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Liquid-infused surfaces display advantageous properties that are normally associated with conventional gas-cushioned superhy-
drophobic surfaces. However, the surfaces can lose their novel properties if the infused liquid drains from the surface. We explore
how drainage due to gravity or due to an external flow can be prevented through the use of chemical patterning. A small area
of the overall surface is chemically treated to be preferentially wetted by the external fluid rather than the infused liquid. These
sacrificial regions disrupt the continuity of the infused liquid, thereby preventing the liquid from draining from the texture. If the
regions are patterned with the correct periodicity, drainage can be prevented entirely. The chemical patterns are created using
spray-coating or deep-UV exposure, two facile techniques that are scalable to generate large-scale failure-resistant surfaces.

1 Introduction

Liquid-infused surfaces are micro-patterned materials that
contain a thin layer of mobile liquid within their surface topog-
raphy. These surfaces have received much attention in recent
years due to their protective properties . Moreover, liquid-
infused surfaces have demonstrated potential as a possible al-
ternative to traditional superhydrophobic surfaces for drag re-
duction®~7. Traditional superhydrophobic surfaces repel water
and reduce drag by maintaining a thin gas layer within their
surface topography. However, since the gas is compressible
and soluble in the external phase, the gas layer is susceptible
to pressure-induced instabilities and failure.

A major benefit of liquid-infused surfaces is that the oil that
is infused into the substrate is essentially incompressible and
immiscible with the external phase, and thus stable under high
pressure. However, these liquid-infused surfaces are suscepti-
ble to other forms of failure. If a liquid-infused surface is ori-
ented vertically, liquid that is initially located above the cap-
illary rise height, L&, will drain due to gravity®°. Moreover,
even in the absence of gravity, liquid-infused surfaces are sub-
ject to failure due to viscous effects. We have recently shown
that when a liquid-infused surface is exposed to an external,
immiscible flow, the applied shear stress can drain the infused
lubricating liquid %1,

While some of the infused liquid drains for both gravity-
and shear-driven failure, a finite length of the surface remains
infused indefinitely under a constant external forcing. For the
shear-driven case this steady-state length is L, ~ f(w/h) v/7,
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where 7 is the interfacial tension between the infused liquid
and the external fluid, 7 is the applied shear stress from an
external flow, and w and /s are characteristic dimensions of
the surface texture as shown in Figure 1. This shear-driven
length is analogous to the classical capillary rise height for the
gravity-driven case, LS ~ y/(pgw), with p as the density of
the infused liquid and g as gravity.

In both cases, if the infused region of a surface is longer
than the retainable length, L& or LY, the liquid that is above
or upstream of the stable region will drain. The infused liquid
is retained within the stable region by a balance between the
force that causes drainage, be it gravity or shear stress, and a
capillary pressure gradient within the infused liquid that de-
velops due to deformation of the fluid-fluid interface. Since
the pressure gradient is inversely proportional to the wetted
length, surfaces that are too long will have a pressure gradi-
ent that is too weak to counterbalance the draining force, and
will drain until the wetted length reaches LY, or Lg, and the
capillary-induced pressure gradient becomes high enough to
resist further drainage.

To create stable surfaces that are longer than LY, or LS, the
texture must be interrupted by physical barriers with a pe-
riod less than L{ or LS. The barriers create patches of dis-
connected texture that, independently, are able to resist the
draining force. For applications with precisely fabricated tex-
tures, this design criterion represents a promising method for
increasing the robustness of liquid-infused surfaces. However,
when producing surfaces at an industrial scale, it may be pro-
hibitively expensive to fabricate the structures needed to pre-
vent the infused liquid from draining. Indeed, with conven-
tional superhydrophobic surfaces, the need to produce precise
micro- or nanoscale surface features that raise the threshold
for pressure-driven failure has in the past been a major imped-
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iment towards widespread implementation of these surfaces.

We propose that the infused liquid can be retained, with
considerably less expense, by instead patterning regions with
differing wettability on a textured surface. Surfaces with pat-
terned wettability have been shown to be a powerful tool for
manipulating droplets, rivulets, and multiphase flows'? and
thus there is reason to expect that patterned wettability on tex-
tured surfaces can be used to influence the behavior of an in-
fused film. In an early example of patterning wettability on
flat surfaces, a chemical gradient of wettability was used to
move droplets against the direction of gravity '3. Since then,
advances in lithographic techniques have made it possible to
create sharply defined regions of differing wettability. These
sharp regions constrain static rivulets to shapes that would oth-
erwise be unstable '“13; hence, stripes of preferential wettabil-
ity have been used to guide rivulet flows in open microfluidic
applications. For these chemically-patterned devices the flow
is either imposed by a pump '®!7 or, more frequently, driven
by an external force such as a surface tension gradient 320,
an applied shear stress?!, or gravity 2223,

In a more limited set of cases, wettability patterning has
been combined with structural patterning for added function-
ality. For example, superhydrophobic surfaces demonstrate
improved condensation performance if the top surface of the
texture elements is made hydrophilic?*. Similar patterning
allows for precise control of ice nucleation®, and in recent
experiments, wettability patterning was used to control fluid
invasion in liquid-infused textured surfaces?°. In all of these
cases, however, the wettability patterning has been used to add
additional functionality to textured surfaces, but the idea of us-
ing such patterning to enhance the fundamental robustness of
the surfaces has not been explored.

We propose that chemical patterning can be used to prevent
drainage of liquid films that are infused in textured surfaces.
Rather than relying on physical barriers to prevent liquid from
draining under the influence of shear stress or gravity, we pat-
tern thin stripes of a differing chemistry on the sample, sep-
arated by a distance, L, that is less than the stable capillary
length, LS or LS. The chemistry of the stripes is such that they
are preferentially wetted by the external phase, be it air, water,
or another fluid that is immiscible with the lubricating liquid.
This chemical patterning induces the infused liquid to dewet
from select regions, thereby limiting the length of continuous
wetted regions to be less than the characteristic length-scale
for drainage. By inducing sacrificial regions of the surface to
dewet intentionally, the remainder of the surface may be made
more robust. This design concept is analogous to that of a fire-
break, whereby thin strips of a forest are burned intentionally
in order to prevent the remainder of a forest from burning.

Patterning wettability can be accomplished through a vari-
ety of low-cost scalable techniques that are adaptable to nu-
merous immiscible fluid systems. In this work, we demon-
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Fig. 1 (a) Schematic showing the microfluidic flow cell used to test
shear-driven drainage of a liquid-infused substrate. (b) Closeup of
the surface texture showing a sacrificial region. Oil is colored green
and the aqueous solution is colored blue. Hydrophilic regions are
denoted with orange stripes.

strate that substrates designed to be infused with either an
oily liquid or an aqueous liquid can be made resistant to ei-
ther shear- or gravity-driven drainage through patterned wet-
tability. To retain infused oil against shear, we expose se-
lect regions of a hydrophobic epoxy surface to deep-UV light
through a photomask, rendering these regions hydrophilic?’
To retain an infused aqueous solution against gravitational
drainage, we spray-coat select regions of a hydrophilic acrylic
surface through a stencil to achieve a desired hydrophobic pat-
tern. The treated and untreated contact angles for both sur-
faces are shown in Table 1, indicating that strong contrast in
wettability was achieved with these techniques.

2 Protecting against shear-driven drainage

We start with a set of experiments to explore how patterned
wettability can be used to prevent drainage of a liquid-infused
substrate due to shear. A microfluidic flow cell is constructed
with a texture imprinted on its floor, as in Fig. 1. This flow
cell geometry is similar to that used for previous shear-driven
drainage experiments'®!!. A surface texture consisting of
grooves running in the streamwise direction was chosen for
the experiments, because this reduced-order geometry is con-
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(@) T=4.8Pa, treated with L =7.75 mm

(b) =19.0 Pa, treated with L = 7.75 mm

(c) =4.8Pa, untreated

(d) £=19.0 Pa, untreated

Fig. 2 Planform view of shear-driven drainage experiments conducted on surfaces with fifty streamwise grooves. Oil fluoresces green, and the
drained portions of the texture reflect the blue light used for excitation. White blobs indicate the presence of overflowing oil droplets. Each
image set in (a)-(d) shows the initial state (top) and the steady-state (bottom) that develops due to the designated shear stress. (a)-(b)
Experiments on treated samples; hydrophilic regions are denoted in the initial state images with orange stripes. (c)-(d) Experiments on

untreated samples. The scale bar in (d) applies to all images.

ducive to theoretical understanding but still captures the char-

acteristic behavior of more complicated geometries '°.

The flow cell is constructed from Norland Optical Adhe-
sive, a UV-cured epoxy, following the microfluidic sticker
technique®®, with a depth H = 180 um, a width W = 7 mm,
and a length of 45 mm. The grooves have a width w =
8.8 —9.2 um, a depth 2 = 10.0 um, and are 35 mm long (Fig.
1). There are fifty grooves in the texture, each separated by
walls of width 11.8 — 12.2 um, for a total width of 1 mm. The
pattern is positioned near the spanwise and streamwise cen-
ter of the flow cell. Since the flow cell is very wide, with an
aspect ratio of 40:1, and is much deeper than the pattern, the
flow profile is approximately uniform through the width of the
flow cell and parabolic through its depth. The infused liquid
is silicone oil (Gelest PDM-7040, viscosity u, = 43 mPa-s)
mixed with 0.2 vol.% fluorescent dye (Tracer Products, TP-
3400), and the outer aqueous liquid is a 1:1 weight mixture
of glycerol and water (U,q = 5.2 mPa-s). The surface tension
between the two phases is ¥ = 29 mN/m. The outer fluid,
pumped with a syringe pump at a flow rate Q, imposes a shear
stress of approximately T = 61,qQ/WH 2 on the texture.

Norland Optical Adhesive is naturally slightly hydropho-
bic, so the surface must be modified in select regions to cre-
ate the desired sacrificial regions of hydrophilicity. We use

a method?’ that relies on deep-UV exposure to modify the
surface chemistry and make the epoxy hydrophilic. The deep-
UV exposure may also change the roughness of the surface,
but these effects would be subsumed in the measured con-
tact angle. The hydrophilic regions can be defined precisely
through the use of a photomask. To create a photomask with
micron-scale pattern geometry, a 100 nm layer of chromium
is sputtered onto a bare quartz wafer; quartz is transparent in
the deep-UV range. A 500 nm layer of photoresist is then
spin-coated onto the quartz, before being selectively exposed
and developed. After, the wafer is etched with a chromium
etchant, so that unprotected regions of the chromium are dis-
solved. Then, the hardened photoresist is removed, leaving
only the chromium photomask bonded to the quartz wafer.

The microfluidic flow cells are molded in two separate
halves — an upper half with the flow cell geometry and a lower
half with the grooves — before being bonded together to create
a closed flow cell. Before the two sides are sealed, but after
the epoxy is cured, the grooved side of the flow cell is ex-
posed for 30 minutes under the photomask in a deep-UV lamp
(Jelight bulb, intensity ~ 30 mW/cm? at 253.7 nm). For the
experiments presented here, the mask has transparent stripes
that are 3 mm long and 250 um wide, running across the tex-
ture with a streamwise period of 8 mm. Thus the hydrophobic
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untreated regions have an approximate length of L =7.75 mm
as shown in Fig. 1. The mask is elevated 100 — 200 um above
the surface of the epoxy during the patterning step, because
the mask was found to damage the surface texture if it con-
tacted the epoxy. This offset resulted in hydrophilic regions
with diffuse boundaries, as well as minor variations in the ge-
ometry of the hydrophilic regions due to a non-uniform gap
height. After the hydrophilic treatment the two sides of the
flow cell are bonded together and the flow cells are left in an
oven at 70°C overnight prior to being used.

To image the drainage dynamics over the length of the en-
tire texture, the flow cells are mounted upside-down under a
Nikon D90 camera outfitted with a 200 mm f/4 macro lens.
The flow cells are illuminated with 470 nm blue LEDs that
cause the oil to fluoresce. Since the fluorescence from the oil
is rather weak, a number of steps are taken to enhance the im-
age quality: a photographic filter is mounted on the lens to
block the excitation light (Wratten 12 transmission spectrum),
the flow cells are molded with black glass on the back side to
block background light, and black fabric is wrapped around
the whole setup to block light from the room.

The threshold for initial drainage can be estimated from
measured properties of the substrate-fluid system though a
previously derived theory that balances the external shear
stress, T, against capillary stresses (indicated by the surface
tension, 7) !'. We express the stability criterion as an inequal-
ity involving geometric and fluid properties of the substrate,

2c,hy w
L< =11 ,
CcsWT ( Jr2ru )

min

ey

where L is the length of continuous wetted regions. The pa-
rameters ¢, and ¢, are dimensionless functions of the groove
aspect ratio, w/h, and rfnin is a length-scale that is a function
of w, h, and the receding contact angle, O '%!!. If inequality
(1) is satisfied, the infused liquid should be stable; otherwise,
it should drain.

Based on L = 7.75 mm in our experiments, and the other
measured parameters of the system, we calculate that at a
shear stress of T = 12.2 Pa the grooves should start to drain.

substrate  infused external O.dv Orec
epoxy oil aqueous | 68+1° 2142°
epoxy oil aqueous | 157+2° 55+2°
acrylic  aqueous air 57+2° ~0°
acrylic  aqueous air 1144+£2° 7242°

Table 1 Measured wetting properties between the substrate and the
infusing liquid for shear- and gravity-driven drainage experiments.
Shaded rows are for the substrates that were treated to be
non-wetting by the infused liquid and unshaded rows are for
untreated substrates.

However, as explained previously !, there is some amount
of variability in the measured contact angles for this experi-
mental setup, and the transitional value could be significantly
lower.

At the beginning of an experiment, the entire flow cell is
first filled with silicone oil. The silicone oil invades the tex-
ture, including regions that are treated to be hydrophilic, be-
cause these regions are also lipophilic in the presence of air.
Then, the external aqueous solution is slowly pumped into the
device at 5 uL/min, corresponding to a calculated shear stress
of T=1.2x 1073 Pa. The aqueous solution displaces the oil
from the main portion of the channel, leaving the oil trapped
in the unexposed hydrophobic regions of the texture. As the
aqueous-oil interface reaches an exposed hydrophilic region,
however, the aqueous solution displaces the oil from the hy-
drophilic region and preferentially wets this region. Thus, re-
gions of the texture that are located between hydrophilic re-
gions are disconnected from one another. This wetting state is
shown in the top images of Fig. 2a-b, including orange stripes
that indicate the exposed hydrophilic regions.

After the main portion of the flow cell has been cleared of
its initial oil, the flow rate of the aqueous solution is increased
rapidly to a much higher level. Experiments were performed
at shear stresses of T = 4.8 and 19.0 Pa, which are below
and above the estimated critical value of 12.2 Pa. Steady-
state images from these two experiments are shown in Fig.
2a-b. On a surface with patterned wettability, the oil resists
drainage entirely when exposed to the lower shear stress. At
the higher shear stress, roughly half of each hydrophobic re-
gion is drained of oil. Control cases are shown in Fig. 2c-d,
where untreated textures are exposed to the same shear stress
values. In both cases, a significant portion of the texture is
drained entirely of oil, indicating that our proposed method
successfully prevents shear driven-drainage below a design-
limited shear stress threshold, eqn (1).

A surprising feature is that the resulting wetted length in
Fig. 2d is less than the individual wetted lengths in Fig. 2b. If
the chemical barriers functioned exactly the same as physical
barriers, we would expect these lengths to be equal. Examin-
ing the interface shape on a confocal microscope reveals that
the advancing and receding contact angles in the hydrophobic
regions of the treated texture are modified from those of the
untreated texture, and exactly compensate for the increased
wetted lengths, if these measured contact angle values are
used with previously derived theories !!!. It is unclear why
the contact angle in the unexposed region would be modified;
the deep-UV treatment converts oxygen in the atmosphere to
ozone, so we speculate that the ozone generated in the exposed
regions diffuses into the unexposed regions and interacts with
the substrate there.

Various other deep-UV treatment schemes were also tested.
Experiments were performed on textures that were exposed
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Fig. 3 (a) Schematic showing the vertical texture used to test
gravity-driven drainage of a liquid-infused substrate. (b) Closeup of
the surface texture showing a sacrificial hydrophobic region.
Imbibed aqueous solution is colored green, and hydrophobic regions
are denoted with orange stripes.

for 15 minutes and 60 minutes. The 60 minute exposure pro-
duced similar results to those shown in Fig. 2a-b, but the 15
minute exposure resulted in only partial oil retention (see Fig-
ure in Supplemental Material). The widths of the transparent
stripes on the mask were also varied. When the widths were
increased to 1 mm, the method worked as before. For widths
of 50 um, however, the treatment resulted in only partial oil re-
tention, even for a 60 minute exposure time. We hypothesize
that the reason for this failure is that the stripe width was sig-
nificantly less than the gap between the mask and the sample,
so that the UV light that reached the sample was too diffuse.
This issue could potentially be resolved if a columnated light
source were used instead. Alternatively, use of a photomask
could be avoided entirely if a laser with a narrow beam was
scanned across the sample to produce the surface treatment.

3 Protecting against gravity-driven drainage

To demonstrate the general nature of patterned wettability as
a technique to retain fluids on textured surfaces, we present
a second set of experiments to test gravity-driven rather than
shear-driven drainage, see Fig. 3. As a further test of the
retainment mechanism, we choose to design the substrate to
retain an aqueous solution in the presence of air, rather than
an oil in the presence of an aqueous solution. Also, an en-
tirely different technique is utilized to achieve the contrasting
chemistry: hydrophilic acrylic plastic is spray-coated through
a stencil with a hydrophobic spray, resulting in regions with

differing wettability. Though the drainage mechanisms, fluid
systems, and surface treatments are different between these
two sets of experiments, the underlying physics is analogous,
and thus we expect the two sets of experiments to behave sim-
ilarly.

Grooves were again used as the test geometry for the rea-
sons stated previously, but their size was scaled up by more
than an order of magnitude to demonstrate the range of length-
scales at which this technique can be employed. The grooves
were milled to have width w = 0.51 mm and depth & = 0.51
mm, running along the entire length of a 100 mm x 150 mm
piece of black acrylic. The infused liquid is a 5:1 weight
mixture of glycerol and water, mixed with 0.1 wt.% fluores-
cein sodium salt (paq = 1.125 g/mL, U,q = 52 mPa-s, y = 66
mN/m).

Carrying through the analogy with shear-driven drainage,
we estimate the threshold for initial gravity-driven drainage of
a liquid in a groove. Again, the stability criteria is expressed
as an inequality,

L<- 2 <1+ id > @)
Pag8W 2 min
where L is again the length of continuous wetting regions. The
parameter ry,; is a length-scale that is a function on w, A,
and Oy, as defined before 1011 If inequality (2) is satisfied
the liquid in the groove should be stable against gravitational
drainage; otherwise, it should drain.

The stability criterion in Section 2 was tested by varying the
magnitude of the forcing, 7, such that eqn (1) was either sat-
isfied or not. Rather than varying the magnitude of g (which
could effectively be accomplished by adjusting the tilt-angle
of the substrate), we test two different values of L that are
above and below the critical value given by eqn (2). Substi-
tuting the measured parameters into eqn (2), we arrive at a
threshold of L = 46 mm, so we test hydrophilic lengths of
L =25 mm and L = 50 mm.

To create the desired pattern of hydrophilicity and hy-
drophobicity, the machined acrylic was first thoroughly
cleaned using isopropyl alcohol, followed by rinsing with wa-
ter. The texture was then treated in an oxygen plasma cham-
ber for 10 minutes to make it hydrophilic. To create the hy-
drophobic design on the texture, 1-mm thick glass microscope
slides were placed over the acrylic to act as a stencil, and the
glass-acrylic sandwich was spray-coated with Penguin Water
& Stain Repellent. The glass microscope slides were placed
such that they covered either 25-mm or 50-mm long sections
of the groove, with a 2-mm exposed gap between the sections
— the acrylic beneath the gap would then become hydropho-
bic. In order to ensure that the sprayed regions are coated uni-
formly, and to prevent leakage of the hydrophobic spray under
the glass, the acrylic was lightly sprayed repeatedly (approxi-
mately 15 times) with 10 second intervals between each spray,
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(@) g=9.8m/s? treated with L = 25 mm

(b) g=9.8m/s? treated with L =50 mm

(c) g=9.8 m/s? untreated

Fig. 4 Planform view from gravity-driven drainage experiments, where in this case the imbibed aqueous solution fluoresces green. The
droplets at the right-most end of the images are observed to form at the end of the acrylic plate, which is marked with a dashed red line. Each
image set (a)-(c) shows the configuration immediately after the plate is tilted vertically (top), and then after the system has reached a steady
state (bottom). (a)-(b) Experiments on treated samples; hydrophobic regions are denoted in the initial state images with orange stripes. (c) An
experiment on an untreated sample. The scale bar in (c) applies to all images.

which allowed for the spray to evaporate between repetitions
and prevented pooling. The glass slides were then removed
and the treated acrylic was allowed to dry in an oven at 70° C
for 30 minutes.

The acrylic substrate was mounted on a stand that allowed
it to be quickly rotated between a horizontal and a vertical
position. While the acrylic was in the horizontal position, 1
mL of aqueous glycerol solution was distributed across one
end of the texture using a syringe. The solution was then
pushed along the grooves using a squeegee at approximately
20 mm/s to allow the grooves to fill with liquid. The solution
only filled the hydrophilic sections of the grooves and was re-
pelled by the hydrophobic sections. Occasionally the solution
did not initially enter the hydrophilic sections, and the process
was repeated until all hydrophilic sections of the grooves were
filled. Drainage was initiated by quickly flipping the acrylic
to the vertical position. The setup was imaged using the same
macroscale fluorescent imaging as before.

Results from gravity-driven drainage experiments are
shown in Fig. 4. The top images in Fig. 4a-b show the config-
uration for the treated substrates immediately after the acrylic
is tilted vertically, with the hydrophobic regions designated us-
ing orange stripes. The hydrophilic regions in Fig. 4a have a
length L = 25 mm, which is less than the critical value, and the
hydrophilic regions in Fig. 4b have an unstable length L = 50
mm. Note that the groove in Fig. 4b has already started drain-
ing by the time the first image is recorded. The bottom images
of 4a-b show the wetting configuration after the aqueous so-
lution has reached a steady-state configuration. An untreated
control case is included in Fig. 4c.

It is apparent that the hydrophobic stripes succeeded in pre-
venting the infused aqueous solution from draining from the

texture. The final state in Fig. 4c shows that most of the liquid
has drained from the untreated groove, whereas the final state
in Fig. 4a shows negligible drainage from the properly spaced
regions. In Fig. 4b, which was treated to have an unstable
length, L, the infused liquid has partially drained. This wet-
ting state is very similar to the partially drained state observed
in Fig. 2b, further confirming the analogy between the two
sets of experiments.

4 Conclusions

Drainage from textured surfaces can be prevented by creat-
ing sacrificial regions with differing chemistry. By exploring
two different drainage mechanism (shear and gravity), with
two different fluid chemistries (oil/aqueous and aqueous/air),
at two different length scales (10 pym and 500 um), we have
demonstrated how the sacrificial patterning technique can be
broadly applied to retain liquid in a variety of liquid-infused
surfaces. Both techniques for applying the surface treatment
were facile and easily scalable, showing the advantage of us-
ing chemical patterning for liquid retention. In addition, a
wide variety of other chemical treatment techniques poten-
tially could be used, including conventional photolithogra-
phy 2%, UV-based monolayer modification?®, and laser-based
processing3?. By using this strategy of chemical patterning at
length-scales comparable to the length-scale suggested by the
shear- and gravity-driven drainage criteria, we have demon-
strated that these two formerly limiting failure mechanisms
of liquid-infused surfaces can be eliminated through minimal
surface processing. Thus liquid-infused surfaces may be used
in a variety of applications that were previously inaccessible,
at only minimal additional expense.
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Soft Matter

external flow or gravity

Liquid-infused surfaces can fail due to gravity, or due to shear stress from an
external flow. Patterning the textured surface with regions of contrasting
wettability prevents both failure modes.
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