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We report direct atomic force microscopy measurements of pinning-depinning dynamics of a circular
moving contact line (CL) over the rough surface of a micron-sized vertical hanging glass fiber, which
intersects a liquid-air interface. The measured capillary force acting on the CL exhibits sawtoothlike
fluctuations, with a linear accumulation of force of slope k (stick) followed by a sharp release of force δf,
which is proportional to the CL slip length. From a thorough analysis of a large volume of the stick-slip
events, we find that the local maximal force Fc needed for CL depinning follows the extreme value
statistics and the measured δf follows the avalanche dynamics with a power law distribution in good
agreement with the Alessandro-Beatrice-Bertotti-Montorsi (ABBM) model. The experiment provides an
accurate statistical description of the CL dynamics at mesoscale, which has important implications to a
common class of problems involving stick-slip motion in a random defect or roughness landscape.
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Contact angle hysteresis (CAH), where the contact line
(CL) between a liquid-air interface and a solid substrate is
pinned by the physical roughness and/or chemical hetero-
geneities on the solid surface, is a long-standing problem
in interfacial dynamics [1–4]. The CL pinning causes the
contact angle θ between the liquid and solid surfaces to
exhibit hysteresis, with the advancing contact angle θa
being larger than the receding contact angle θr [1–3,5].
Although considerable progress has recently been made
in controlling the wettability of various textured solid
surfaces [6,7], the CAH that occurs on many ambient
solid surfaces of interest remains poorly understood. For
example, there is not yet a theoretical or experimental
explanation for how CAH is determined by the basic
features of the underlying pinning force field [3–5].
When a CL is pulled under a constant speed, the CL

motion is accomplished by a continuous series of local
pinning-depinning events, with each individual event
involving a varying number of defect sites (or different
slip sizes) on the solid surface. It is commonly believed that
the dynamics of CL depinning involves avalanches of slip
size, which give rise to a power-law distribution of the slip
length [8–12]. Experimental studies of the CL dynamics
are often conducted in two spatial regimes. One is at the
macroscopic level, in which a CL of macroscopic length
interacts with many surface defects simultaneously and
thus fluctuations resulting from individual slip events are
averaged out. These studies focused mainly on the mean
value of the advancing and receding capillary forces (or
contact angels θa and θr) [13–22]. The other is at the

nanoscopic level, in which a nanoscale tip is in contact with
a liquid interface [23–25]. In this case, only single-defect
dynamics is at play without involving any collective effect
of multiple defects, which is a key factor in avalanche
dynamics [8–12]. What is lacking in the study of CL
dynamics is an experimental framework at the mesoscale
that is small enough to resolve the slip events at the single
slip resolution but is also large enough to allow the
individual slips to have a broad range of slip sizes in a
well-characterized defect landscape.

FIG. 1. Schematic of the long-needle AFM probe made of a
vertical glass fiber of diameter d ≃ 3 μm and length ∼600 μm.
The glass fiber penetrates a liquid-air interface and a circular
contact line is formed on the fiber surface. The inset shows a
magnified AFM topographic image of a portion of the fiber
covered by a variety of PTS clusters.
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In this Letter, we demonstrate that the micron-sized
long-needle AFM, as illustrated in Fig. 1, provides such a
mesoscale experimental framework for the study of the
collective depinning of a moving CL at the single-slip
resolution. With this framework, we are able to provide a
statistical description of the pinning-depinning dynamics at
a critical state [9,12,21], which bridges the gap between the
microscopic behavior of individual slips and the macro-
scopic laws of CAH.
Figure 1 shows the working principle of the long-needle

AFM. The vertical glass fiber is glued onto the front end of
a rectangular AFM cantilever and a circular CL of length
πd is formed on the fiber surface when the lower fiber
tip touches a liquid-air interface. The glass fiber is coated
with a thin layer of propyltrichlorosilane (PTS), so that its
surface becomes both physically and chemically rough
with many randomly distributed PTS aggregates having a
broad range of sizes, as shown in the inset of Fig. 1
(see Supplemental Material, Secs. I.A and II.A for more
details [26]). In the experiment, we use the long-needle
AFM to accurately measure the capillary force F acting on
the circular CL [13,47–49],

FðzÞ ¼ −πdγ cos θðzÞ; ð1Þ

as a function of fiber traveling distance z in the advancing
(fiber moves downward) and receding (fiber moves
upward) directions. Here, γ is the liquid-air interfacial
tension, and the sign of F is defined as F ≤ 0 for θ ≤ 90°
and F>0 for θ > 90°. With the fiber speed u ¼ 0.62 μm=s,
we find the capillary number Ca ≤ 10−7 for the fluids used
and hence the viscous drag is negligibly small compared to
the capillary force. Our AFM measurements are, therefore,
conducted at the low speed (or static) limit (see
Supplemental Material, Secs. I and III.A for more experi-
mental details [26]).
Figure 2(a) shows two typical hysteresis loops of FðzÞ

when the fiber is first pushed downward (advancing) and
then pulled upward (receding) for two liquid interfaces. At
the beginning, the fiber was partially immersed in the liquid
and the CL was pinned on the fiber surface. As the fiber
starts to advance (or recede), the pinned liquid-air interface
is stretched, causing a linear increase (or decrease) in FðzÞ,
as shown by the left (or right) side of the hysteresis loop.
The slope k0, which is proportional to γ, defines the static
spring constant of the liquid interface [5]. When the elastic
restoring force exceeds the maximal pinning force, the CL
depins and begins to move, giving rise to steady-state
fluctuations of FðzÞ. Figure 2(b) shows a magnified view
of the steady-state zigzag curve of FðzÞ, which has a
sawtoothlike shape with a slow accumulation of force
(pinning or stick) followed by a sharp force release
(depinning or slip). The local stick-slip events are charac-
terized by three quantities, k, Fc, and δf, as marked in
Fig. 2(b). The slope k of the linear force accumulation

defines the dynamic spring constant of the moving CL. The
local maximal force Fc is the critical depinning force
needed for the onset of slip, at which a segment of the CL
slips off from the pinning sites with a sudden release of
force δf. As the CL sweeps over the PTS-coated fiber
surface, the stick and slip cycles repeat with k, Fc, and δf
all showing significant fluctuations (see Supplemental
Material, Sec. II.B for more details [26]).
Figure 3 shows the measured probability density func-

tion (PDF) PðfcÞ of the normalized maximal force fc ¼
ðFc − hFciÞ=σFc

, where hFci and σFc
are, respectively, the

mean and root-mean-squared values of Fc. The measured
PDFs PðfcÞ for a given fiber but with different liquids
overlap with each other, suggesting that the measured
PðfcÞ is an intrinsic property of the fiber surface and is
insensitive to the liquids used. All the measured PDFs
PðfcÞ can be well described by the generalized extreme
value (GEV) distribution [50],

PðfcÞ ¼
1

β
ð1þ ξyÞ−ð1þ1=ξÞe−ð1þξyÞ−1=ξ ; ð2Þ

where y ¼ ðfc − μÞ=β with μ ¼ β½1 − Γð1 − ξÞ�=ξ, β ¼
jξj=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γð1 − 2ξÞ − Γ2ð1 − ξÞ

p
, and Γð…Þ being the gamma

function. Equation (2) is used to model the distribution of
extreme values in a sequence of independent and identically
distributed random variables with zero mean and unity
variance. The solid lines in Fig. 3 show the fits of Eq. (2)
to the data with only one fitting parameter ξ. For the
two fibers used, we find ξ ¼ −0.17 (black line) and
ξ ¼ −0.06 (red line).

FIG. 2. (a) Measured capillary force FðzÞ as a function of
vertical displacement z of the fiber, when it is pushed downward
(advancing) and is pulled upward (receding) through a liquid
interface. The red curve is obtained for a water-air interface and
the black curve is obtained with the same fiber segment in contact
with an ethylene-glycol-air interface. All the measurements are
made when the fiber moves at a constant speed u ¼ 0.62 μm=s.
(b) A magnified view of the black curve marked in the blue box
in (a). The blue downward and red upward triangles mark,
respectively, the beginning and end of each slip event of the CL.
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For ξ < 0, Eq. (2) is reduced to the reversed Weibull
distribution that has an upper bound ðfcÞM ¼ μ − β=ξ
beyond which PðfcÞ ¼ 0. This means the local maximal
force has an upper bound, ðFcÞM ¼ ½ðfcÞM�σFc

þ hFci.
Note that the measured Fc [and hence ðFcÞM] by AFM
contains an equilibrium contribution, Feq ¼ −πdγ cos θ0,
when the fiber surface has no defect [see Eq. (1) and
Supplemental Material Sec. III.A for details [26])]. For the
two sets of data obtained with different fibers but with the
same liquid, we find their net roughness-induced maximal
force, ðFcÞ0M ¼ ðFcÞM − Feq, differs considerably with
ðFcÞ0M ≃ 402 nN for the black circles and ðFcÞ0M ≃
750 nN for the red circles. This difference in ðFcÞ0M is
correlated with the actual morphology of the fiber surface.
As shown in the insets of Fig. 3, the fiber surface with a
larger variation of defect sizes (right image) yields a wider
distribution in PðfcÞ (red circles) and a larger upper bound
ðFcÞ0M. This is because large defects tend to pin the CL
more firmly compared with small ones, and they are
responsible for producing larger values of fc and thus
dominate the tail part of PðfcÞ. For ξ ¼ 0, Eq. (2) is
reduced to the Gumbel distribution, which has an expo-
nential tail with an infinite upper bound [ðfcÞM → ∞].
Evidently, the red circles shown in Fig. 3 are not far from
this limit. The extreme value statistics for Fc has been
predicted in a previous theoretical calculation [10].
When the CL sweeps over the fiber surface, a sudden slip

of the CL takes place only locally over a CL segment where

the defect-induced pinning force can no longer balance the
continuously increasing elastic restoring force from the
stretched liquid interface. The force release δf for a local
slip can be written as

δf ¼
Z

πd

0

dxfh½x; ziðxÞ� − h½x; zfðxÞ�g

¼ −h∂zhiAπdΔzslip ≃ k0Δzslip; ð3Þ
where hðx; zÞ is the defect-induced heterogeneous inter-
facial tension difference between the solid-air and solid-
liquid interfaces (with x being in the direction along the
CL), ziðxÞ and zfðxÞ are, respectively, the CL positions
before and after the slip. In the above, Δzslip ¼
ð1=πdÞ∬Adxdz is the center-of-mass displacement of the
CL during the slip, and h…iA denotes an averaged over the
area A enclosed by ziðxÞ and zfðxÞ (see inset of Fig. 4).
The third equality of Eq. (3) results from the onset
condition for a local slip to occur, when the slope k0 of
the external pulling force becomes equal to the local
(downward) slope jh∂zhiAjπd of the defect-induced pinning
force field [51–53]. Indeed, we find that this onset con-
dition is satisfied during the CL slip (see Supplemental
Material, Sec. III.B for more details [26]).
Using Eq. (3), we obtain the slip length Δzslip ¼ δf=k0

for each slip event and its PDF PðΔzslipÞ is shown in Fig. 4.
It is found that the measured PDFs for fibers with different
surface roughnesses and in contact with different liquids
overlap with each other and can be described by a common
power law,

PðΔzslipÞ ∼ ðΔzslipÞ−ϵ; ð4Þ

FIG. 3. Measured PDFs PðfcÞ of the normalized maximal force
fc. The black symbols are obtained using the same PTS-coated
fiber with three different liquids: water (upward triangles),
66 wt.% glycerol aqueous solution (downward triangles) and
ethylene glycol (circles). The red circles are obtained using a
different PTS-coated fiber with ethylene glycol. The four sets of
data are all obtained in the advancing direction at u ¼ 0.62 μm=s.
For each set of data, the measured FðzÞ recorded approximately
2500 slip events over a traveling distance z ≃ 500 μm. The black
and red solid lines show the fits of Eq. (2) to the black and red
circles, respectively, with ξ ¼ −0.17� 0.04 (black line) and
ξ ¼ −0.06� 0.04 (red line). Insets show the AFM topographic
images of the two PTS-coated fiber surfaces used and the vertical
gray-scale bar applies to both AFM images.

FIG. 4. Log-log plot of the measured PDFs PðΔzslipÞ of the slip
length Δzslip. The four sets of data are obtained using the same
force trajectories and with the same symbols as those used in
Fig. 3. The solid line shows a fit of Eq. (4) to the data points with
the power-law exponent ϵ ¼ 1.45� 0.10. The inset shows a
sketch of a local slip of the CL, with the blue solid line and black
dashed line indicating, respectively, the CL positions before and
after the slip. The red solid and dashed lines show the corre-
sponding center-of-mass positions of the CL.
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with the power-law exponent ϵ ¼ 1.45� 0.10. This result
demonstrates that CL stick-slip indeed involves avalanche
dynamics, which gives rise to a broad range of slip lengths
without a characteristic value [8,10–12]. The power-law
exponent ϵ quantifies the relative incidence between the
large-sized and small-sized slips, i.e., more large-sized slips
are detected for a smaller value of ϵ, and vice versa.
Figure 4 reveals that the value of ϵ remains unchanged
for fibers with different roughnesses and in contact with
different liquids studied.
When a mesoscale CL moves over the fiber surface, it

interacts with a finite number of defects (roughly 10–100)
and its stick-slip involves multiple defects. For example,
when a strong defect slips, it releases a large stress, which is
partially transferred to its neighboring defects and triggers
their slips. This avalanche process is described by the
ABBMmodel [8,10–12], which predicts ϵ ¼ 3=2 at the low
speed limit. Figure 4 thus provides a direct verification
of the ABBM model at the single slip resolution (see
Supplemental Material, Sec. III.C for more details [26]).
We now discuss the statistics of the dynamic spring

constant k. The inset of Fig. 5 shows the measured PDF
PðkÞ of the normalized variable k=k0. Here k0 is the static
spring constant when the CL is completely pinned, as
shown in Fig. 2(a). It is seen that the four sets of data have a
similar shape, once k is normalized by k0. The measured k
varies in the range 0.3≲ k=k0 ≲ 1.1 and is peaked around
k=k0 ≃ 0.94, which indicates that k0 sets a cutoff value
for k. This result suggests that the CL is often partially
pinned and its local (microscopic) movement allows the
CL to feel a local (upward) force gradient (or spring
constant) k0 resulting from the defect landscape hðx; zÞ.

With a local balance between the pinning force Fpin ¼R
πd
0 h½x; zclðxÞ�dx and the elastic restoring force of the
liquid interface, we find

1

k
¼ 1

k0
þ 1

k0
; ð5Þ

where k0 ¼ dFpin=dz̄cl > 0 (z̄cl ¼ ð1=πdÞ R πd
0 zclðxÞdx is

the mean position of the CL (see Supplemental Material
Sec. III.B for details [26]). Equation (5) states that the
dynamic spring constant k comes from two springs con-
nected in series; one is from the pinning force field FpinðzÞ
with the spring constant k0 and the other is from the liquid-
air interface with the static spring constant k0. As the CL
sweeps over the PTS-coated fiber surface, it feels different
values of k0. Equation (5) indicates that k has an upper
bound k0 when the CL is completely pinned (k0 → ∞),
which explains the variation range of the measured k.
With Eq. (5), one can extract the local force gradient k0

from the measured k and its PDF Pðk0Þ is shown in Fig. 5.
It is found that the measured PDFs Pðk0Þ for fibers with
different surface roughnesses can all be well described by
an exponential distribution,

Pðk0Þ ¼ be−bðk0=k0Þ; ð6Þ
where b is the only fitting parameter. The value of b is a
measure of the width of the distribution and also determines
the mean value of k0, i.e., hk0i=k0 ¼ 1=b. From the fitting
result (solid line), we find hk0i=k0 ¼ 1=b ≃ 6.1 for black
symbols. For another fiber with a larger surface roughness
(red circles), its mean force gradient hk0i=k0 has a slightly
larger value, as expected.
Joanny and de Gennes [53] proposed that the pinning-

depinning transition (or the onset of hysteresis) of a CL
takes place when hk0i=k0 > ð2π=eÞ1=2 ≃ 1.52. The fitting
result shown in Fig. 5 thus reveals that this onset condition
is satisfied for the moving CLs. Our result that the
measured hk0i=k0 is approximately four times larger than
the onset requirement indicates that the CLs studied here
are in the strong pinning regime for stick-slip. Exponential-
like PDFs, which fall off much slower than a Gaussian,
were also observed in various dynamically heterogenous or
spatially disordered systems [54,55]. From the measured
PDFs PðhÞ of the surface roughness height hðzÞ and its
power spectrum density functions SðqÞ (see Supplemental
Material, Fig. S3), we find that the PTS clusters (defects) on
the fiber surface have a wide range of heights and lateral
sizes, which gives rise to a broad distribution of the local
force gradient k0. Figures 5 and S3, therefore, reveal a
statistical connection between the surface roughness
landscape and the underlying pinning force field (see
Supplemental Material Sec. II.A for details [26]).
Equations (2)–(6) thus provide a statistical description of

the stick-slip dynamics of a moving CL at the critical state.
In particular, we find that the measured PDFs of the slip

FIG. 5. Measured PDF Pðk0Þ of the local gradient k0 of the
pinning force field. In the plot, the value of k0 is normalized by k0.
The solid line shows a fit of Eq. (6) to the black symbols with
b ¼ 0.165� 0.015. Inset shows the measured PDF PðkÞ of the
dynamic spring constant k normalized by k0. The four sets of data
in the main figure and inset are all obtained from the same force
trajectories and with the same symbols as those used in Fig. 3.
The error bars show the experimental uncertainties of the
measurements.
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length Δzslip, the maximal force Fc needed to trigger local
slips, and the local force gradient k0 of the pinning force
field are statistically interconnected. The broad distribution
of k0 indicates that the avalanche dynamics of the CL is
caused primarily by fluctuations in the pinning force field.
Slips with a larger slip length are lower-probability events,
which require a larger value of k0 (or larger defects) to hold
the local CL segments and a larger value of Fc to depin
them, both have a lower probability in their distributions.
Our experiment verifies the prediction of the ABBM
model, which used a Brownian-correlated pinning force
field to describe the stick-slip motion of the CL.
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