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We report on direct atomic-force-microscope measurements of capillary force hysteresis (CFH) and
relaxation of a circular moving contact line (CL) formed on a long micron-sized hydrophobic fiber
intersecting a water-air interface. The measured CFH and CL relaxation show a strong asymmetric speed
dependence in the advancing and receding directions. A unified model based on force-assisted barrier
crossing is utilized to find the underlying energy barrier Eb and size λ associated with the defects on the
fiber surface. The experiment demonstrates that the pinning (relaxation) and depinning dynamics of the CL
can be described by a common microscopic framework, and the advancing and receding CLs are influenced
by two different sets of relatively wetting and nonwetting defects on the fiber surface.
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Our understanding of fluid physics is often challenged at
both the high velocity limit, where the nonlinear effect
becomes dominant, and at the low velocity limit, where part
of the fluid is pinned on the solid boundary. Contact angle
hysteresis, where the motion of a contact line (CL) between
a liquid interface and a solid substrate is pinned by the
physical roughness and/or chemical inhomogeneity on
the solid surface, is an example of the latter case [1–4]. The
contact line pinning causes the contact angle θ between the
liquid and solid surfaces to display some hysteresis; the CL
cannot advance if θ is smaller than the advancing contact
angle θa and cannot recede if θ is larger than the receding
contact angle θr. For some low-energy surfaces, it was also
found that the measured θa (and θr) depend on the speed u
of the moving contact line (MCL) [5,6]. While considerable
progress has been made recently in controlling the wetta-
bility of various textured solid surfaces [7,8], one still has a
poor understanding of contact angle hysteresis on many
ambient solid surfaces of interest [3].
A typical approach to modeling the speed dependence of

θaðuÞ [or θrðuÞ] is themolecular kinetic theory (MKT) [9], in
which the motion of the CL is described as a thermally
activated hopping event over an energy barrier Eb under
the influence of the unbalanced capillary force [10],
fun ¼ γðcos θ0 − cos θaÞλ, where θ0 is the equilibrium con-
tact angle, γ is the liquid-air interfacial tension, and λ is a
typical size of defects on the solid surface. This capillary
force increases the forward hopping rate kþ, reducing the
backward hopping k−, and gives rise to a net CL velocity,
u ¼ ðkþ − k−Þλ. Like many interfacial phenomena, the
measurement of CL dynamics often involves contributions
from the bulk fluid. A critical assumption made to link the
MKT prediction to the bulk flow measurements is that the
viscous dissipation of the bulk fluid is negligibly small at low
speed. It was recently shown [11,12] that the dissipation of

the MCL has the same velocity and viscosity dependence
as that for the bulk flow but with a smaller numerical
prefactor. As a result, many dynamic measurements of the
CL contain significant contributions from the bulk flow,
making the comparison between the MKTand experimental
results inaccurate [12,13].
In this Letter, we report on a systematic study of the

speed-dependent capillary force hysteresis (CFH) and relax-
ation of a suddenly stoppedMCLover a hydrophobic surface
grafted with a monolayer of Trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (FTS). In analogy to single-molecule
pulling experiments [14], we use atomic-force microscopy
(AFM) to directly measure the “rupture force” ΔF needed
to break the “pinning bond” of a circular CL formed on a thin
fiber surface for different load rates _f. The measuredΔFð _fÞ
is well described by a unifiedmodel for force-assisted barrier
crossing [15,16], which establishes what happens micro-
scopically at the CL to a macroscopically measurable
quantity ΔF. Because forced barrier crossing does not
involve any bulk flow, the comparison between the theory
and an experiment is intrinsically more accurate.
Figures 1(a) and 1(b) show the working principle and

the actual setup of a newly developed AFM-based
capillary force apparatus. The “long needle” AFM involves
a vertical glass fiber of diameter d in the range 0.4–4 μm
and length 100–300 μm, which is glued onto the front end
of a rectangular AFM cantilever (see the Supplemental
Material [17] for more details). As a sensitive force
apparatus, the long needle AFM measures the capillary
force f acting on the circular CL formed between the liquid
interface and the fiber surface. For a CL of length πd and
contact angle θi, one has [18,19]

f ¼ −πdγ cos θi; ð1Þ
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where the sign of f is defined as f ≤ 0 for θi ≤ 90° and
f > 0 for θi > 90°. Equation (1) is accurate when there is
no hysteresis and θi takes the equilibrium value θ0. With
CFH, the values of θa (and θr) obtained from Eq. (1) may
not be necessarily the same as those obtained using the
conventional photographic method, as the latter may
depend sensitively on the distance away from the CL at
which the measurement is made [4]. Direct measurement of
CFH at the CL does not have this experimental uncertainty.
By moving the fiber up or down through the liquid interface
at a constant speed u, one can accurately measure f as a
function of time t or traveling distance s ¼ ut. The fiber
speed u is accurately controlled by the z-axis piezoelectric
actuator of AFM in the range 0.5–100 μm=s with a travel
distance s up to 25 μm. This wide variation range of u is
essential for the study of the speed dependence of CFH.
The corresponding capillary number Ca≃ ηu=γ for water
of viscosity η ¼ 1 cP and γ ¼ 72.8 mN=m is in the range

10−8–10−6, suggesting that the viscous effect is negli-
gibly small.
Figure 2 shows typical CFH loops measured at different

values of u when the glass fiber is pushed downward
(advancing→) and is pulled upward (receding←) through
a water-air interface. Each CFH loop (color coded) consists
of a sharp increase of f on the left and right sides of the
loop followed by a horizontal fluctuating force on the top
and bottom of the loop. Before the start of the motion, the
fiber was already partially immersed in the water and the
contact line was pinned on the fiber surface. When the fiber
advances (→), the pinned interface is stretched, causing a
linear increase in f with the distance traveled s, as shown
by a straight line at the beginning of the loop. When the
restoring force becomes larger than a critical value, fa, the
CL depins and begins a steady stick-and-slip motion, as
evidenced by the horizontal fluctuations in the force curve.
It is seen that the value of fa increases with the fiber speed
u. When the direction of motion is reversed (←), a similar
pinning-depinning process is repeated and the obtained
values of fr show a stronger u dependence.
Another interesting phenomenon observed in the system

is that when the moving fiber at its steady state with speed u
suddenly stops at time t ¼ 0, the measured fðtÞ starts to
relax with t and reaches an asymptotic value f0. Figure 3
shows how the measured fðtÞ changes with t for a moving
fiber in the advancing (red line) and receding (black line)
directions with an initial speed u ¼ 20 μm=s at t ¼ 0.
The relaxation of fðtÞ is asymmetric with a large amplitude
relaxation in the receding direction. Furthermore, the
relaxation of fðtÞ has two different asymptotic values,
ðf0Þa and ðf0Þr, respectively, in the advancing and receding
directions. The inset of Fig. 3 shows how the relaxation of

FIG. 1. (a) Sketch of the AFM-based capillary force apparatus.
(b) A scanning electron microscope image of the actual hanging
glass fiber of diameter d≃ 2.2 μm and length 165 μm. (c) Sketch
of the FTS coating on a glass fiber surface with defects of size λ
(side view).

FIG. 2. Variations of the measured f and the corresponding
contact angle θi [see Eq. (1)] when the glass fiber is pushed
downward (advancing →, solid line) and is pulled upward
(receding ←, dashed line) through a water-air interface. The
measurements are made at fiber speed u ¼ 1 (black lines),
3.5 (red lines), 10 (green lines), and 35 μm=s (blue lines),
respectively. For clearance, each hysteresis loop is coded with
a different color. The black long arrow indicates the direction of
increasing u.

FIG. 3. Relaxation of the measured capillary force fðtÞ as a
function of time t for a moving fiber through a water-air interface
in the advancing (red line) and receding (black line) directions
with an initial speed u ¼ 20 μm=s at t ¼ 0. The corresponding
value of θiðtÞ [see Eq. (1)] is marked on the right vertical axis.
The inset shows the relaxation of fðtÞ in the receding direction
with different initial speeds at t ¼ 0: u ¼ 1 (black), 2 (red),
5 (blue), 10 (orange), and 20 μm=s (green). The black long arrow
points in the direction of increasing u. The solid lines show the
fits to Eq. (5).
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fðtÞ in the receding direction changes with different initial
speeds u at t ¼ 0. It is found that the decay rate of fðtÞ
depends sensitively on u, whereas the value of ðf0Þr does
not change much with u. Similar results are also found in
the advancing direction (see the Supplemental Material
[20] for more details). A similar ln t relaxation was also
observed in dynamic wetting of colloidal particles at a
liquid interface [13]. Evidently, the relaxation of fðtÞ is a
reversal process of CL depinning.
Figure 4 shows the u dependence of the measured

rupture force ΔF needed to break the CL pinning (per
unit length). Here, ΔF is defined as

ΔFi ≡ jfi − ðf0Þij=ðπdÞ; ð2Þ

where fi is the mean value of the measured capillary force
at its steady state in the advancing (i ¼ a) or receding
(i ¼ r) direction, as shown in Fig. 2, and ðf0Þi is the
corresponding value after relaxation, as shown in Fig. 3.
The measured ΔFi shows an approximate ln u dependence,
and its slope in the receding direction is much larger than
that in the advancing direction.
To model the depinning process of the CL, we consider a

CL which is pinned by N ¼ ða=λÞπd defects, where a=λ is
the defect line density, with a ≤ 1 being a numerical
constant and λ a typical defect size, as shown in Fig. 1(c).
The average fracture force needed to break the pinning
bound between the CL and a single defect is thus
δf ≃ ΔFðλ=aÞ. The main effect of external pulling in
the depinning process is to lower the energy barrier
of the trapping (or blocking) potential UðzÞ associated
with the defect. Under a constant force f, the effective
potential becomes UðzÞ − fz and the escape rate over the
energy barrier (depinning) is given by [15,16]

KðfÞ ¼ K0ð1 − f=fcÞb−1e−Ebð1−f=fcÞb=kBT; ð3Þ

where K0 is the attempt frequency, Eb is the intrinsic
energy barrier of UðzÞ, and fc ¼ 2bEb=λ is the critical
force at which the barrier to escape vanishes. The parameter
b selects a particular form of the potential UðzÞ. Here, we
choose b ¼ 3=2 for a generic liner-cubic potential [21,22].
When the CL is pinned on a fiber surface moving at

constant speed u, the liquid interface is continuously
stretched, which exerts a time-dependent pulling force,
f ¼ ksut ¼ _ft, on the CL, with ks being the spring constant
of the liquid interface. As time t increases, the effective
energy barrier is continuously reduced by a factor of
ð1 − _ft=fcÞb and the escape rate KðfÞ increases. If the
normalized loading rate _f=fc is much larger than the
thermal activation rate Kðf ¼ 0Þ in Eq. (3), the force-
assisted barrier crossing is determined primarily by the
mechanical pulling, without much help from thermal
fluctuations. In this case, the fracture force needed is
δf ¼ fc. If _f=fc is smaller than Kð0Þ, thermal fluctuations
can help the barrier crossing and the fracture force needed
is less than fc. In this case, one has [16,23]

ΔF≃ a
λ
fc

�
1 −

�
1 −

kBT
Eb

ln

�
1þ e−α _f=fT

2K0e−Eb=kBT

��2=3�
;

ð4Þ

where fT ¼ kBT=λ is the thermal force and α≃ 0.577 is
the Euler constant. Equation (4) establishes a direct link
between the macroscopically measurable quantity ΔF and
the microscopic details of the defect, such as Eb and λ. By
varying _f (or the speed u), one obtains the dynamic force
spectroscopy [14] of CL depinning.
For defects on a high-energy surface, such as a glass

surface, their energy barrier tends to be high [33], so that
their thermal activation rate Kð0Þ is low compared to a
typical loading rate _f=fc. On the other hand, for defects on
a low-energy surface, such as a FTS-coated fiber surface,
their energy barrier is small as the overall energy scale is
reduced and thus their Kð0Þ≳ _f=fc. This explains why we
observe the u dependence of CFH on a FTS-coated surface
but not on a glass surface [34]. The solid lines in Fig. 4
show the fits to Eq. (4), with Eb and λ being used as two
fitting parameters. The value of other parameters in Eq. (4),
including a, ks, and K0, has been predetermined in the
experiment (see the Supplemental Material [23] for more
details). It is seen that Eq. (4) fits the data well with the
fitting results given in the caption.
To keep the CL moving at a constant speed u, an extra

force is needed in order to overcome the extra dissipation
introduced by the defects. This extra force is the unbal-
anced capillary force, fun ¼ πdγj cos θ0 − cos θij, which is
generated when the liquid interface near the CL changes its
contact angle from θ0 to θi. Once the motion of the CL is
stopped, the unbalanced capillary force fðtÞ will relax
from its initial value fð0Þ ¼ fa (or fr) at t ¼ 0 to its final

FIG. 4. Measured rupture force ΔF as a function of fiber speed
u in the advancing (red squares) and receding (black circles)
directions. The error bars show the standard deviation of the
measurements. The solid lines are the fits to Eq. (4) with ðEbÞa ¼
14.6kBT and λa ¼ 1.30 nm in the advancing direction and
ðEbÞr ¼ 16.8kBT and λr ¼ 0.73 nm in the receding direction.
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value f0 at a large t. Physically, this relaxation process is
accomplished by the CL moving along the fiber over a
small distance zðtÞ with speed uðtÞ ¼ _zðtÞ back to its
pinning state (minimum-energy state). As shown in
Fig. 3, the local pinning state in the advancing direction
differs from that in the receding direction, giving rise to two
different asymptotic values of ðf0Þa and ðf0Þr. Because the
relaxation is accomplished by thermal fluctuations, the
value of f0 is determined primarily by those defects with
large energy barriers, which prevent the CL from further
relaxing to a common equilibrium value f0 ¼ πdγ cos θ0.
With this understanding, we find the relaxation of fðtÞ ¼
kszðtÞ can also be described by Eq. (4).
In the limit of Eb=kBT ≫ 1, Eq. (4) can be simplified into

the Bell form [16,35], ΔFðtÞ≃ ð2a=λÞfT ln½1þ β_zðtÞ�,
where β ¼ e−αks=½2fTK0 expð−Eb=kBTÞ� and ΔFðtÞ ¼
∓½kszðtÞ − f0�=πd. Here, the minus sign is used for advanc-
ing and the plus sign for receding. By integrating this
first-order differential equation on both sides, we find
the final solution of zðtÞ in the limit β_z ≫ 1 (see the
Supplemental Material [23] for more details),

fðtÞ ¼ ∓ 2aπd
λ

fT lnðΓtþ cÞ þ f0; ð5Þ

where the relaxation rate Γ ¼ K0 expð−Eb=kBTÞ=
½e−απdða=λÞ� and the integration constant cðuÞ ¼
expf∓½fð0Þ − f0�=ð2aπdfT=λÞg, which depends on the
initial speed u. Equation (5) uses the same set of parameters
as those in Eq. (4) to describe the relaxation of fðtÞ.
The solid lines in the inset of Fig. 3 show the fits to

Eq. (5) using Eb and λ as two fitting parameters. The value
of other parameters in Eq. (5) is kept the same as that used
in Eq. (4). It is seen that Eq. (5) fits the data well over
almost four decades of decay time t with the fitting results:
ðEbÞa ¼ 15.4� 0.9kBT and λa ¼ 1.41� 0.28 nm in the
advancing direction and ðEbÞr ¼ 16.8� 0.8kBT and
λr ¼ 0.76� 0.14 nm in the receding direction. The error
bars quoted here are the standard deviations obtained from
the measurements with ten different speeds (see the
Supplemental Material [23] for more details). The fitting
results obtained from Fig. 3 are in good agreement with
those from Fig. 4. Using the fitted values of Eb and λ, we
find the normalized fracture force δf=fc (per defect) varies
in the range of 0.05–0.3 with the fiber speeds used in
the experiment. This result is close to our expectation,
δf=fc ≃ 1=3, based on the estimated defect energy [6]
Eb ≃ γλ2j cos θi − cosðθ0Þij. The above results demonstrate
that the speed dependence of CFH and relaxation of a MCL
are controlled by the same microscopic mechanism, and
our model captures the essential physics.
An important feature shown in Figs. 2–4 is that the

pinning (relaxation) and depinning dynamics of the
advancing CL is very different from that of the receding
CL. They have different speed dependence and different
asymptotic values of f0, suggesting that the advancing and

receding CLs have different pinning (metastable) states. It
was found in a recent experiment [34] that a solid surface
often contains two sets of coexisting and spatially inter-
twined defects with opposite natures. The two types of
defects may be generated either by the positive and negative
fluctuations of chemical heterogeneity relative to the mean
or by the physical roughness of the surface with grooves
and ridges. The CL is pinned primarily by the nonwetting
(repulsive) defects in the advancing direction and by the
wetting (attractive) defects in the receding direction. These
two different types of defect landscapes therefore produce
two different capillary forces, fa and fr (or θa and θr),
depending on the moving direction of the CL. This
“composite model” is further supported by our finding
that two sets of parameters Eb, λ, and f0 are needed to
describe the pinning and depinning dynamics of the
advancing and receding CLs, respectively.
For a FTS-coated glass surface, one usually can only

achieve 70%–90% of its maximum packing density [36],
leaving uncovered holes on the otherwise hydrophobic
surface, as sketched in Fig. 1(c). These uncovered holes
thus become wetting defects to the CL for the water-air
interface. Because the FTS-coated fiber surface has more
wetting defects, the CL is pinned predominantly in the
receding direction. This explains qualitatively why the
observed u dependence of CFH and CL relaxation is
asymmetric with the effect on the receding CL being much
larger than that on the advancing CL. Furthermore, we find
that the critical force ðfcÞr ≃ 3ðEbÞr=ðλaÞr in the receding
direction is more than twice as large as ðfcÞa in the
advancing direction.
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