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State and Rate Dependent Contact Line Dynamics over an Aging Soft Surface
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We report direct atomic-force-microscope measurements of capillary force hysteresis (CFH) of a circular
contact line (CL) formed on a long glass fiber, which is coated with a thin layer of soft polymer film and
intersects a water-air interface. The measured CFH shows a distinct overshoot for the depinning of a static
CL, and the overshoot amplitude grows logarithmically with both the hold time z and fiber speed V. A
unified model based on the slow growth of a wetting ridge and force-assisted barrier crossing is developed
to explain the observed time (or state) and speed (or rate) dependent CL depinning dynamics over an aging
soft surface. The experimental findings have important implications to a common class of problems
involving depinning dynamics in a defect or roughness landscape, such as friction of solid interfaces.
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Pinning-depinning (or stick-slip) is a common phenome-
non both in nature and in many engineering applications. It
is observed in a variety of out-of-equilibrium disordered
systems as a Yyield response to an external forcing.
Examples include the dynamics of magnetic domain walls
[1,2] and vortex lines [3]; the solid friction [4,5]; the plastic
deformation of crystals and glassy materials [6,7]; and in
geological flows, such as snow avalanches and earthquakes
on faults [8,9]. The pinning-depinning dynamics often
exhibit a state dependent increase of pinning strength
owing to the contact aging. Recent atomic force micros-
copy (AFM) measurements [ 10—13] using a nanoscopically
sharp AFM tip sliding against a crystal surface revealed that
the frictional aging for a single asperity at the nanoscale
may arise from the strengthening of interfacial chemical
bonds. At the macroscopic level, however, other mecha-
nisms may contribute to contact aging, such as slow
creeping of asperities in the contact area [14]. Because
of the complexity of the phenomena owing to the extreme
conditions and complex material parameters involved, our
fundamental understanding of the pinning-depinning
dynamics is often limited by fewer direct measurement
of individual slip events and empirical modeling and
simulations [9,15,16].

In this Letter, we report a systematic study of the state and
rate dependent pinning-depinning dynamics in a unique
model system, namely, the moving contact line (CL) between
a liquid-air interface and a heterogeneous solid surface made
of a soft polymer film. Because of the physical roughness and
chemical inhomogeneity on the polymer surface, the CL
undergoes a pinning-depinning transition under a constant
pulling [17,18]. This CL pinning causes the contact angle 6
between the liquid and solid surfaces to exhibit some
hysteresis with the advancing contact angle 8, being larger
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than the receding contact angle 6, [19-21]. In the experi-
ment, we use a recently developed “long-needle” AFM
[22-25] to directly measure the capillary force acting on a
circular CL. As shown in Fig. 1, the long needle is made of a
thin glass fiber coated by a layer of temperature-sensitive
poly(N-isopropylacrylamide) (PNIPAM) of ~60 nm in
thickness (see Supplemental Material [26] for more details).
The vertical PNIPAM-coated glass fiber penetrates a liquid-
air interface, at which a circular CL is formed on the fiber
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FIG. 1. Sketch of the AFM-based capillary force apparatus at a
liquid-air interface. The “long needle” AFM involves a vertical
glass fiber of diameter d in the range 1-3 ym and length
150-300 pm, which is glued on to the front end of a rectangular
cantilever beam. The surface of the glass fiber is coated with a
thin layer of soft polymer film (PNIPAM). The inset indicates a
slow growing wetting ridge (dashed lines) of height /(z) formed
beneath the three-phase CL. The solid line indicates the wetting
ridge with a tangential displacement ¢ and corresponding tilted
angle d¢ resulting from the CL pulling when the fiber moves
downward.
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FIG. 2. Variations of the measured capillary force f and
corresponding contact angle € [see Eq. (1)] when the glass fiber
is first pushed downward (advancing —) and then is pulled
upward (receding <) through a water-air interface. The mea-
surements are made at a fixed fiber speed V = 10 ym/s and
sample temperature 7 = 26 °C for different hold times: 7 = 1
(black), 10 (red), 30 (green), and 100 s (blue).

surface. The long-needle AFM can accurately measure the
capillary force [22,31],

fi(s) = —mdy cos 0;(s), (1)

as a function of fiber traveling distance s in the advancing
(fiber moves downward, i = a) and receding (fiber moves
upward, i = r) directions. Here, 7d is the length of CL on the
fiber and y is the liquid-air interfacial tension. In this
experiment, we use the fiber with diameter d ~ 1.8 ym.
The sign of f; is defined as f; < 0 for §; < 90° and f; > 0
for 6, > 90°.

Figure 2 shows the typical CFH loops obtained when the
PNIPAM-coated fiber is first pushed downward (advancing
—) and then is pulled upward (receding <) through a
water-air interface at a constant speed V. Before the fiber
starts to move downward, it was partially immersed in the
water and was held stationary for a hold time z. When the
fiber advances (—), the pinned interface is stretched,
causing a sharp linear increase in f with the distance
traveled s, as shown by a straight line on the left side of the
loop. When the restoring force of the liquid interface
reaches its maximal value, (f,)., the CL depins with an
abrupt decrease in f and then begins a steady stick-slip
motion with the measured f fluctuating around a mean
value f, in the force curve. It is seen that the overshoot
value, (f,), — fa, increases with the hold time z. When the
direction of the fiber motion is reversed (<), the interface is
pinned again and is stretched with the measured f decreas-
ing linearly with s (right side of the loop). The CL then
depins and the measured f reaches a steady-state value f,
in the receding direction. In this case, no overshoot is
observed.

Figure 3 shows another set of CFH loops, which are
obtained at different fiber speeds V while the hold time 7 is
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FIG. 3. Variations of the measured f and corresponding 6 as a

function of traveling distance s for different fiber speeds: V =3
(black), 10 (red), 30 (green), and 100 um/s (blue). The mea-
surements are made at a fixed hold time 7 =1 s and sample
temperature 7 = 32 °C.

kept at a fixed value. Each CFH loop consists of a sharp
overshoot on the left side of the loop in the advancing
direction, followed by a steady-state value of f,. The
overshoot increases with the fiber speed V, whereas the
measured f, shows an opposite speed dependence, which
decreases with increasing V. In the receding direction,
neither the overshoot nor speed dependence is observed in
the measured f,.

Figures 2 and 3 reveal several interesting features of the
CL dynamics over a soft surface. (i) The magnitude of the
overshoot in the capillary force is found to depend both on
the pinning state (or pinning age), i.e., the hold time 7, and
on the pulling rate, i.e., the fiber speed V. This state and rate
dependent overshoot is not observed for a hard surface
(such as a pure glass fiber) with various liquid-air interfaces
[25]. (ii) The overshoot is strengthened with increasing V,
whereas the steady-state value f, for an advancing CL
shows an opposite V dependence. This behavior suggests
that the depinning of a static CL differs from the continuous
stick-slip motion of a moving CL. (iii) The CFH loop is
asymmetric with a large state and rate dependent overshoot
only in the advancing direction. The advancing curve in the
steady state also reveals relatively large fluctuations com-
pared with those in the receding curve. In previous experi-
ments [23-25], we found that the advancing CL is pinned
primarily by the nonwetting (repulsive) defects, whereas
the receding CL is pinned primarily by the wetting
(attractive) defects. These two different types of defects
were found to coexist on ambient solid surfaces [25]. For
the PNIPAM-coated glass fiber, the polymer network
behaves like nonwetting defects, so that the CL is pinned
predominantly in the advancing direction. This explains
why the overshoot and V dependence occur only in the
advancing direction but not in the receding direction.

To further quantify the overshoot in the advancing
direction, we define the overshoot amplitude per unit
length as AF(z,V)=[(f.).— f,)/(7d), which is a
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FIG. 4. Measured overshoot amplitude AF (7, V) as a function
of hold time 7 at a fixed fiber speed V = 10 um/s. The
measurements are made at two sample temperatures: T =
26°C (red triangles) and T = 32°C (black squares). The error
bars show the standard deviation of the measurements. The solid
lines are the fits of Eq. (2) to the data points with A(26 °C) =
3.99 +0.25 mN/m, 73(26°C) =3.4+0.5s, and A(32°C) =
2.97 £0.20 mN/m, 7((32°C) = 0.05 £ 0.02 s.

function of hold time 7 and fiber speed V. Here f, is taken
as a reference and it does not change with 7 and V. Figure 4
shows how the measured AF(z, V) changes with 7 at a
fixed value of V. The measured AF (7, V) at a fixed V
shows an approximate In(z) dependence for large values of
7, which is a straight line in the linear-log plot. PNIPAM is
a temperature-sensitive polymer with a lower critical
solution temperature (LCST) around 32°, above which
the polymer network undergoes a reversible phase tran-
sition from a swollen hydrated state to a shrunken dehy-
drated state, which is more hydrophobic and stiffer [32]. It
is seen that the measured AF (7, V) for PNIPAM near its
LCST is much larger than that at a lower temperature.

Figure 5 shows how the measured AF(z,V) (black
symbols) changes with V at a fixed value of z. The
measured AF (7, V) at both temperatures shows a In(V)
dependence as well. For comparison, we also show, in
Fig. 5, the measured AF (V) = (f, — f,)/(nd) (red sym-
bols) for a moving CL at the steady state as a function of V.
It is seen that while the measured AF,(V) still exhibits a
In(V) dependence at both temperatures, it shows a different
trend that decreases with increasing V. Note that AF (V) is
independent of z, as shown in Fig. 2.

Similar logarithmic time dependence was also observed
for the static fiction between two solid surfaces made of
rocks, polymers, and other materials [12,13,33-35]. It was
shown recently [12,13] that the frictional aging for nano-
scale silica contacts is caused by the progressive formation
of interfacial chemical bonds under a normal compression.
In our case, however, the logarithmic growth of the over-
shoot is caused by the formation of a “wetting ridge” below
the CL, which is developed under the constant pulling of
the normal component of the capillary force acting on the
soft PNIPAM surface [26,36]. This wetting ridge has been
observed on surfaces made of various soft materials, such
as silicone rubber [37], silicone gel [38,39], and elastomers
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FIG. 5. Comparison between the measured AF(z,V) for a
static CL (black symbols) and AF,(V) for a moving CL
(red symbols) both as a function of fiber speed V. The
measurements are made at a fixed hold time =1 s and at
temperatures 7 = 26 °C (triangles) and 32 °C (squares). The error
bars show the standard deviation of the measurements. The
black lines are the fits of Eq. (2) to the data points with
B(26°C) = 3.71 £ 0.50 mN/m, V(26°C)=19.6+5.0um/s
and  B(32°C) =2.63 £0.40 mN/m, Vy(32°C) =125+
0.40 ym/s. The red lines are fits of Eq. (3) to the data points
with (B—A)(26°C) =—0.26£0.02mN/mand (B — A)(32°C) =
—0.35 £ 0.02 mN/m.

[40,41]. For all these materials, the wetting ridge was found
to act as a physical barrier that hinders the CL motion. It
was shown [41] that the ridge height grows logarithmically
in time, i.e., h(z) ~ hyIn(1 + 7/7;), where Sh(z) is the
height variation of the ridge and /4, is a characteristic length
of the system (for a thin film, A is the film thickness [40]).
The growth rate, 7;' = D/h3, of the wetting ridge is
limited by the diffusion of the solvent through the
PNIPAM network with D being the diffusivity of the
solvent in the poroelastic material.

When the fiber advances, the CL is pulled by the
restoring force of the liquid interface so that the ridge is
pulled away from its static position by an amount €, as
illustrated in the inset of Fig. 1. The displacement € can be
written as e(z) = h(7) tan(5¢) =~ h(z)S¢,, where S¢ is a
typical (small) value of the tilted angle of the ridge under
the tangential pulling. This elastic deformation of the ridge
generates a dissipative straining force, Fg(7) ~ ndEe(7) =~
xdEh(7)6¢hy [42], which deforms the defect landscape that
the CL is anchored to [40]. As a result, the pinning barrier is
strengthened in time, giving rise to the aging effect and an
extra time-dependent force Fg(z) needed to depin the CL
[26]. In this way, the restored elastic energy in the deformed
ridge is dissipated by the local rearrangement of the
polymer network.

Even for a nondeforming substrate, one still needs a
rupture force, Fg ~ zd(a/A)f ., to break the pinning bonds
between the CL and defects on the substrate so that the CL
can move [23,24]. Here a// is the defect line density with A
being the defect size and a < 1 being a numerical constant,
and f. ~ 3E, /s the critical force needed to break a single
defect bond with an energy barrier E,, [43,44]. When the
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fiber surface on which the CL is pinned moves at a constant
speed V, the liquid interface is continuously stretched and
exerts a time-dependent pulling force, f, ~ k,Vt, on the CL,
where k; ~ y is the spring constant of the liquid interface
[25]. If the normalized loading rate k,V/ f . is smaller than the
thermal activation rate Kyexp(—E,/kgT) (i.e., when the
energy barrier E, is not too large compared with the thermal
energy kgT), thermal fluctuations can help the barrier
crossing and the force needed to depin a single defect
is less than f.. In this case, one can show [23,24,45,46]
that Fg(V) ~ zd(a/A)(2kgT /) In(1 4+ V/V,), where V) =
2kpTKyexp(—E,/kgT)/(e %k A) is a characteristic speed,
K, is the attempt frequency, and o~ 0.577 is the Euler
constant [26].

By taking both the aging effect of the wetting ridge and
thermal activation effect of the force-assisted barrier cross-
ing into account, we obtain the CL depinning force per unit
length, AF(z,V) = [Fg(z) + F(V)]/(xd), as,

AF(z,V)=AF,+Aln <1 +1) +Bln (1 +l>, 2)
o Vo

where AF| is the residual CFH, which is independent of =
and V. The second and third terms on the right-hand side of
Eq. (2) are, respectively, the state and rate dependent parts
of the CFH with A = Ehyé¢pg and B = (a/1)(2kzT/A). A
similar equation was also obtained for the state and rate
dependent friction of solid interfaces [34,35,47]. For a fixed
value of V, AF(z,V) in Eq. (2) shows a In(z/zy) depend-
ence for large values of 7/7,. The solid lines in Fig. 4 show
the fits of Eq. (2) to the data with A and 7, as two fitting
parameters. In the fitting, the value of the constant, AF +
BlIn(1 4+ V/V,) (=AF,), has been predetermined in the
experiment at 7 ~ (0 without the overshoot [26]. It is seen
that Eq. (2) fits the data well.

Similarly, for a fixed value of z, AF(z,V) in Eq. (2)
exhibits a In(V/V,) dependence for large values of V/V,,.
The black lines in Fig. 5 show the fits of Eq. (2) to the data
with B and V|, as two fitting parameters. In the fitting, the
constant AFy+ Aln(1 +7/7y) has been predetermined
from the measured force relaxation when the advancing
fiber suddenly stops with V ~ 0 [26]. From the fitted values
of B and V,, we obtain the energy barrier height E, ~
(10 = 15)kgT and defect size A~ (1.2 —1.4) nm [26].
Similar values of E;, and A1 were also obtained for the
depinning of a static CL over a hard hydrophobic fiber
surface without any aging effect [23,24].

Compared with the measured AF (7, V), which is an
increasing function of V for a static CL, the measured
AF,(V) for a moving CL exhibits a different trend that
decreases with V, as shown in Fig. 5 (red symbols). For an
advancing CL at a constant speed V, its contact with the
underlying surface defects is continuously refreshed once
the CL moves over a “memory” distance Z... Therefore, the

effective hold time for a moving CL is 7 =7¢,./V. By
substituting this definition of 7 into Eq. (2) and taking the
limit (¢./V)/7o > 1, we have

AFa(V):AFO—k(B—A)ln(VK) +A1n< O ) 3)

0 Voo

The red lines in Fig. 5 show the fits of Eq. (3) to the data
with B — A (slope) and an intercept as two fitting param-
eters. The fitted values of B — A agree with the values of A
and B obtained separately from the measured AF (7, V).
Our finding that A > B suggests the aging effect is more
important for the soft PNIPAM surface.

The above results thus demonstrate that the aging effect
of the wetting ridge causes the depinning force to exhibit a
logarithmic growth in time for a static CL and speed
weakening for a moving CL. We expect that these features
are also applicable to other soft viscoelastic surfaces, as the
formation of a wetting ridge introduces an extra viscoelastic
dissipation for all soft materials. Furthermore, Eqgs. (2) and
(3) provide predictions about how the depinning force
depends on the material parameters. First, the correlation
distance 7, can be obtained by extrapolating the two solid
lines of AF,, and AF, in Fig. 5 to the crossover point,
V ~0.5 um/s (at 32°C), at which AF(7,V) = AF,(V)
and thus 7 =7¢,./V. With 7 =15, we find £, ~0.5 um.
This value of 7. is much larger than the defect size A
(=~1.3 nm), but is comparable to the typical slip distance, as
shown in the measured capillary force fluctuations (see the
magnified plot in Fig. S4 [26]).

Second, the aging effect depends sensitively on the
poroelastic properties of the soft surface, which determine
the growth rate of the wetting ridge [41,48]. With the
temperature-sensitive PNIPAM, one can vary the poroe-
lastic properties of the solid surface in situ by changing
the sample temperature 7. For example, at T = 32 °C, the
PNIPAM network starts to shrink and its surface becomes
stiffer and more hydrophobic [26]. As a result, both the
film thickness and pore size are reduced and so does
the aging time 7, as shown by the fittings in Fig. 4. Our
experimental findings thus demonstrate a unique
microscopic mechanism underpinning the state and rate
dependent pinning-depinning dynamics, which has
many important applications in microfluidics and nano-
technology. For example, by adjusting the substrate
softness, one is able to modify the CL dynamics
and further control the droplet evaporation and heat
transfer [49,50].
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