model proposed by
Bostwick et al.,** who computed the deformations of a linear
elastic substrate due to a partially-wetting droplet. Here we
consider a fully-grown, static sessile ridge, rather than a moving
ridge described in a recent linear viscoelastic model.'® In
addition to the vertical wetting force F,(r) = pysin6y(8(r — R) —
(2/R)H(R — r)) for the unbalanced component of the liquid/gas
surface tension (0-point force) and the capillary pressure
(H-distributed force), we introduce a horizontal pinning force
F(r) = yivAd(r — R) with 4 = cos 0 — cos 0, proportional to the
deviation in geometric angle 0 from its static value 0, calculated

Soft Matter, 2017, 13, 8331-8336 | 8333
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Fig. 4 Enhanced contact line pinning by cusp bending. (a) A contact line
is strongly pinned by the large ridge with sharp cusp. The wetting ridge
remains after depinning (At = 131 s). The scale bars, 5 pm. (b) Surface
profiles of the wetting ridge extracted from (a). Green and red circles show
the initial (At = 0 s, 6 = 108°) and the final (At = 130 s, 6 = 123°) state
immediately before depinning, respectively. The solid (0 = 108°) and
dashed (6 = 123°) lines are calculated from a pinning model adapted from
the static wetting model of Bostwick et al.2* by introducing a pinning force
proportional to the change in the macroscopic contact angle (A6). The
agreement between the model and the extracted profiles indicates that
additional cusp bending is due to the pinning force. (c) The change in
macroscopic angle (A0) (upper panel) and the normalized equilibrium
constant (Ki/K;o. where i = L (blue circles), S (red circles), and V (green
circles)), calculated from Neumann'’s law, as a function of the observing
time (At).

from Young’s law (6, = 105°, here). This horizontal force is
related to contact-angle hysteresis. The calculated ridge profiles
in Fig. 4b show that the model (dashed and solid lines are for
0 = 108° and 123°, respectively) matches well with the experi-
mental data, which suggests the imbalance of horizontal forces,
i.e. break-up of the Young-Dupre equation, may induce addi-
tional bending of the cusp with increasing |4|. Alternatively,
one can view cusp bending as a mechanism for contact-angle
hysteresis in soft wetting phenomena. Note that the bent
cusp in static wetting (6, = 105°) occurs because of asymmetric
surface stresses.'”

The microscopic contact angles (0;) are accurately measured
at the ridge tip, from which we compute the normalized
equilibrium constants K;/K;,, where K; is an equilibrium con-
stant calculated from Neumann’s equation (K; = sin 0,/y; for
all cyclic permutations of the L, S, and V phases) and K;, is K;
at At =0, as shown in Fig. 4c bottom. K;/K; =1 fori=L, S,and V
means that the microscopic contact angles (6;), or the micro-
scopic force balance (i.e. Neumann triangle) at the contact line,
is preserved. Fig. 4c top shows that for small increases in
0 (A0 ~ 3° red arrow heads), Ki/K;, is around unity by the
cusp bending with AO (Movie S4, ESIt). This suggests that the
microscopic equilibrium is maintained throughout ‘cusp bending’.
However, Neumann’s triangle suddenly becomes unstable after a
large increase in 0 (A0 ~ 10°%; blue arrow head in Fig. 4c, top) at
At = 121 s resulting in contact-line depinnning (i.e. macroscopic
fluid flow or ‘slip’ occurs) at At = 131 s (Fig. 4a), which leaves the
ridge trace behind.
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This observation suggests the depinning dynamics under-
scores the dual-scale nature of the soft wetting phenomena
observed in static wetting;'* pinning is maintained as long as
the microscopic equilibrium is conserved by the cusp bending,
which also mediates the macroscopic non-equilibrium, i.e. the
deviation of the geometrical angle 0 from 0,. This indicates that
the initial pinning originating from viscoelastic energy dissipa-
tion by the continuous migration (or continuous formation) of
a wetting ridge'* is later enhanced by cusp ‘bending’. In other
words, the cusp bending by the horizontal pinning force causes
additional energy dissipation, reducing the mobility of the
contact line preventing fluid slip (motion).

3.4 Ridge-spreading and depinning dynamics

Enhanced contact line pinning by cusp bending highlights the
dual-scale nature inherent in soft wetting.'* From this, we infer
that microscopic ridge geometry significantly affects macro-
scopic pinning enhancement. Indeed, as seen in Fig. S1 (ESIT),
much weaker pinning is observed in the ridge-spreading stage
(as represented by A0 ~ 2° in Fig. 5a) than in the ridge-growing
stage (A0 =~ 16° in Fig. 5b).

Now, we address the specific role of ridge-spreading in
depinning dynamics, especially accounting for the geometrical
effect on the pinning enhancement, schematically illustrated in

W=l g%

-
S Viscous flow
Ridge spread

Ridge growth

Fig. 5 Ridge-spreading effects on depinning dynamics. (a and b) Over-
lapped images of two snapshots at their pinning (t,in) and depinning (tgepin)
points. A spreading ridge (blue arrow) easily depins a contact line by a
smaller increase of the macroscopic angle (A0 =~ 2° in (a)) than a growing
ridge (A6 ~ 16° in (b)). The scale bars, 10 um. (c and d) The schematic
illustrations of the pinning enhancement mechanism based on cusp
bending in a system with the same elasto-capillary length .. For a sharp
cusp (d) that is more flexible than a dull cusp (c) (AO; > A0,), the
microscopic equilibrium can be maintained better by further cusp bend-
ing. (e) Schematic illustration of ridge development in sticking. In the early
stage (t = t;), the ridge broadens (blue arrows) and lowers (red arrow), by
momentum transfer in the slipping direction and accompanying viscous
flows (green arrows). In the later stage (t = t,), the entire ridge structure is
lifted slowly with upward flows (green arrows), i.e. creep deformation.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5¢ and d. From a geometric view, ridge-spreading facilitates
depinning (slipping) by making a dull ridge (as in Fig. 5c) that
is more unfavorable to cusp bending, ie. weaker pinning
enhancement than a sharp one (as in Fig. 5d). As illustrated
in Fig. 5e, when a ridge sliding on a viscoelastic surface
suddenly sticks, its momentum diffuses mostly to the sliding
direction. Here the momentum flux is proportional to the
negative velocity gradient and the viscosity of the viscoelastic
gel. This momentum transfer causes ‘broadening’ of the base
region (see blue arrow in Fig. 2b, 5a and e), and subsequently,
the ridge height decreases due to downward viscous flows
(see green arrows in Fig. 5e at ¢ = ¢;) and mass conservation.
At this moment, possible broadening of the left base (left blue
arrow) arising from the viscous flows may be suppressed by the
Laplace pressure AP inside the droplet.”® If no stick-to-slip
transition occurs, the ridge-spreading eventually stops and
overall growth of the ridge (red arrow in Fig. 5e at t = ¢,) takes
place with upward flows (green arrows) through -creep
deformation.'” Here, the temporary shrinkage of the ridge base
(black arrow of Fig. 2c¢) is most likely due to the reversal
of viscous flows (compare the directions of the green arrows
att = t; and ¢, in Fig. 5e).

4 Discussion

As described above, the ridge migration is directly affected
by the ridge development processes and ridge-spreading plays
a key role in stick-slip motions. Now, based upon our
understanding on the wetting ridge dynamics and the depinning
mechanism, we revisit the dynamic wetting behaviors in
Fig. 1a, b and 4a.

‘Continuous slipping’ (or ‘viscoelastic braking’)** occurs for
sufficiently small ridges (as seen in Fig. 1a and 6a) which
require a relatively low energy for migration.* In this regime,
the ridge size H depends on the dwell time of the contact line,
i.e. the contact line velocity U, due to viscoelastic properties of
the gel,">"* as demonstrated in Fig. S2a (ESIt) by the opposite
tendency of H with respect to changes in U. Here, the continuous
ridge migration can be described by the simultaneous processes of
(i) the advancement of a contact line along the dry side (&, # 0 pm)
of the ridge frozen and (ii) the growth of a new ridge beginning
from the side (Fig. S2b, ESIt).>® This also explains the slight
increase of ridge height during continuous slipping (Fig. 1c,
bottom) for a given U, which will be continued until the ridge
reaches its steady state,'® as illustrated in Fig. $3 (ESIt).

For ‘stick-slipping’ and ‘stick-breaking’, the primary differences
originate from the wetting ridge dynamics although the transition
mechanism based on the failure of Neumann’s law at the ridge tip
is applicable to both regimes. First, stick-slip occurs for moderately
grown ridges, which begin to stick and pin the contact line
(Fig. 6b). The sudden sticking of the moving ridge induces ridge-
spreading and induces weak pinning or triggers early depinning
(Fig. 6b and Fig. S1, ESIt). Here no observed ridge traces after
depinning (see At =127 s in Fig. 1b) indicate rapid relaxation of the
deformed region."®*>° On the other hand, stick-breaking occurs for
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Fig. 6 Schematic illustration of ridge migration mechanisms. (a) Viscoelastic-
braking by continuous slipping of a small ridge with a contact line. The ridge
grows gradually (red arrows) until reaching the steady stage. (b) Stick-slipping
by a medium-sized ridge. The ridge spreads in sticking and easily slips with
contact line depinning induced by a small contact angle change. (c) Stick-
breaking by a fully grown ridge. Since the ridge is grown enough, i.e. in the
ridge growth stage, significant cusp bending enhances the contact line
pinning. Once depinned, the contact line jumps alone and makes a new ridge,
the trace of the old ridge remaining behind.

the fully grown ridge, which causes strong pinning enhancement
via significant cusp bending (as in Fig. 4a). When Neumann’s law
fails after a large increase in 0, the contact line suddenly §jumps’
(Fig. 6¢), making a new ridge and leaving a trace of the old ridge
(see At = 131 s in Fig. 4a), as reported.'®*>*?

5 Conclusion

We present direct visualization of wetting ridge dynamics
during drop-spreading using TXM with high spatio-temporal
resolution and report three key results that highlight the
viscoelastic features in ridge formation and the dual-scale
nature of the elasto-capillary dynamics. (i) The most striking
finding herein is that wetting ridges spread in a stick-slip
motion, specifically in sticking which triggers the stick-to-slip
transition by enhancing the mobility of the contact line. (ii) We
observe that macroscopic contact line pinning is enhanced
(or fluid motion inhibited) by cusp bending while preserving
the microscopic equilibrium. (iii) Finally, we clarify the mechanics
of ‘viscoelastic braking’, ‘stick-slipping’ and ‘stick-breaking’,
accounting for the ridge development and the depinning
dynamics underlying each behavior.

We believe our results on soft wetting dynamics can give
substantial inspiration to elucidate dynamic wetting on soft
solids, particularly those involving contact line pinning, such as
evaporation,*® contact angle hysteresis,**° drop impact,*® and
condensation.*" In particular, more systematic investigation
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about the ridge-spreading behavior originating from properties
of the soft surface will provide further understanding on surface
rheology, in particular, related with many complex biological
issues caused by cell-substrate interactions.
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