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Dynamics of Contact Line Depinning from a Single Defect
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We examine the motion of the contact line as it is depinned from a single defect. The main features of
the time evolution are in agreement with the “pinched cord” model of de Gennes. In particular, the con-
tact line shape is well described by a logarithmic form with width increasing linearly and maximum dis-
tortion decreasing logarithmically in time. The velocity characteristic of the width increase, however, is
larger than expected. Evidence is presented that this is a consequence of the role played by the dynamic
contact angle in real situations, which is not accounted for in the present theory.

PACS numbers: 68.10.—m, 68.45.—v

Studies in dynamic wetting phenomena in near ideal
situations have numerous potential applications in a
variety of high technology manufacturing and coating
processes, including, to name a few, microelectronics,
photographic film, optical components, and both rigid and
flexible magnetic storage media. These processes typical-
ly involve the spreading of liquids (lubricants, protective
coatings, inks, etc.) on a controlled solid surface. Non-
ideality of a solid surface over which a contact line
(where the liquid-air interface meets the solid surface)
moves generally has a large effect on the efficiency and
uniformity of such processes. More fundamentally, the
existence of surface chemical heterogeneity and rough-
ness are known [1] to be intimately linked to the ex-
istence of contact angle hysteresis, where the contact an-
gle 6 depends on the previous history of the contact line
motion. A quantitative experimental link between real
surfaces (with typically random heterogeneities) and the
resulting contact angle hysteresis has not yet been
achieved. Analysis has focused on the single defect limit
or on periodic defects, cases where some control over the
heterogeneity is possible. Thus the dynamic response of
the contact line to isolated heterogeneities is of interest
both in itself and, ultimately, for a more fundamental un-
derstanding of contact angle hysteresis phenomena.

The statics of contact line pinning on single defects has
recently received both theoretical and experimental study
[2-6]. The principal results of these investigations are
that the elasticity of the contact line has an unusual
linear g dependence (g being the wave number of a small
sinusoidal perturbation). Experiments have verified this
property [3], as well as the predicted linear (i.e., Hooke-
an) relation between the pinning force and maximum
physical displacement [4]. For the case of complete wet-
ting, theory [5] and experiment [6] indicate that the elas-
ticity and force law are both modified to be cubic rela-
tions.

In this Letter, we present the first quantitative mea-
surements, to our knowledge, of the dynamics of contact
line depinning from a single defect. This represents an
important step, as it addresses the contact line dynamics
in a realistic situation not yet studied experimentally.
Our main result is that the basic features of the relaxa-
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tion process are well described by the theory of de Gennes
[7]: After depinning, the contact line shape evolves fol-
lowing a logarithmic form with width increasing at a well
defined characteristic velocity, and maximum height that
decays logarithmically in time. The measured charac-
teristic velocity, however, is an order of magnitude higher
than predicted by theory, based on the best available data
on viscous dissipation at a moving contact line. The im-
plications of these results and a partial resolution to the
anomalous characteristic velocity are discussed.

In what follows, we first briefly review the theory, then
present a detailed analysis of our results for four
representative events, at each of four fluid viscosities,
with a vertical substrate (immersion angle a =0°). We
then present a summary of results for events with immer-
sion angles a=0°.

Joanny and de Gennes [2] considered the case of an
ideal (smooth, homogeneous) solid surface and a liquid
with a small nonzero contact angle. By calculating the
entire fluid-fluid interface shape when small periodic per-
turbations are made on a straight segment of contact line,
they arrived at an elastic energy of the form
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where y is the interfacial tension, 6y is the equilibrium
contact angle, g is the wave number of the perturbation,
and 7, is the Fourier transform of the contact line distor-
tion n(x) (the equilibrium contact line is described by
n=0). This energy is due entirely to capillary forces.
Physically, it arises from the increase in surface area of
the fluid-fluid interface.

As the deformed contact line relaxes, this elastic ener-
gy is dissipated in viscous flow. It is assumed that the
contact angle is small and remains at the static value
throughout the event. Then the lubrication approxima-
tion can be applied to the flow in this thin wedge [1], and
the dissipation can be written as
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Here the speed of the contact line is U, u is the fluid
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TABLE I. Summary of four representative events (from a set of 15) for four viscosities of
PDMS, using a vertical plate. The relative reproducibility, from defect to defect, of the initial
maximum distortion, ¢, H, /, and f are about 15%, 13%, 12%, 11%, and 3%, respectively. The
contact angle measurements were performed using sessile drop goniometry and have an error of

less than 0.5°.

Viscosity Surface Contact Initial maximum  Fitted Average Calculated Calculated
(cS) tension  angle  distortion (cm) ¢ (cm/s) H (cm) / f (dyn)
20 20.6 0° 0.025 0.072 0.0044 0 0
100 20.9 7.0 0.025 0.046 0.0040 0.27 0.0082
300 21.1 10.3 0.027 0.026 0.0048 0.53 0.019
500 21.1 10.7 0.024 0.017 0.0041 0.56 0.019

viscosity, and the logarithmic factor (henceforth denoted
) contains the ratio of the minimum to the maximum
length scales over which the flow field is integrated. The
minimum length scale is needed to avoid the well-known
singularity at the moving contact line [8,9].

The rate of change in elastic energy is then equated to
the viscous dissipation [7], yielding
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Here, ¢ is a materials parameter with units of velocity.
Individual modes thus decay exponentially with a |g|
dependent time constant (c|g|) ~!. If a localized (.e.,
delta function) force of magnitude f is applied, and then
released at time ¢ =0, then the solution is

2 2
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The term L is a long length scale cutoff determined by
the outer geometry of the meniscus. This form is valid
only for x < L. In the case of capillary rise on a homo-
geneous plate tilted at angle a with respect to the vertical,
we expect L =x ~!(cosa) ~'/2, where x ~! is the capillary
length (y/pg) " (p is the fluid density and g is gravity).

The contact line shape given by Eq. (4) has width cz,
increasing linearly with time, and maximum distortion
n(0,2) ~ —1In(¢).

The elastic energy given in Eq. (1) is strictly valid only
when gravitational effects are negligible [10]. In our ex-
periments, it would be immediately apparent if gravity
were playing a significant role in the dynamics, because
the differential equation [Eq. (3)] is changed. In particu-
lar, the width of the perturbation is no longer expected to
increase linearly with time.

The experiments consisted of a quasistatic immersion
of a treated silicon wafer into a bath of polydimethylsi-
loxane (PDMS, a silicon oil) at various immersion angles,
ranging from a=0° to 60°. The silicon wafer was treat-
ed [11] by hexadecyl-trichlorosilane leading to a chemi-
cally grafted C16 alkyl layer, a low energy surface. The
wafer was cleaned using chloroform in an ultrasonic bath.
Four different kinematic viscosities were used: 20, 100,
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300, and 500 ¢S (1 ¢S=10"2% cm?s) (Rhodorsil 47-V
series, Prolabo, France), with known surface tensions of
20.6, 20.9, 21.1, and 21.1 dynes/cm, respectively. We use
the quoted values of viscosity and surface tension, which
have an accuracy of about 10% and 2%, respectively.
Table I gives the measured contact angles on the wafer.
Clearly the assumption of a small szatic contact angle is
satisfied.

Nonwetting defects were made with Staedtler projector
pen ink, as described in previous studies [6,12]. The
wafer was advanced into the silicon oil until the contact
line was close to depinning from the top of a vertical line
defect with a circular tip 0.3-0.5 mm in diameter. See
Fig. 1. The wafer was then advanced in very small incre-
ments (=20 um) until the contact line engulfed the de-
fect. Once it passed the defect, the contact line relaxed
freely on the surface. This relaxation constitutes the de-
pinning event and was captured and analyzed using video
microscopy. For each event about twenty photos were
analyzed, over a total time appropriate to the duration of
the event. Each event analyzed uses a different defect,
because they were dissolved upon cleaning the wafer.

The experimental contact line shapes were individually
fitted to the function

x*+Ww?
LZ

n(H,W,L)=—HIn , (5)

FIG. 1. A contact line configuration shortly before the depin-
ning event occurs, showing the tip of the defect. The visible re-
gion is about 1.6 mm wide.
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FIG. 2. The fitted width W plotted against time for four typ-
ical events, one at each viscosity. Error bars are slightly smaller
than the symbol size. The origin in time for each event has
been shifted to correspond to zero initial width. Linear best fits
are shown as solid lines.

which is a generic form of Eq. (4). In the fits, the value
of L was fixed at the expected value x ~'(cosa) ~ /2

Figures 2 and 3 display the fitted parameters W and H
plotted against time for four typical events. For each
event shown, the origin in time is shifted so ¢t =0 corre-
sponds to the origin in time in the theory. The finite ini-
tial width results from the finite-sized defect. W is to be
identified with ct in Eq. (4), and H is to be identified with
f/27y63. Thus we expect W to increase linearly in time,
and for H to be constant. The expected behavior is ob-
served: The characteristic velocity is very well defined,
and the fitted H values are constant to about 10% accura-
cy. Shown as solid lines are fits which give the values for
¢ and H reported in Table I. Using these values of ¢ and
H, it is possible to reconstruct the best “global” fit time
series which evolves according to theory. An example is
shown in Fig. 4.

Note that the —In(¢) behavior of the maximum distor-
tion follows from these relations.

Three distinct regimes in time can be identified in our
fits. In the first, typically for the first 0.5 sec after depin-
ning, a transient occurs, during which x? values are
significantly greater than unity (based on an error of
+ 0.5 pixels in the location of the contact line in the pho-
tos). After the transient, the x2 values stabilize at unity
(which only happens if L has the value given above). Fi-
nally, the width W saturates to a constant value (on the
order of the half-width of our data set) as the contact line
shape becomes very flat, and the subsequent fits are dom-
inated by noise. Only the data for times corresponding to
W less than the saturated value are shown in the figures.

During the transient we observe significant disagree-
ment with the logarithmic form 5, based on the x? cri-
teria. We attribute this to the finite width defect: The
initial contact line shape after depinning depends on the
shape of the defect, and is simply not equal to the
theoretical shape. Even during the transient, however,
the overall dimensions of the contact line distortion are
well described by Eq. (5). In particular, the fitted H and
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FIG. 3. The fitted parameter H plotted against time for the
same events as in Fig. 2 (the same symbols are also used). Er-
ror bars are slightly smaller than the symbol size, except for
those shown. Shown as the solid line is the average H value.

W still provided a valid characterization of the contact
line shape (see Fig. 4), and were thus used in the
analysis.

As the width saturated, the fitted H values tended to
deviate from a constant value. We believe this is an ar-
tifact of the finite width of the data set. As the spread in
the fitted values is larger than the error bars can account
for, there is noise in the data which is not accounted for
by the simple pixel error mentioned above. This error
clearly increases with time as the contact line flattens out,
and is probably associated with the limitations of frame-
by-frame transfer from video tape to the computer.

Our experimentally measured values of ¢ allow us to
evaluate, for those samples with 6p=0, the logarithmic
dissipation factor /. Calculated values are shown in Table
I, and are typically somewhat less than unity. Because of
the restrictions on the sizes of the inner and outer cutoff
distances, the generally accepted value of this quantity is
in the range 10-15. For example, in an experimental
study which directly addresses the hydrodynamics near a
moving contact line [13], / was found to be about 12, giv-
ing a ratio x+4+/x — = 1073, This is for PDMS on bare
Pyrex. For silicon wafers with coatings similar to ours,
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FIG. 4. A theoretical time series compared to the data, using
the best fit constants for prefactor H and characteristic velocity
¢. Only one contact line shape in three is shown, identified by
the filled data points in Figs. 2 and 3.
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studies in which / has appeared as a parameter have
yielded values ranging from 6 to 34 [3,14]. The very low
values we find for / would imply an anomalously small
dissipation in spreading [15]. We conclude that we have
found a significant disagreement with the theory: Our
experimental values of ¢ are much larger than predicted.

The most plausible explanation for this disagreement is
the fact that the contact angle does not remain at the
static value throughout the event, as is assumed by
theory. Because we do not have a direct measure of the
contact angle during the event, we make an estimation
based on the observed contact line velocity. It is well
known [9] that the dynamic contact angle gy, is equal to
6y only for capillary numbers less than about 1X 1075,
However, during our events we find capillary numbers as
large as 5% 10 3. The usual Tanner law [1] predicts dy-
namic contact angles of up to 45° in this case. This pro-
vides a qualitative explanation for the high characteristic
velocity we observe. However, because of the variation of
Ca in both space and time during the event, it is not
straightforward to generalize the theory to properly ac-
count for Ogy,. In fact, it is remarkable that the theory
works as well as it does, because it assumes not only a
constant but also a very small contact angle.

Perhaps the strongest evidence that the dynamic con-
tact angle is playing an important role is that our fits hold
even for the 20 ¢S PDMS, which has a static contact an-
gle of 0°. The theoretical description is not expected to
apply at all in such cases of complete wetting. This is an
example of the general fact that the distinction between
wetting and nonwetting fluids tends to break down when
moving contact lines are involved.

In light of the above discussion, there is clearly some
question as to the validity of using 6y in evaluating the
force parameter f (=27y03H) from the experimental
values of H. The results of this calculation are shown in
Table I. The systematic rise in the force parameter with
viscosity is due mainly to the quadratic dependence on 6y,
because all the fluids have essentially the same surface
tension and all the events had the same maximal distor-
tion at x =0 (see Table I). These values are consistent
with the fact that the defects all had similar shape and
size.

As the immersion angle increases, the transient became
more long lived, until at a=60° it overlapped with the
saturation for most events. The origin of this behavior is
unknown. However, as the tilt angle was changed, two
quantitative results were obtained (we merely quote the
results here): (1) The characteristic velocity is still well
defined, and is unchanged by the tilt; and (2) the ap-
propriate cutoff length L changes in the expected way,
scaling as k¥ ~!(cosa) ~ 12,

In conclusion, we have made a comparison with the
“pinched cord” model of de Gennes describing contact
line depinning from a localized pinning force. Most of
the predictions of the theory are well verified: The time
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evolution of the distortion follows a logarithmic form,
with cutoff length given by the capillary length (appropri-
ately modified to reflect the imposed tilt), width increas-
ing linearly in time, and maximal distortion following a
logarithmic decay in time. The characteristic velocity of
width increase, however, is an order of magnitude larger
than predicted by theory. The influence of the dynamic
contact angle is clear, and provides a qualitative explana-
tion of the large characteristic velocity we obtain. We
believe a suitable explanation for the viscosity and im-
mersion angle dependence of our results also relies on a
theory which properly accounts for the effects of the dy-
namic contact angle. These results provide important
new information about the time and length scales in-
volved in such depinning events.
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FIG. 1. A contact line configuration shortly before the depin-
ning event occurs, showing the tip of the defect. The visible re-
gion is about 1.6 mm wide.



