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ABSTRACT: Water wetting and adhesion control on
polymeric patterns are achieved by tuning the configuration
of their surface’s structural characteristics from single to dual
and triple length-scale. In particular, surfaces with combined
micro-, submicrometer-and nanoroughness are developed,
using photolithographically structured SU-8 micro-pillars as
substrates for the consecutive spray deposition of polytetra-
fluoroethylene (PTFE) submicrometer particles and hydro-
phobically capped iron oxide colloidal nanoparticles. The
PTEE particles alone or in combination with the nanoparticles
render the SU-8 micropillars superhydrophobic. The water
adhesion behaviour of the sprayed pillars is more complex
since they can be tuned gradually from totally adhesive to
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completely non adhesive. The influence of the hierarchical geometrical features of the functionalized surfaces on this behaviour is
discussed within the frame of the theory. Specially designed surfaces using the described technique are presented for selective
drop deposition and evaporation. This simple method for liquid adhesion control on superhydrophobic surfaces can find various
applications in the field of microfluidics, sensors, biotechnology, antifouling materials, etc.
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1. INTRODUCTION

Self-cleaning superhydrophobic surfaces with apparent water
contact angle (APCA) above 150° and very low contact angle
hysteresis (CAH) have attracted the attention of many studies
during the past few years because of their importance in
fundamental research but also in practical applications.'~® More
recently, emerging research is focused on a different type of
surfaces, which are superhydrophobic in terms of APCA but
simultaneously exhibit high adhesion,”™"" aiming for the
fabrication of coatings performing intelligent functions, such
as directional drop movement, drop transportation, storage of
binary data, etc.'”>~" In fact, the possibility to control spatially
the water adhesion on superhydrophobic surfaces without
altering the APCA is a promising aspect for the development of
smart devices where multiple functions are performed on their
entire surface.'> Many of the surfaces proposed up to now have
intrinsic limitations prohibiting their use in specific applications.
Most of them do not exhibit spatially controlled, but rather a
uniform adhesion throughout their surface, excluding their use
in applications like targeted delivery of biomolecules or
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localized chemical reactions.'®™'® Moreover, in certain
occasions where external stimuli are needed for the control of
adhesion, the incorporation of additional components in an
integrated system should be considered.'*'>**™** In other
cases, although spatial control of adhesion is achieved, in the
highly adhesive areas the APCA is significantly lower than 150°
so the droplets may lose their spherical shape.*®

One strategy to render solid substrates superhydrophobic
with controlled adhesion is the deposition of different types of
particles on flat or rough substrates to obtain multiscale
roughness. Such approaches may include the use of different
shaped micro-, submicro-, and nanomaterials composed by
PTFE,** metal oxides,'®***> silica,*® lycopodium,27 etc.
Following a similar approach, in a previous study we deposited
the right combinations of submicrometer and nanoparticle
dispersions on a micropatterned surface in order to create a
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Figure 1. Dependence of the experimental and theoretical contact angles on the interpillar distance of (a) SU-8, (b) SU-8/PTFE, and (c) SU-8/
PTFE/NPs patterns. Images of drops placed on (d) SU-8, (e) SU-8/PTFE, and (f) SU-8/PTFE/NPs patterns, with interpillar distance 120 ym.
Corresponding insets: Higher magnification in the part of the substrate in contact with the drop.

superhydrophobic substrate that turns from self-cleaning to
highly adhesive.”* In that paper only the two extreme adhesion
states were achieved, namely the “lotus effect” and the “petal
effect” with no gradual tuning between them.

In the present paper, we advanced our research in the field
demonstrating that control of the micro-roughness results in
total control and tuning of the CAH of the developed
superhydrophobic surfaces. In fact, the latter demonstrate
gradual tuning of the CAH ranging from extremely low to
extremely high values with different intermediate states,
depending on the induced underlying multiscale roughness.
We also developed a theoretical model that can predict these
CAH values by taking in consideration the different geometry
and chemistry that characterizes each roughness scale used in
the experiments. Finally, we demonstrate for the first time how
this technique can be utilized for the spatial control of water
adhesion, through applications regarding spatial manipulation
of water droplets and controlled evaporation on super-
hydrophobic spots. In particular, since highly adhesive areas
on the surfaces can be purposely fabricated using shadow
masks, such predesigned spots can successfully entrap spherical
water droplets without any use of external stimuli, rendering
the substrates good candidates for targeted deposition of water-
soluble substances on predefined surface locations. The
produced substrates can also be incorporated in other
applications as sophisticated systems regarding liquid trans-
portation, detection of biomaterials at ultralow concentrations,
biochemical separation, and localized chemical reactions.”® >

2. EXPERIMENTAL SECTION

Materials. SU-8 3050 photoresist (Microchem, U.S.A.) was used as
received. Polytetrafluoroethylene (PTFE) sub-micrometer spherical
particles (diameter 200—300 nm) in powder form and all solvents
used were purchased from Sigma Aldrich. Colloidal iron oxide
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nanoparticles (NPs) were synthesized by a wet-chemical synthetic
approach as described in ref 24.

Preparation of the Spray-Coated SU-8 Micropillars. SU-8
films were prepared by spin-coating as previously described.”*
Sodalime masks of square shaped patterns (42 um side) from
Deltamask Netherlands, with various inter-square distances were used
for the exposure of the spin-coated samples. Square micropillars of 33
um height, 42 ym side and inter-pillar distances (d,,) varying from 14
pum up to 120 pm were obtained. Subsequently, the samples were
spray-coated with a PTFE/acetone dispersion (3 wt %) and a NPs/
chloroform dispersion (0.06 wt %) following the same method as in
ref 24. For the localized spray-coating of the NPs a circular mask with
a conical shape was used in order to guide the flow of the NPs in a
confined hole of 0.5 mm diameter. After spraying the NPs solution
through this mask, circular sprayed patterns of approximately 0.85 mm
diameter were obtained.

Characterization of the Samples. Measurements of the
Apparent Water Contact Angle (APCA), as defined by Marmur,'
were carried out using a KSVCAM200 contact angle goniometer,
Kruss, Germany. Multiple measurements were taken by gently
depositing 10 uL drops of deionized water on several samples
prepared with the same procedure. The area of the drop in contact
with the surface was sufficient enough to experience the periodicity of
the pattern. To calculate the CAH, the advancing and receding angles
were measured by dispensing and retracting water until a motion of
the contact line on the surface was observed.®’ The CAH is defined as
the difference between the advancing and receding angle, thus giving a
measurement of the water adhesion to the patterned surfaces. For the
surface topography analysis, scanning electron micrographs were
collected with a Nova NanoSEM200 manufactured by FEI Finally, the
optical images were acquired with a Canon EOS 5D Mark II camera
equipped with a Canon EF 100 mm f/2.8 L IS USM Macro objective
lens.

3. RESULTS AND DISCUSSION

The initial modification induced to the pillared patterns in
order to tailor their wetting properties, is related to their
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geometry. Indeed, the increase of the pillars’ distance d;;, results
in the gradual conversion of these substrates from hydrophobic
to hydrophilic (Figure 1a). However, the spray deposition of
hydrophobic PTFES spherical submicrometer particles onto the
micro-pillars turns the surfaces to superhydrophobic with
APCAs higher than 165° in all cases, while the corresponding
flat surface shows APCAg, su.spree 159 + 8° (Figure 1b).
When spherical iron oxide colloidal NPs with hydrophobic
surfactants are subsequently sprayed onto the PTFE coating,”*
the APCAs remain above 150° (superhydrophobic) in all cases,
slightly increasing with the d;,, until they reach almost 160°, for
pillars separated by 120 um (Figure 1c). The corresponding flat
SU-8/PTFE/NPs substrates show APCAg,; su.g/preE/Nps Of 135
+ 10°.

The wetting behaviour of surfaces with a homogeneous
roughness is generallg predicted by the Cassie-Baxter’s®* and
the Wenzel’s models.”> The agplication of such models to the
square-type pillar-geometries®* used in this study, reveals the
way the water drops are assembled on the fabricated surfaces.
The Cassie—Baxter model assumes that air gets trapped into
the recessed regions of a rough surface when a water droplet is
placed on it. In this way the water droplet wets only partially
the surface. The model describes the APCA of the rough
surface as follows:

cos(0p) =fo [cos(By) +1] =1 (1)

where 0 is the APCA of the rough surface, fg is the fraction
of the solid surface in contact with the liquid, and 6y is the
Young’s angle, that is, the contact angle of the liquid on the
corresponding flat surface with the same chemical character-
istics. In our case, fg is calculated using the following
equation:34

1
fsu

2
()

where a is the width of the pillars (42 gm).

According to the Wenzel’'s model, the water seeps within the
recessed regions of the surface, tending to increase the
interfacial contact area shared with the solid until a complete
wetting condition is eventually achieved. The wettability
behaviour of a rough surface is then described by the following
equation:

cos(fy) = R; cos(6y) (3)
where 0y is the APCA on the rough surface and R; is the
roughness factor, defined as
_As

Ap

)

R¢
(4)
where Ag is the solid—liquid contact area and Ap is the
projection of the solid—liquid contact area on the horizontal
plane.
For the 3pillar geometries used in this work the roughness is
4

defined as
Yo
(a/H) (5)

where H is the height of the pillars (33 ym) and fg; is given by
eq 2.

For the pristine SU-8 micro-pillars, Figure la shows that
both Cassie—Baxter’s and Wenzel's model predict that the

Ry=1+
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APCAs increase with increasing dy,, in contrast with the
experimental evidence. This indicates that for increasing d,,, a
transition from Cassie to Wenzel state occurs with the water
drops totally wetting the most distant pillars (Figure 1d), as
already shown elsewhere.>>*° In the cases of SU-8/PTFE or
SU-8/PTFE/NPs samples, the predicted Cassie-Baxter values
are very close to the experimental ones (Figure 1b, c), while the
values predicted by the Wenzel model are not coherent with
the measured APCAs (data not shown). In fact, as shown in the
images of Figure le and 1f, air stays trapped under the water
drops even on the samples with the largest d,,, allowing us to
conclude that the spray-coated patterns exhibit Cassie-type
superhydrophobicity.

The effect of the nanoroughness in the APCA values
between the SU-8/PTFE and SU-8/PTFE/NPs is minimal but
on the other hand is essential for controlling the CAH of the
substrates. Regarding the topography, the SU-8 patterns are
very smooth and uniform in the micro- and nanoscale as
confirmed by the high-magnification SEM image in Figure 2a2.
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Figure 2. Low-magnification tilted-view SEM images of (al) SU-8,
(b1) SU-8/PTFE, and (c1) SU-8/PTFE/NPs micro-pillars, and their
corresponding high-magnification top-view images (a2), (b2), and
(c2). (d) CAH values for the SU-8, SU-8/PTFE and SU-8/PTFE/NPs
substrates for different d,

int*

However, when the PTFE particles are sprayed on the pillars,
the latter retain their microscale geometry adding submicrom-
eter roughness on their surfaces, as shown in Figure 2bl,2
where the submicrometer particles are clearly identified, and
the pillars are well distinguished. Subsequent spray deposition
of hydrophobic iron oxide NPs on the PTFE coated micro-
pillars results in pillar structures with hierarchical submicrom-
eter- and nanoroughness. Indeed, Figure 2c2 shows that the
underlying PTFE particles are fully covered by the NPs,
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without leaving uncoated voids, providing the additional
nanorough characteristics.

These successive roughness modifications have an interesting
impact in the CAH. Up to now, the CAH on regular pillar-like
hydrophobic surfaces has been investigated concluding that in a
Wenzel state the CAH is proportional to the surface micro-
roughness induced by the pillars, which changes with the die””
On the contrary, in a Cassie—Baxter state, the pillar-micro-
roughness does not contribute to the CAH. In a Cassie—Baxter
state, the CAH depends exclusively on the solid-liquid fraction
fsi. Other studies examine the pinning effects on the three-
phase contact line in the edges of the pillars and their influence
in the depinning force or the sliding angle of water droplets,
concluding that for increased pillar density these parameters
follow the same positive correlation (sliding angle and
depinning force increase).***° So, up to now, the influence
of the CAH has been theoretically examined only on surfaces
that exhibit one-scale roughness. The special case where such
patterned surfaces exhibit multiple scale roughness has been
examined only very recently, but for substrates with the same
chemistry throughout their entire topography.*' Combinations
of different wetting states due to multiple scale rough substrates
with each roughness scale to present diverse chemical
characteristics, like in the present study, to the best of our
knowledge, have not been presented so far.

Herein, as shown in Figure 2d the water adhesion on the
pristine SU-8 pillars is extremely high, being always higher than
79° as expressed by the difference (A@) between the advancing
and receding angles (CAH for flat SU-8 = 20°). However, after
covering the SU-8 pillars with a PTFE particles layer by spray-
coating, a dramatic decrease of the CAH for all d; is observed.
Indeed, the CAH remains always below the value of 2° (CAH
for flat SU-8/PTFE = 4°). When the subsequent layer of
hydrophobic iron oxide NPs is sprayed on top of the PTFE
layer, the resulting SU-8/PTFE/NPs surfaces demonstrate a
tunable CAH, which decreases as the pillars become more
distant. At small-pillar spacing, di,, < 35 pm, the receding
contact angles are significantly lower compared to the
advancing ones, resulting in CAH > 70°. It should be
mentioned that the CAH of the pattern with d,;, = 14 pym is
higher than the respective CAH for the corresponding flat
surface (CAH for flat SU-8/PTFE/NPs = 131°), since the
depinning forces for closely packed pillars are greater than
those acting on a planar surface, as also reported recently by Xu
et al.*® The high adhesion of these multilayer pillars is also
demonstrated by the fact that the drops stay adhered on their
surface even for 180° tilt angles. At di,, > 35 um, the CAH
gradually decreases, reaching CAH < 10° for d;, > 85 ym and
tilt angles down to 23° for the maximum d

e used (120 um).
Such variations can be exclusively attributed to the changes in
the distance between the underlying micropillars since this is
the only variable parameter. Specifically, this tunable micro-
roughness in combination with the induced submicrometer and
nanoroughness affects the surface adhesion significantly (Figure
2).

The general increase in the CAH values of the SU-8/PTFE/
NPs system compared to the SU-8/PTFE can be attributed
mainly to the pinning effects at the water/NPs interface
throughout and at the edges of the pillars.*"** Such pinning
effects are observed even if air pockets remain trapped under
the droplet in the inter-pillar spacing, as demonstrated in Figure
lc and f. Actually, the water drops on the SU-8/PTFE/NPs
samples may stay on the top of the pillars with air pockets
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trapped in the inter-pillar areas, even though locally the water
can penetrate because of local capillary effects in the nano-
rough features created by the NPs exhibiting a Wenzel-type
wetting on the top of the pillars. These pinning effects on the
nano-features of the surface do not affect the APCA, leading
however to an increase in the CAH.

Summarizing, in the micro-scale the wetting is of Cassie-type
as demonstrated in Figure 1 for all the sprayed patterns (SU-8/
PTFE and SU-8/PTFE/NPs). However, in the nano-scale
induced by the sprayed hydrophobic iron oxide NPs, there is an
evidence of pinning phenomena occurring that increase the
CAH (Figure 2d). This increase of the CAH is expected to be
enhanced when the NPs/water interface becomes larger, thus
for narrower inter-pillar spacing, as demonstrated in Figure 2d.

To confirm these findings, our results were compared with
existing theoretical models that calculate the CAH on patterned
superhydrophobic surfaces. Specifically, Bhushan et al.** have
shown that the CAH of water drops that reside on the top of
micropillar-patterned structures, thus described by the Cassie—
Baxter wetting behaviour, can be predicted by the following
equation:

cos 6, — cos 6, = Reyf; (cos G, — cos ) + H, (6)
where 6, and 6, are the advancing and receding APCAs for the
patterned surface, respectively, and 6,, and 6, are the
advancing and receding angle for a smooth surface of the
same chemistry as the rough one. fg; is the solid fraction of the
entire micropatterned structure in contact with the liquid, and
can attain values smaller than 1. Rg, is the roughness factor on
a single pillar’s surface. In our case the top of the pillars show
submicrometer and nano-rough characteristics induced by the
sprayed particles. For reasons of simplicity, from now on, all the
types of roughness below 1 pm will be mentioned as
submicrometer roughness. H, is the term that accounts for
the hysteresis because of the slip-stick movement of the drop
on the edges of the pillars. This term is proportional to the
density of the pillars

H, =S’ )

where ¢ is a non-dimensional proportionality constant and S is
the spacing factor, which in the present case (square shaped
micropillars) is

a

S =—
T (a+dy)

©)

Equation 6 considers that the submicrometer rough features
on the top of the pillars are wetted by the water drops showing
locally a Wenzel-type wetting behaviour. In this case Ry, is
given by the ratio of the submicrometer-rough wetted area to
its projection, and takes values greater than 1. We combine the
eqs 6—8 and 2 to obtain the following equations that describe
the CAH for a superhydrophobic micropillar-patterned surface,
with overall Cassie—Baxter-type wetting behaviour, but locally,
on the top of the pillars, Wenzel-type wetting behaviour

cos 6, — cos O, = Ayfg, (9)
where Ay is a positive non-dimensional constant that equals
Ay = Rfsub(cos 0&0 — cos 91'0) +c (10)

On the other hand when the water drops do not penetrate
into the areas between the micropillars, there is another
possibility that they reside also on the top of the
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submicrometer-rough protrusions leaving submicrometer air
pockets underneath, showing also locally a Cassie—Baxter-type
wetting behaviour. For this case, we introduce in eq 6 a new
local roughness factor fg;, that replaces Rgy,. fspp is defined
as the solid fraction of the rough pillar-top in contact with the
liquid, taking values smaller than 1. The term fgyy when
multiplied by fg; will give the real fraction of the solid surface
being in contact with the droplet. In other words, the eq 6 for a
complete Cassie—Baxter state both in micrometer and
submicrometer scale becomes

cos 6, — cos O, = fo, . f (cos € — cos 6) + H,

(11)

Therefore, the general form of the modified equation for
predicting the CAH for a superhydrophobic micropillar-
patterned surface, with overall and local (on the top of the
pillars) Cassie—Baxter type wetting behaviour would be:

cos 6, — cos 6, = Acpfg; (12)

(13)

As a result, depending on the wetting state that the sprayed
particles used in our experiments induce in the submicrometer
scale, the CAH can be predicted by the following general
equation:

cos 6, — cos O, = Af

Acp = fy o (€08 O,p — cos ) + ¢

(14)

where A will be given from the eq 10 or 13, depending on the
wetting state of the submicrometer scale. Considering also the
eq 2, we obtain

cos @, — cos O, = Ala*/(a + d;,,)’] (1)

The parameters Rgy, and ¢ or fg; oy, and ¢, can be related to each
other after calculating the value of the parameter A from the
theoretical curves obtained from the eq 15.

Figure 3 demonstrates the dependence of the experimental
values of the advancing and receding angles on the d, for the
different patterns and coatings used in this work. Using eq 15 to
fit these curves, we obtain the values of constant A for the
PTFE and for the PTFE/NPs coated patterns. In particular, A
equals to 2.9527 for the SU-8/PTFE/NPs substrates and
0.01529 for the SU-8/PTEE. Using these values, the wetting
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Figure 3. Experimental and theoretical curves of the CAH. The
equation used to extract the theoretical curve is the 15: cos 6, — cos 0,
= A[a*/(a + dy,)*], where 0, and 6, are the advancing and receding
contact angles, a is the square side of the pillar’s top, d,, is the inter-
pillar distance and the parameter A can be given by the eq 10 when A
= A, or from the eq 13 if A = Acp.
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state of each system can be defined as discussed above by
estimating the Ry, or the fg ., as a function of the constant ¢
by using the eqs 10 and 13. cos 6,, — cos 0 is measured
experimentally by the advancing and receding contact angles on
a flat PTFE surface (value = 0.46) and on a flat iron oxide
surface where a thin layer of oleic acid is deposited (value =
0.78). Furthermore, as already discussed, for the Wenzel-type
local wetting the roughness factor Ry > 1 should be
considered whereas for the Cassie—Baxter-type local wetting,
where air-pockets in the submicrometer scale exist, a solid-
liquid fraction 0 < fg ¢, < 1 has to be considered.

Similarly, the values of the parameter ¢ are also restricted.
According to Bhushan et al,** the CAH value in 6 is divided in
two terms that depend on the work of adhesion and the
pinning at the edges of the pillars. Both terms can have values
from 0 to 2, underlying that their sum should be less than 2,
since 0 < cos 6, — cos 6, < 2. Consequently, since 0 < S¢ < 1
(eq 8), we can extract that 0 < ¢ < 2 (eq 7).

By introducing all the parameters found so far to the eqs 10
and 13, we can obtain the values of the Ry, or fg,, for given
values of ¢ as shown in the Figure 4. In this figure it is depicted

4
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Figure 4. Dependence of the roughness factor and the solid—liquid
fraction from the constant ¢ for the SU-8/PTFE/NPs and the SU-8/
PTFE samples, respectively.

with the dotted line in the graph the region where a
submicrometer Cassie—Baxter state (characterized by a solid-
liquid fraction fg; ) is separated by the submicrometer Wenzel
state (characterized by a roughness factor Rg,). Considering
the restriction in the values that R, and fg; o, can obtain, we
can conclude by their resulting values in which wetting state is
our system. In the case of the SU-8/PTFE/NPs samples, the eq
10 is valid since the values obtained correspond to the presence
of a roughness factor Ry, ranging from 1.22 to 3.79 for 0 < ¢ <
2. On the contrary, in the case of the self-cleaning SU-8/PTFE
samples, the values of the fg . (6 X 107 < fgr o < 0.033) are
obtained from the eq 13 for 0 < ¢ < 0.01S5. For ¢ > 0.015
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Figure S. Frames of the movement of a water drop (10 4L) on an inclined surface (tilt angle 26°). The top left part of each image corresponds to
SU-8/PTFE and the right bottom part to SU-8/PTFE/NPs. The frames are recorded every 33 ms except the last frame that is taken 3 s after the
beginning of the drop movement and represents the new equilibrium state of the system.

negative fg . values are obtained, that do not have any
physical meaning. Thus, it is proved that in the SU-8/PTFE/
NPs samples, Wenzel-type pinning effects in the submicrom-
eter and nano-scale are dominant, which increase the CAH,
while in the case of the SU-8/PTFE samples, the Cassie—Baxter
state dominates also in the submicrometer-scale roughness.
Consequently, by modifying the pillar-spacing, the CAH can
be controlled without altering the superhydrophobic character-
istics of the surface. A similar mechanism has been described
previously,43 demonstrating that water adhesion can be
increased by introducing nanofeatures on superhydrophobic
paper fibers by plasma etching. Another group has also similarly
claimed that the induced nanoroughness on a submicrometer-
rough superhydrophobic surface contributes exclusively in the
increase of the CAH.'® However, both studies correlate the
tuning of the water adhesion behaviour to the etching or spray
parameters during the fabrication process without making a
detailed discussion on the influence of the geometrical features
on the water adhesion, but rather remain in qualitative
statements. Furthermore, in accordance with our observations,
Paxson et al.*' showed that adding roughness scales does not
necessarily decrease the water adhesion as one might have
expected, but on the contrary a significant increase is possible
to be observed. However, the common case where a multiple
scale rough surface can be composed by hydrophobic materials
with different chemistry that can promote Cassie or Wenzel
transitions is neglected, in contrary to the present study.
Taking advantage the ability to spatially control the water
adhesion we fabricated patterns ideal for applications regarding
manipulation of water droplets, in terms of unforced move-
ment, selective deposition and evaporation. As an example
Figure S shows an inclined (tilt angle 26°) SU-8 micro-
patterned surface with d;,, 28 um, sprayed throughout with
PTFE particles and subsequently with NPs only over a selected
area masking the rest with a glass slide. The part of the surface
covered with PTFE particles shows very low adhesion whereas
the part covered with NPs is highly water adhesive. Therefore,
when a water droplet is placed on the self-cleaning area it starts
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rolling, until it comes in contact with the highly adhesive zone,
where it is immobilized.

Figure 6 presents SU-8 pillars covered with a PTFE layer, on
the top of which a NPs layer is spayed locally through an

150

{)eie
X « X3S .
O

t(min) 0“

Figure 6. (a—f) Image sequence of the drop moving with constant
speed across the SU-8/PTFE micro-pattern. The dark brown area in
panel a is an SU-8/PTFE/NPs disk. Each frame (a—f) corresponds to
a 600 um step. (g) SU-8/PTFE pattern and (h) on a circular disk of
SU-8/PTFE/NPs as shown in panel i on the SU-8/PTFE pattern. The
dotted red lines mark the diameter of the disk.

aperture. In this way a NPs-coated area with perimeter 2.67
mm onto the SU-8/PTFE pillared sample is obtained. The spot
covered with NPs is superhydrophobic like the rest of the
surface but in contrast, it has higher water adhesion. In the
sequence of Figure 6a—f is shown a drop initially in contact
with the self-cleaning part of the surface, where it easily slides
dragged by a syringe from which it was dispensed, without
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being released (Figure 6a,b). However, when the drop comes in
contact with the sticky area covered by the NPs (frames b, ¢, d,
e) it adheres on it and it is eventually detached from the syringe
(frame f). In this way, drops can be entrapped onto purposely
designed areas (see Video in the Supporting Information).
Using this technique of spontaneous deposition of almost
spherical water droplets to purposely designed areas of the
substrate, we envision applications like targeted delivery of
biomolecules or drugs for local chemical reactions. The water
droplets can incorporate such molecules which will be
selectively deposited after their evaporation. In fact, in Figure
6g is demonstrated that the APCA of a large drop (25 uL)
deposited on a SU-8/PTFE pillared sample remains during
evaporation always to the superhydrophobic regime, even when
the drop becomes very small prior to complete evaporation,
due to the very low adhesion. An identical drop placed
centralized onto the SU-8/PTFE/NPs spot presented in Figure
6i, experiences both the SU-8/PTFE (self-cleaning) and the
SU-8/PTFE/NPs (“sticky” = superhydrophobic) surface, since
it is big enough to include the entire SU-8/PTFE/NPs disk
into its perimeter. Before the complete drop evaporation, (at
150 min (Figure 6h)), the contact line is equal to the perimeter
of the area sprayed with NPs (2.67 mm) and significantly larger
than the one obtained on the SU-8/PTFE surface after the
same time (Figure 6g). Therefore the area of deposition of
water-soluble substances can be very well controlled with the
proposed technique.

4. CONCLUSIONS

We present a simple method for the realization of surfaces with
controlled wetting behaviour. Surfaces with triple-scale
hierarchical roughness are obtained by the spray-coating with
PTFE sub-micrometer particles and hydrophobically capped
iron oxide NPs onto SU-8 micro-pillars. The PTFE layer makes
the pillars superhydrophobic with extremely low CAH. The
successive coating of NPs tunes the surfaces’ CAH from
extremely high to quite low as the inter-pillar distance increases,
while the superhydrophobicity is preserved. The experimental
results are evaluated and confirmed by developing a theoretical
model for the prediction of CAH on multi-scale rough
hierarchical surfaces. The controlled water adhesion character-
istics of the patterns can be “erased” and “rewritten” by
applying successive coating layers of the appropriate particles.
In this way, the substrates can be used multiple times to
perform different functions. Following the proposed spraying
strategy it is possible to form self-cleaning surfaces with
localized highly adhesive areas that can be used for the localized
deposition and controlled evaporation of liquid drops. The
fabricated patterns can be excellent candidates for the
development of microfluidic devices, smart surfaces, biotechno-
logical, and novel antifouling materials.
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Video demonstrating the localized deposition of a water droplet
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