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Zipping Effect on Omniphobic Surfaces for Controlled
Deposition of Minute Amounts of Fluid or Colloids
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Vincent Thomy, and Vincent Senez*

When a drop sits on a highly liquid-repellent surface (super-hydrophobic or superomniphobic) made of periodic micrometer-sized posts, its contact-line can recede with
very weak mechanical retention providing that the liquid stays on top of the microsized
posts. Occurring in both sliding and evaporation processes, the achievement of lowcontact-angle hysteresis (low retention) is required for discrete microfluidic applications
involving liquid motion or self-cleaning; however, careful examination shows that during
receding, a minute amount of liquid is left on top of the posts lying at the receding
edge of the drop. For the first time, the heterogeneities of these deposits along the dropreceding contact-line are underlined. Both nonvolatile liquid and particle-laden water
are used to quantitatively characterize what rules the volume distribution of deposited
liquid. The experiments suggest that the dynamics of the liquid de-pinning cascade is
likely to select the volume left on a specific post, involving the pinch-off and detachment
of a liquid bridge. In an applied prospective, this phenomenon dismisses such surfaces
for self-cleaning purposes, but offers an original way to deposit controlled amounts of
liquid and (bio)-particles at well-targeted locations.

1. Introduction
Evaporation of particle-laden sessile drops is a common and
appealing technique to deposit materials on a surface. It is
involved in many applications requiring the self-assembly
of particles, for instance in the production of nanocrystals;[1]
however, this deceptively simple process can actually induce
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quite complex behavior, resulting in a host of deposition patterns which have been popularized under the term of coffee
rings.[2] For instance, various studies reported on the spontaneous spatial patterning of the deposit at the trailing edge of
a receding contact-line with drying.[3,4]
One of the major challenges is to predict and overcome
these complexities in order to be able to control the size and
location of final deposits. Especially interesting would be the
ability to deposit minute amounts of materials such as colloidal particles or (bio)-macromolecules for parallel and
high-throughput analysis on lab-on-chip benches. Several
techniques have been proposed to achieve ‘evaporative colloidal lithography’ to obtain patterned deposits.[5–8] Another
strategy is to use a prepatterned solids, on which colloidal
deposits can naturally adopt controlled size and inter-spacing
during evaporation.
With this purpose in mind, we investigated the potential
of microstructured liquid-repellent surfaces for controlled
patterning of tiny samples of liquid or colloids. On such surfaces (usually referred to as super-hydrophobic or superomniphobic), liquid drops spontaneously adopt a so-called
Cassie–Baxter or fakir wetting state (i.e., the drop sits on top
of the microposts, trapping air pockets below).[9] Recently
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Krumpfer et al. demonstrated that dewetting of such fakir
drops leads to formation of micrometer-sized droplets on top
of the posts through the formation and pinch-off of liquid
bridges.[10] This mechanism was eventually used to pattern
nanocrystals and colloids on super-hydrophobic surfaces.[11,12]
In these previous studies, the volume distribution of pinned
liquid drops was homogeneous; droplets covered the whole
top surface of the post. In this paper, we first demonstrate
that it is possible to obtain heterogeneous patterns for slow
dewetting velocities. In order to explain the underlying mechanisms leading to these heterogeneities, we offer insightful
profiles of liquid–vapor interface deformation using a nonvolatile, UV-curable polymer. Then based on the tracking of the
dynamical de-pinning sequence (zipping phenomena) and on
the extraction of the final distributions, we propose an interpretation in terms of the volume dependence on the pinch-off
velocity of the detached liquid bridges on top of posts.
Throughout this study we used super-omniphobic surfaces
made up of overhung microstructures. This choice was motivated by the ability of such surfaces to maintain a fakir state
with the low-surface-tension liquids used in this study (Norland Optical Adhesive (NOA) used as a curable polymer and
particle-laden drops), which is not the case of classical superhydrophobic surfaces.[13]
The paper is organized as follows: we first evidence the occurrence of heterogeneous deposits with two simple experiments
involving slow dewetting (Section 2.1). We then outline the
deformation of the drop-receding contact-line by scanning
electron microscopy (SEM) observations of a nonvolatile liquid drop (Section 2.2). In Section 2.3, we present the
experimental results of the dynamics of de-pinning events
during dewetting and quantify the subsequent distribution
of deposits (Section 2.4). We finally discuss and conclude on
these results and the potential use of this technique for the
controlled generation of tiny (bio)samples.

2. Results and Discussion
2.1. Heterogeneous Material Deposition from Slow Dewetting
First of all, let us observe what happens when a drop of
1-μm-sized particles suspension is allowed to evaporate

on a liquid-repellent (super-omniphobic) surface made of
an array of overhung microposts, the characteristics and
fabrication method of which have already been published
elsewhere.[14,15]
Provided that the drop is large enough and is not subjected to strong mechanical perturbations,[7,16,17] the liquid
stands on top of the microstructures in a so-called Cassie–
Baxter state.[9] After evaporation, we observe the deposition pattern depicted in Figure 1a. Most of the mass of the
material lies in a central region of a few times the size of a
micropost. The reason for this is that as the (almost spherical) liquid drop shrinks during evaporation, its internal
Laplace capillary pressure increases and reaches the onset
critical pressure required for the liquid to penetrate inside
the texture.[16,18] Once the liquid penetration occurs at a critical drop radius, the contact-line is strongly pinned, and then
the evaporation ends at almost constant external radius,[18]
which more or less prescribes the size of the aforementioned
central deposit. More interesting is the presence of tiny
amounts of particles on top of each post outside the main
deposit (there are no particles between pillars). Surprisingly
they exhibit heterogeneous sizes all around the central pattern. Particularly larger deposits are obtained where the
contact-line receded along the main axes of the lattice
(arrows in Figure 1a).
In the second experiment, a drop loaded with fluorescently tagged bovine serum albumin (BSA) proteins was
allowed to slowly slide down on the same surface. A magnified fluorescent image of the protein pattern obtained along
the drop trail is shown in Figure 1b. Again, the small quantities of deposited material exhibit a strong gradient, with a
larger amount of BSA deposited along the trail center.
In both cases the particles or proteins have been deposited while the contact-line of the drop was still receding on
top of the posts (Cassie–Baxter state). Furthermore, it is
remarkable that the angular location of the deposit on each
post is oriented toward the receding direction (i.e., toward
the center in the case of an evaporating drop or toward the
sliding direction).
Compared to previous works,[10–12] the dewetting
velocity in these two experiments is relatively small. Indeed
Krumpfer et al. removed the liquid from the surface by
hand, inducing a contact-line velocity of v > 1 cm s−1, while

Figure 1. a) Pattern obtained after evaporation of a 8 μL drop containing 1 μm fluorescent particles on an omniphobic polydimethylsiloxane (PDMS)
surface. b) BSA protein deposition resulting from the sliding of a droplet on the same surface. In both cases deposits are oriented toward the
dewetting direction and show non-uniform distribution of volumes.
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Figure 2. SEM images of a NOA droplet cured on an inclined omniphobic surface. Center-to-center spacing between the structures is 30 μm and
cap diameter is 18 μm, resulting in a defect density Φs = 0.28. a) At the trailing edge of the drop, microcapillary bridges are formed between the
main liquid drop and the top of the posts. The break-up of these bridges results in the deposition of micrometer-sized droplets. b,c) Along the trail
center, deposit volumes appear to be clearly larger. Finally picture (d) demonstrates sliding of the liquid–vapor interface across the top right of the
post before bridge failure; this corresponds to the schematic in Figure 3c. Magnification is a) 1190×, b,c) 389×, and d) 790×.

in evaporating drops v is much smaller (v < 1 μm s−1). This
suggests that the line velocity strongly influences the distribution of deposits: non-uniformities may only appear at
least at small v values.
Concerning the deposit patterns, the amount of material
on each post appears to be governed by the relative orientation of the receding direction and the main axes of the lattice. The phenomenon suggests a hydrodynamic mechanism,
in which the contact-line dynamics itself would determine the
distribution; thereby to get a better understanding, it is necessary to get accurate information on both contact-line deformation and dynamic.

2.2. SEM Investigation of De-pinning Mechanism
Accurate interface profiles were captured using liquid drops
of UV adhesive (NOA). The interest for using NOA is its
ability to be ‘frozen’ for easy observations with an electronic microscope. After being cured by UV exposure, NOA
becomes solid but keeps the original shapes provided by the
wetting properties of its liquid form. As a result, SEM pictures such as in Figure 2 offer insightful interface profiles.
For this experiment, a 8 μL NOA drop was deposited on an
inclined surface. The drop was allowed to slide down over a
few millimeters and then cured.
Figure 2a,d point out the liquid bridge formed at the
interface along the contact-line, connecting the drop to
the defects. In Figure 2d, one can observe the position of a
bridge, which has started to slip over the structure cap and
small 2012, 8, No. 8, 1229–1236

was frozen by UV before pinch-off (dotted circle). This
observation illustrates the stick–slip mechanism occurring
during receding contact-line motion. Behind the drop, small
amounts of liquid are deposited on top of the structures, and
the droplet angular positions on the caps is prescribed by the
direction of dewetting. Careful examination of the deposits
in Figures 2b–d reveals that the volume distribution is not
homogeneous; larger drops are observed on a central row
corresponding to the drop axis of symmetry, along the sliding
direction.
In a previous work, we discussed the mechanism of
dewetting on a single post and its relation to contact-angle
hysteresis.[15] Dewetting occurs by means of microcapillary
bridge formation, stretching, and break-up, as schematically
shown in Figure 3. First the liquid–vapor interface at the drop
trailing edge deforms until one reaches the receding contact
angle, θr, on the defect boundary (Figure 3a,b). A dynamic
phenomenon then starts involving slip of the liquid across the
structure cap over a length δ, while the interface between two
pillars rises to keep constant capillary pressure, until pinch-off
occurs (Figure 3c,d). Subsequently, this leaves a small amount
of liquid on the defect (Figure 3e). This dynamic aspect is
significant because it determines the volume of liquid left on
each spot behind the drop and thus the particle distribution.
From the study of millimeter-sized capillary bridges,
Vagharchakian et al. compared the deposit volume to the
liquid bridge stretching velocity.[19] They pointed out that
the larger this stretching velocity is, the larger the remaining
volume is after bridge failure. Physically a similar behavior is
expected to occur in our experiments but at a smaller scale,
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the network (see Figure 4a) and the sliding direction (quantified by angle Φ) plays a significant influence on the deposits
distribution. Therefore, we carried out experiments within two
distinct situations: 1) where the drop slides along the direction
of the x axis (Φ = 0, see Figure 4b1), and 2) where the drop
slides crosswise both x and y axes (Φ = π/4, see Figure 4b2).
In both cases, we can separate the receding line into three
parts which are depicted in Figure 4b:
1) A primary receding edge (denoted as 1).
2) Two symmetric secondary edges (denoted as 2). Oriented
at 45° angle with respect to the drop-sliding direction.
3) Two transition zones, corresponding to more or less regular steps connecting the primary edge to the secondary
ones (denoted as 3).
Figure 3. Sketch of the de-pinning mechanism: a) initial configuration,
b) liquid—vapor interface recedes until reaching instability (achievement
of the receding contact angle on the structure cap). c) The interface
detaches from the cap boundary and slips across the structure at a
velocity vs over a distance δ until pinch-off. d) A tiny amount of liquid is
left on the defect and the mechanism restarts.

although the dynamics are much more difficult to access and
quantify.

2.3. Contact-Line Dynamics
In order to capture the dynamics of pinch-off events along
with the subsequent distributions of deposits, we carried out
high-speed imaging of contact-line motion of drops sliding
on inclined substrates. Sliding was preferred to evaporation
because the latter presents two major drawbacks: i) it does
not enable the use of nonvolatile liquids and ii) it adds a concentration effect when using particle-laden water drops (in
addition to the angular gradient of interest, a radial gradient
in deposit size is also observed since particle concentration
increases as liquid evaporates as shown in Figure 1a).
To initiate the slowest possible sliding motion, the tilting
of the bench was as slow as possible until one reaches the critical angle α when the sliding motion starts. We used glycerol,
water, and particle-laden water as probe liquids, the properties of which are given in the Experimental Section. The
lowest final velocity achieved was about 20 μm s−1 with glycerol and 5 mm s−1 with water (see Supporting Information).
is
In both cases the corresponding capillary number Ca = ην
γ
then of the order of 10−4 (η, ν, and γ represent liquid viscosity,
drop sliding velocity, and liquid–vapor interfacial tension,
respectively). It is to be noted that sliding velocities were sufficiently large to neglect evaporation, but low enough to still
observe heterogeneous deposits; above a threshold velocity,
deposits became indeed homogeneous on the whole trail.
We first focus on the contact-line dynamics during sliding
motion. Post-processing using the software Matlab enables the interface reconstruction as shown in Figure 4a; the
contact-line appears as a continuous white line. It turned out
that the relative orientation between the main axes x and y of
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Each of these edges can cross the lattice either directly or
crosswise, which is represented respectively by continuous
and dotted lines in Figures 4b1,2. As the drop is sliding
down, a sequential de-pinning process occurs, and the relative lengths of the primary and secondary edges decrease.
We first analyze the de-pinning sequence occurring along
the primary edge as the drop is sliding along the x axis. Lateral position of the contact-line is recorded as a function of
time. Typical results are shown in Figure 4c for y close to
0, corresponding to the trail center, where the volumes are
maximal. We observe a de-pinning sequence starting from
the most off-centered y values (y = ± 76 μm). In the inset of
Figure 4c, one can notice the sliding phenomenon occurring
on the structure cap just before a de-pinning event. Sliding
velocity vs remains approximately constant ~0.4 μm s−1 up to
time, t = 236 s, i.e., until the receding contact-line is pinned
on only four structures. Then, sliding on the next two caps
occurs at larger velocity; vs = ~0.6 and ~1 μm s−1 (open triangles and full circles in Figure 4c). Finally when the interface detaches from the last two posts corresponding to y =
–15 μm and y = –46 μm (full triangles and opened diamonds,
respectivel), vs appears to be much larger, and the transition
is not captured anymore. Thus, on these two last structures
the contact-line hardly slips on top of pillars and capillary
bridge break-up occurs as the contact-line is still pinned
on the back edge of the posts. This observation points out
that the liquid stretches and pinches-off faster when the
receding line detaches from the last defects. A closer view
of the last de-pinning events was obtained using high-speed
imaging (2000 fps, see movie S1 in the Supporting Information). Figure 4d depicts the de-pinning dynamics for the
four last structures. The sliding distance δ from the defect
boundary is represented as a function of time. Detachment
from the first defect is mostly characterized by sliding with
vs = ~25 μm s−1, pinch-off occurs at δ = ~15 μm, which leads
to a small deposit. It follows de-pinning from structures
2 and 3 with a slightly higher slip velocity (30 μm s−1 < vs <
50 μm s−1). Finally focusing on the last defect (number 4), it
is clearly shown that no slip occurs; the liquid bridge breaks
while liquid is still pinned on the defect boundary. As a consequence, this last event is expected to result in the deposition
of a much larger drop. The analysis was also performed for
drops sliding along the lattice crosswise direction (Φ = π/4).
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Figure 4. a) Image of a sliding water drop obtained from an inverse microscope. The extracted receding contact-line is represented by a continuous
white line. The defects pinning the interface are connected by a dotted line. b) Schematic of the receding line shape: 1) primary edge, 2) secondary
edges, and 3) transition zones. Arrows indicate direction of local contact-line motion. Continuous and dotted lines correspond to local displacement
along the lattice axis or crosswise, respectively. c) Lateral position of the receding line for different y values near the trail center. d) High-speed
imaging of the de-pinning sequence on the four last structures (primary edge, Φ = 0). δ is the distance between cap boundary and liquid–vapor
interface. The horizontal dotted line corresponds to the maximal value of δ, equals to the cap diameter.

In this direction the receding contact-line is composed
of a primary edge traveling the lattice crosswise (dotted
line denoted as 1 in Figure 4b2) and two secondary edges
crossing the lattice directly (continuous lines denoted as 2
in Figure 4b2). Analysis of line dynamics shows that line
slip velocity along the primary edge increases in the same
manner as soon as the contact-line gets pinned on a few
posts. Furthermore, similar zipping behavior occurs along
the secondary receding edges in both cases (Φ = 0 and Φ
= π/4). Zipping of primary and secondary edges is depicted
for a glycerol droplet in movie S2 in the Supporting Information. This analysis suggests that during drop motion,
local zipping phenomenon occurs along the three receding
edges of the droplet. It is to be noted that the presence of
multiple receding edges results from the curved contact-line
that is forced to self-adapt to the regular lattice (the dropreceding contact-line saves energy by minimizing its length,
resulting in straight edges). For each edge, the dynamics
of contact-line de-pinning from the last pillars is faster,
resulting in a lower slip length δ and thus in the deposition
of a larger amount of liquid. As a consequence, considering
a sliding drop, we could expect three local maximum in the
spatial distribution, each one of them corresponding to a
zipping edge. In order to check this assumption, we analyzed the subsequent distributions of deposits along the
drop trail.
small 2012, 8, No. 8, 1229–1236

2.3. Deposit Distributions
We analyzed the deposit distributions resulting from drop
sliding (glycerol and particle-laden water drop). Deposit area
<A> is averaged over the drop trail and normalized with the
structure cap area Ap. It is then plotted with respect to the
distance from the trail center Y, normalized with the initial
drop radius Rb. First, we compare the distributions of deposits,
depending on the sliding orientation Φ. Results are plotted in
Figure 5a and b for water and glycerol, respectively. Sliding
velocities roughly equal 5 mm s−1 for water and 20 μm s−1 for
glycerol. As suggested previously the deposit patterns always
exhibit three local extrema, whatever the liquid used or the
sliding direction. However the magnitude of these peaks is
different according to the sliding orientation. On the one
hand for Φ = 0, a global maximum is observed along the trail
center, and two secondary peaks appear on each side. The
main maximum along the trail center is also evidenced qualitatively in Figure 1b with a protein-laden water drop. On the
other hand, when Φ = π/4, two main extrema are present on
the trail sides and a secondary peak is observed in the center.
This case is evidenced in Figure 6 with a suspension of protein molecules in water. Since this distribution is observed
for both glycerol and particle-laden drops, it can be ascribed
to the dynamics of liquid de-pinning and detachment from
the defects, and not to a particular phenomenon related to
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Figure 6. Distribution obtained from sliding of a BSA-protein-laden
water droplet at Φ = π/4. Main extrema appear along the trail side. They
are related to the zipping effect occurring at the secondary edges.
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the presence of particles. In order to understand what determined these volume distributions, this has to be related to
the three corresponding zipping edges of Figure 4b; therefore, it appears that larger deposits correspond to situations
where the contact-line recedes in a direction normal to the
main axis of the network of posts (direction (1) in Figure 4b1
and direction (2) in Figure 4b2). Indeed for Φ = 0, only the
primary edge moves along the lattice axis (Figure 4b1),
which results in a main maximum along the trail center
(Figure 5a,b, closed circles). On the other hand for Φ = π/4,
lattice is crossed directly by the two secondary edges, resulting
in two symmetric main maxima (Figure 5a,b open circles).
We interpret the presence of extrema in volume distribution from the following: along these preferential lines of
deposition, the detachment occurs when the contact-line is
pinned by only a couple of posts. Therefore, the focusing of
capillary stress on one or two posts makes the de-pinning and
detachment dynamics much sharper. As testified by Figure 4c,
the contact-line has barely time to slide on top of the posts
before the capillary bridge pinches-off, leading to the deposition of droplets of size almost equal to that of the posts. This
interpretation is reinforced by measurements of Vagharchakian et al.,[19] where the increase of the pull-off velocity of a
liquid bridge on a flat surface tends to increase the volume of
liquid remaining on the base plate.
Finally, the influence of drop sliding velocity on the
deposit volumes is shown in Figure 5c. The latter compares
the distributions from two glycerol droplets for which sliding
velocities are 23 and 270 μm s−1 (Ca = 5.10−4 and 5.10−3,
respectively). The three peaks are present in both cases; however the global amount of liquid left on the defects increases
with the velocity. Here again, these results are consistent
with measurements of Vagharchakian et al.[19] Increasing the
contact-line velocity further would lead to a homogeneous
distribution of larger drops (see supporting information).

1,0

3. Conclusion
Figure 5. Deposit distributions obtained for different sliding orientations
and velocities: a) Water drops laden with 1 μm fluorescent particles,
and b,c) glycerol drops.
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Understanding and controlling the de-pinning dynamics and
therefore the deposited quantities of fluids or particles on
textured surfaces can be very helpful for accurate and passive
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deposition of micro-/nanoparticles or biomaterials. Particularly we show in this study that it is possible to obtain local
gradient by i) using ‘sticky’ liquid-repellent surfaces, ii) using
slow deposition velocities, and iii) taking advantage of lattice
properties. A mechanism involving microcapillary bridges
failure and zipping effects is proposed in order to explain
this phenomenon. Homogeneous patterns as reported in previous studies are achievable as far as dewetting is sufficiently
fast. This is not the case of evaporation drops for which heterogeneous distributions cannot be avoided (line velocity is
inherently very slow). We provided accurate SEM mechanical insight of line de-pinning using NOA as a nonvolatile
liquid. It is to be noted that omniphobic surfaces are required
to obtain a metastable Cassie state with such low surface
energy liquid. From a more general point of view, omniphobic
microstructures would enable to pattern minute volumes or
reagents from low-surface-energy liquids such as solvents,
oils, and biological fluids, which is not possible with classical
super-hydrophobic surfaces. A significant advantage of patterning on structured surface is that no contamination occurs
since deposition is not possible between posts. The influence
of many physical parameters such as liquid surface tension
or lattice properties is still to be investigated in order to fully
understand the relevant ruling parameters of this screening
method.

For the different experiments we use four liquids: de-ionized (DI)
water, DI water laden with 1 μm fluorescent particles (FluoroMax red fluorescent polymer microspheres, Thermo scientific),
glycerol, and a UV curable adhesive NOA 72 (Norland Products).
The physical characteristics (viscosity η, surface tension γ, density ρ, and contact angles on a smooth PFTS surface) are given in
Table 1. NOA enables the 3D SEM observation of both receding line
deformation and picolitre droplets left on top of pillars. Typically, a
drop of volume V = 5 or 10 μL is gently deposited on a surface that
is progressively tilted until an angle α using the accurate bench
of a goniometer (DSA100, Kruss, Germany). For the observation
of the contact-line dynamics, an inverse microscope (Olympus
IX71) is used, whereas the subsequent distribution of particle and
liquid deposits are visualized a posteriori with a direct microscope
(Olympus BX51). Images and low-speed movies are obtained with
a charge coupled device (CCD) camera (Hamamatsu C11440, 5 to
10 min recording with a frame rate of 11 fps). High-speed videos
were recorded using a high-speed camera (Photron SA3).
The surfaces used in this study consist in overhung PDMS microstructures. The complete fabrication process together with wetting
characteristics are described in previous publications.[14,15] They

Table 1. Properties of the different liquids used.
ρ [kg m−3]

η [Pa s]

γ [N m−1]

θr (±2) [°]

θa (±2) [°]

DI water

1000

10-3

0.072

98

122

DI water + μP

1000

10-3

0.036

52

94

Glycerol

1261

1.412

0.064

93

112

NOA 72

1231

0.155

0.040

62

95
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4. Experimental Section

Liquid

exhibit equilibrium apparent contact angles θ* around 150° and
contact-angle hysteresis 20° < θ*a – θ*r < 40°. Microstructures are
made up of 10 μm width PDMS pillars covered with 18 μm width silicon nitride caps. Height and center-to-center spacing respectively
equals 10 μm and 30 or 40 μm. Microstructures are coated with an
hydrophobic PFTS monolayer (1H,1H,2H,2H-perfluorodecyltrichlorosilane). The choice for such re-entrant microposts is dictated by
the ability for repelling NOA, which wets more than water or glycerol most surfaces due to its low surface tension. Common (vertical)
posts cannot withstand Cassie–Baxter state with NOA. Previous
studies reported on such super-omniphobic surfaces,[13,14,17,20–24]
and Tuteja with co-authors explained the role of the re-entrant
structure in the robustness of super-omniphobicity.[13]
All measurements were performed in a class ISO 5/7 cleanroom (ambient temperature = 20 ± 0.5 °C; relative humidty, RH =
45% ± 2%).
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