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Abstract. Receding contact lines of colloidal suspensions are studied in the pres-
ence of drying, inside Hele-Shaw cells. At high velocity the contact line movement
is continuous and the particle deposition is uniform. At small velocity, a periodic
pinning-unpinning of the contact line is observed leading to a patterning of the
substrate. We focused on the correlation between the deposition pattern and the
pinning force that grows during the pinning. Our results strongly indicate that
this pinning force is proportional to the macroscopic slope of the deposit and
accounted by a simple capillary balance.

1 Introduction

Understanding the coating or the patterning of a surface with colloids is of great importance, for
science and technology. For example, some novel optics media could be fabricated using ordered
assembly of small particles [1,2]. Coating is usually achieved by the drying of a suspension or
a solution. Despite the simplicity of drying experiments, the resulting coating or patterning is
not straightforward and has been extensively studied during the past decade [3–8].
The complexity of the problem is due to the strong coupling that occurs at the contact line

between evaporation, particles deposition, and capillary forces. Indeed, the singularity in the
evaporation flux at the contact line and the pinning seem to play a great role in the “coffee-ring”
effect that is usually observed when drying water suspensions [9]. The evaporation induces a
flow that leads to an accumulation of the particles at the contact line. If they deposit onto
the substrate, a defect is formed and can pin the contact line. Depending on its velocity, the
pinning of the contact line may or not occur [10–13], leading to ring or streamline formation.
At small velocity, particles have enough time to accumulate, whereas at high velocity, the
pinning does not occur since particle deposition is not fast enough. This idea is supported by
the observations reported by Ghosh et al. during dip coating [12] and by Rio et al. [13] on
advancing contact lines of water suspension droplets. A stick-slip phenomenon is observed at
low velocities, and disappear above a critical one. These last authors proposed a model that
accounts for that critical velocity. However, the pinning force that is responsible for the stick-slip
is rather unknown and is an empirical data in their analysis. Deeper observations and analysis
seem to be necessary to describe completely the pinning/unpinning transition.
We present an experimental approach of these problems, using the capillary rise phenom-

enon. We focus on the characterization of the particle deposition and to its direct link to the
movement of the contact line. Stick-slip or patterning that are observed allows an analysis of
the pinning force that grows during the particle deposition.
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Fig. 1. A. Optical image of the capillary rise during a typical experiment. The cell thickness is
0.40mm. On this image, horizontal patterns can be seen above the capillary rise. Contact line ve-
locity is 800 nm/s, particle volume fraction is 3%. B. Transverse view of the meniscus. C. Schematic
representation of the meniscus on a flat surface (bottom) and pinned on a geometric defect of charac-
teristic slope α (top). For a geometric defect, the real contact angle θ0 remains unchanged whereas the
apparent contact angle is θ0 − α.

2 Experimental method

A capillary rise is achieved between two parallel glass plates spaced by 0.4 to 1mm. They are
partially immersed in a reservoir filled with a water suspension of silica spheres of radius 37 nm
(±2 nm). The glass plates are cleaned in an hydrogen peroxide and sulfuric acid fresh mixture
(0.3/0.7) just before the experiment. Typical contact angle of water is about 10◦.
A vertical air flow (1m/s) is driven in between the plates in order to control the evaporation

flux. Using this geometry, it is assumed to be roughly uniform along the direction parallel to
the plate [14]. Depending on the experimental conditions (temperature, humidity, air velocity),
the evaporation rate can be varied between 0.8× 10−3 and 8× 10−3 kg · m−2 · s−1.
A contact line velocity is imposed through a controlled evacuation of the reservoir, using a

push syringe. This set up allows to explore velocities ranging from 500 nm/s to 10mm/s. We
focus on retracting contact lines, in order to study a posteriori the deposition. The range of
capillary numbers explored is smaller than 10−4. Such a small value allows us to assume that
the contact angle remains equal to the static retracting one. The movement of the contact line
is measured by camera observation perpendicularly to the glass plates, or in the transverse
direction. Image analysis allows a subpixel measurement of the relative meniscus position, with
a precision of about 3µm. The figure 1A sums up the experimental set up.

3 Results and discussion

At high velocity, the contact line movement is continuous. We observe a partial or uniform
deposition of the particles onto the glass substrate. At smaller velocities, a patterning of the
surface occurs (see figure 1A and 2A). The contact lines movement in this case is not continuous,
but exhibits a stick-slip, as shown in figure 3A. The characteristic velocities below which the
stick-slip is observed increase with the colloids volume fraction. Full characterization of this
transition is currently under study, and we focus in the following on the mechanisms that pin
the contact line.
Let us consider first the capillary rise in absence of any pinning. For cell thickness being

smaller that the capillary length, the equilibrium position for the capillary rise height is given
by Jurin’s law [15], h0 = 2∆γ/ρge, ∆γ is the difference between the glass plate surface energy
and the glass/water interfacial energy. According to Young’s law, it verifies the equation ∆γ =
γ cos θ0, where γ is the liquid surface tension. The equilibrium position h0 can be derived from
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Fig. 2. A. Optical image of a patterned deposition. The contact-line velocity is 6.2µm/s and the
particle weight fraction 10%. The spatial periodicity of the pattern is 210µm. B. AFM image of a
typical particle deposition at a pinning point, obtained with a contact line velocity of 1µm/s) (from
the left to the right) and a 3% suspension. The height of the deposit is 1.45µm at the top. The lateral
dimensions are 100µm × 50µm. The parallel lines that can be seen at the left bottom of the deposit
corresponds to successive stairs of particles layers.

the total free energy, given by

U =
1

2
ρgeh2 − 2∆γh. (1)

Deviation from h0 thus induces a mechanical work of intensity ρge(h−h0)2/2, which is that of
an elastic force. Given the very small capillary numbers, static equilibrium is achieved and the
pinning forces F that are applied on each of the two contact lines equilibrate this elastic force.
Thus, the pinning force is simply given by

F =
1

2
ρge(h− h0). (2)

Then, in our experiment, it is not the velocity of the contact line that is imposed, but the stiffness
of the system. Consequently, the analysis of the meniscous displacement gives a measurement
of the pinning force that is responsible for the stick-slip phenomenon.
Contact lines could be pinned either by a local variation of the surface energy of the sub-

strate, either by a topological change of the surface [16]. The pinning force that equilibrates the
momentum equation at the contact line is then given by γ∆ cos θ, where ∆ cos θ is the variation
of the cosine of the apparent contact angle. For a topological defect that is slightly tilted from
the horizontal plane, with a local slope α (see figure 1C), the pinning force Fp is given by

Fp = γα sin θ0. (3)

Negative slopes can pin the contact lines, whereas positive ones tend to accelerate the contact
line movement (the positive direction being that of the contact line displacement).
Since the surface of the silica particles is similar to that of the glass plate, we may assume

that the pinning force which grows during the stick-slip is of geometrical nature. From the
capillary rise height deviations (an example is shown in Figure 3A) we observe that the pinning
force grows up to a given value Fmax before it suddenly vanishes. For a given stick-slip regime,
the unpinning should occur when the maximal slope of the pattern leads to a pinning force Fmax
that is smaller than the elastic force of the capillary rise, given in equation (2). In order to verify
this prediction, characterization of the deposit patterns is made using AFM experiments. The
figure 2B shows a typical profile of a deposit pattern. It is rather asymetric, the negative
characteristic slopes being higher than the positive ones. The height and the slopes depend
on the experimental conditions. However, in figure 3B, it is shown that the maximum of the
pinning force is proportional to the characteristic slope α of the pattern, independently on
the experimental conditions. The best fit to the data is Fmax = 1.9 · 10−2α. Identifying this
experimental results with equation (3) leads to a value of 15◦ for the contact angle, which
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Fig. 3. A. Capillary rise height deviation ∆h = h−h0 as a function of time (same conditions as figure
1A). B. Pinning force Fmax deduced from ∆h = h− h0, according to equation (2), as a function of the
the characteristic slope α of the pattern. Each data point corresponds to a single experiment, for which
the average value (on 5 to 20 steps) of the pinning force and of the slopes of the pattern are calculated
(the error bars indicate the extreme values). The slopes are obtained from AFM profiles. The distances
between the two plates is either 0.4 mm (full symbols) or 1 mm (open symbols). The silica particles
weight fraction is 3% (10% for the circled data points). The imposed velocity lies between 0.8µm/s
and 7µm/s. The best linear fit (solid line) to the experimental points has a slope of 19mN/m.

is in good agreement with the contact angle estimations made with direct observation. This
quantitative agreement brings evidence that the dominant mechanism that pins the contact
line is the geometry of the deposition patterns.
Such a result calls for more work to relate the geometry of the patterns to the evaporation

rate and to the contact line velocity.
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