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Superhydrophobic surfaces with tunable wettability are critical for miniaturized reaction systems with
promising applications in point-of-care diagnostics, liquid droplet micro-reactors, non-loss manipulation,
and surface-enhanced Raman scattering sensing. However, the design and demonstration of stretchable
superhydrophobic surfaces with on-demand transitions in wettability remain challenging. In this study, we
report a facile approach to fabricating stretchable superhydrophobic surfaces with different microstructures
(arc-shaped or V-shaped air pockets) for multi-stage liquid droplet micro-reactors. The surfaces with arc-
shaped air pockets are kept in the stable Cassie—Baxter state enabling droplet micro-reactions, whereas the
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surfaces with V-shaped air pockets that go through pressure-induced Cassie—Baxter to Wenzel transitions
facilitate the transport of droplets in between reactions. The low-cost and scalable fabrication method with
the effective design strategy provided by this work also paves the way for broad applications that range from
liquid droplet micro-reactors and manipulations to chemical detection and analysis in stretchable

DOI: 10.1039/d3tc01666h

rsc.li/materials-c microfluidic devices.

drag-reduction. By contrast, the Wenzel state in the rose-petal
effect’”*® provides high water adhesive forces, enabling the

1. Introduction

Surfaces with tunable wettability have attracted increasing
attention because of their broad range of applications in biome-
dical analysis devices,"™ droplet transportation and water collec-
tion/harvesting,” droplet reactions,”” water condensation,®® and
microfluidic devices."”'" Nature has inspired humans to mimic
the microstructures from the skin of animals or plant surfaces to
achieve versatile wettability.>'>* The Cassie-Baxter state or
superhydrophobic (SH) state that is manifested in the lotus
effect'>'® exhibits extraordinarily weak water adhesive forces
resulting in the roll off of water droplets for self-cleaning and
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capture and transport of small water droplets. Although Cassie-
Baxter (CB) and Wenzel (W) states are very different in their
adhesive properties,’>*° irreversible transitions can be induced
from the former to the latter, with a loss of the superhy-
drophobicity."® Although reversible CB-to-W surfaces under exter-
nal stimuli have been developed for droplet manipulation,**
the stability of the surface wettability over time is far from
sufficient for many applications, such as chemical or biochemical
droplet reactions.**** For multi-stage reaction/analysis, non-loss
transportation of the droplet is often required in between the
stages as well.

Soft and stretchable elastomers such as polydimethylsiloxane
(PDMS) have been used widely in flexible biomedical sensors,>?®
artificial e-skins,?” and stretchable electrodes.?® PDMS is trans-
parent, biocompatible, chemically inert, and has good mechan-
ical flexibility. These characteristics make PDMS an ideal choice
for fabricating stretchable superhydrophobic surfaces. Despite
the low surface energy of PDMS, the maximum apparent contact
angle that can be achieved is only approximately 120° without
extra modification.>® Creating surface roughness can increase
the apparent contact angle for superhydrophobicity, but it is
challenging to maintain the robustness under external mechan-
ical forces.*® Efforts to address this challenge have led to the use
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of the desired morphology, e.g., as interconnected microstruc-
tures, protecting hydrophobic nanostructures from mechanical
damage by objects larger than the framework size.*" Construct-
ing SH surfaces relies on rough structures and low surface
energies.*” Therefore, multiple methods have been explored to
create multiscale structures, including laser irradiation/etch-
ing,**** compression molding with templates,*>” coating,**™*"
and particle filling.">"> However, each method has its own
limitations; for example, it is challenging to achieve complicated
microstructures with laser processing, an additional compres-
sion step is required for templating to avoid damaging the
surface morphology during demolding, extra spray coating is
needed to improve the durability over time,**™*® or difficulties
are experienced in controlling the surface morphology/adhesion
force for particle filling. New strategies have emerged over the
years to achieve droplet control. Aizenberg et al.®” introduced
adaptive surfaces consisting of a liquid film supported by a
nanoporous elastic substrate. These surfaces undergo changes
in topography as the substrate deforms, resulting in adjustments
in optical transparency and wettability. Wang et al.** achieved
the high-velocity and ultralong transport of droplets by printing
surface charge density gradients on various substrates. In addition,
Du et al*®** enabled the control of droplets in different working
scenarios by strategically constructing a photothermal-responsive
composite matrix or developing a novel superamphiphobic material
with a light-induced surface charge regeneration capability. In our
work, we draw inspiration from nature,>* > where the presence of
anisotropic structures plays a crucial role in determining whether a
superhydrophobic surface exhibits the Cassie-Baxter state or the
Wenzel state. Mimicking the arc shape of water droplets sagging
between protrusions on superhydrophobic surfaces,> the incorpora-
tion of arc-shaped air pockets with larger cavities proves advanta-
geous in preventing contact with the sagging portion of the droplet.
This effectively reduces the overall contact area and helps to main-
tain the Cassie-Baxter state. By contrast, the presence of V-shaped
air pockets is more prone to interacting with the sagging liquid,
ultimately leading to the Wenzel state of superhydrophobicity.

This study reports a facile and scalable method to prepare
stretchable SiO, nanoparticle-modified superhydrophobic
PDMS elastomers with periodic surface microstructures (e.g.,
arc-shaped air pockets and V-shaped air pockets). The different
periodic surface microstructures enable the SH PDMS elasto-
mers to either produce a CB-to-W transition or maintain the CB
state upon the application of an external pressing force. The
resulting SH PDMS elastomers are demonstrated in liquid
droplet micro-reactors and transport. The results from this
study also provide new design strategies and application oppor-
tunities for the SH surfaces with on-demand tunable wettability
in stretchable microfluidic devices.

2. Experimental
2.1. Materials

The materials were used as received: PDMS (Sylgard 184 Kkit,
Dow Corning, USA), KH570-modified-SiO, (Hebei Qinhe Handi
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Materials Co. Ltd, China), meshes with grid of 800, 1500
(Shanghai Suyan Cloth Manufacturing Co. Ltd, China), silane
coupling agent (Shanghai Senya Lubrication Material Co. Ltd,
China), NaOH and phenolphthalein (Sigma-Aldrich, USA), HCI
(Xilong Scientific, China), CuSO, (Aladdin, USA), and methy-
lene blue (MB; Mackin, China).

2.2. Preparation of superhydrophobic PDMS elastomers
with microstructures

The Sylgard 184 PDMS base and cross-linker (Dow Corning)
were mixed at a 10:1 ratio to prepare the prepolymer solution.
Next, KH570-modified SiO, NPs were added to the prepolymer
solution at different weight ratios in the range from 0 to 60%
under continuous stirring. After silanizing the mesh of grid 800
(TS) or the mesh of grid 1500 (TW) with a coupling agent spray
to provide low surface energies for easy peeling, the resulting
mixture was poured into a clean container with a mesh at the
bottom. Curing at 50 °C for 120 min and gently peeling off from
the iron mesh yielded the SH PDMS.

2.3. Testing of the wettability and adhesion force

The contact angles were measured using Kruss K100 apparatus,
where a water droplet of 2 or 5 pL was used for the water contact
or sliding angle, respectively. The adhesion forces were mea-
sured using a high-sensitivity microelectromechanical system
(Data-Physics DCAT 25, Germany) with a water droplet (5 pL) on
a metal ring being controlled to contact the surface. The droplet
was brought to the surface at a constant speed of 0.2 mm s~ '
for contacting the surface with a constant force for 0, 1, 3, or
5 min. Next, the droplet was retracted from the surface at a
constant speed of 0.1 mm s, with the adhesion forces recorded.

Wear-resistance testing. The surface of the SH PDMS elas-
tomers was rubbed with sandpaper (grit no. 320) at a distance
of 10 cm each time. The water contact and sliding angles were
measured over 50 cycles.

2.4. Transport of water droplets

The water droplet was manipulated using a SINDIN SDC-350
contact angle measuring instrument with a high-speed camera.
After placing the water droplet of 10 pL on TS-60 on the
platform, TW-60 fixed on an upper needle that was connected
to the mobile termination was brought into contact with the
water droplet with pressure, followed by retraction.

2.5. Self-cleaning test

After placing phenolphthalein powder on the SH PDMS elasto-
mer, a 1 M NaOH solution was continuously dripped onto the
surface to roll off the powders.

2.6. Characterization and imaging

The top and cross-sectional profiles of the SH PDMS elastomers
with different microstructures were confirmed using scanning
electron microscopy (TESCAN MIRA LMS). The roughness was
characterized via AFM (Bruker Dimension Icon). The three-
dimensional images were obtained using an optical microscope
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(Bruker Contour GT K 3D). All optical photos and movies were
taken using a mobile phone (iPhone 11, Apple Inc.).

3. Results and discussion

3.1. Design and characterization of the PDMS elastomers with
periodic surface microstructures

The stretchable SH PDMS elastomers with tunable wettability
were prepared by curing the SiO, nanoparticle (NP)-modified
PDMS prepolymer on a designed template (Fig. 1a). In brief,
KH570-modified SiO, NPs of 200 nm diameter (Fig. S1, ESIY)
were used to avoid agglomeration in the PDMS prepolymer.
Commercial meshes (Shanghai Suyan Screen Products Co.,
LTD) with two representative microstructures (Fig. S2, ESIY)
were first coated with a silane coupling agent to form the TS
and TW templates (Fig. S3, ESIf). Curing the SiO,-modified
PDMS prepolymer on the template yields the stretchable SH
PDMS elastomer with either an arc-shaped or a V-shaped air
pocket morphology.

The water contact angle on the PDMS elastomer increased
from the intrinsic value of 118.5° (Fig. S4a, ESIt) to 141.2° after
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introducing the surface microstructures, which was further
increased to 153.9° as the KH570-modified SiO, NP weight
content was increased from 0 to 60% (TS-60), with the water
sliding angle reduced from 40.3° to 9.4° (Fig. 2a). The even
distribution of KH570-modified-SiO, NPs in the TS-60 PDMS
elastomer (Fig. 2b(I)) contributed to an increased roughness of
Ra = 78.5 nm (Fig. S5a, ESIt), compared with that of 1.1 nm for
the flat PDMS elastomer (Fig. S4b, ESIt). Periodic arc-shaped
grooves (air pockets) were formed as shown in Fig. 2b(II).
The three-dimensional (3D) profile also shows a roughness of
159.4 pm for the periodic surface microstructures (Fig. 2c). The TS-
60 surface with a large contact angle (>150°) and a small sliding
angle (<10°) enable rolling off the phenolphthalein powders
using 1 M NaOH, producing pink droplets for self-cleaning
(Movie S1, ESIt). The high roughness formed with the templates
creates a large surface area, which traps air and reduces the
contact area between the liquid and the solid surface. In addition,
the high aspect ratio of the microstructures helps to maintain the
trapped air pockets and prevents them from collapsing.

Using the template TW also increased the water contact
angle from 132.9° to 153.1° and decreased the water sliding
angle from 58.6° to 9.7° with an increase in the SiO, NP weight
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Fig. 1 Overview of the (a) fabrication and (b) application of stretchable superhydrophobic (SH) elastomers with on-demand tunable wettability based on

different surface microstructures.
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Fig. 2 (a) Dependence of the water contact and sliding angles of the stretchable PDMS elastomer formed by template TS on the SiO, content, with
images of the self-cleaning test for the TS-60 sample (SiO, content: 60%) shown in the inset. (b) Top (top) and cross-sectional (bottom) views of the SEM
images of TS-60. (c) Three-dimensional (3D) profile image of TS-60 for an area of 1 mm x 1 mm.

content from 0 to 60% (TW-60) (Fig. 3a). Evenly distributed
KH570-modified-SiO, NPs in the TW-60 PDMS elastomer
(Fig. 3b(I)) also increased the roughness to 74.6 nm (Fig. S5b,
ESIY). Periodic V-shaped air pockets were formed, as shown in
Fig. 3b(II). A roughness of 124.9 um was observed in TW-60 with
the periodic surface microstructures (Fig. 3c), which is smaller
than the surface of TS-60. The excellent superhydrophobic
properties of TW-60 are also highlighted by the self-cleaning
process (Movie S2, ESIT). The mechanism behind the super-
hydrophobicity is based on the balance between the interfacial

energies of the solid-liquid and solid-air interfaces. When
the rough surface is hydrophobic, the surface energy of the
solid-liquid interface is high, while the surface energy of
the solid-air interface is low. Therefore, the liquid droplet
prefers to minimize its contact with the solid surface and
instead sits on top of the trapped air pockets, forming a
composite interface with the air and the rough surface. Due
to the roughness of TS-60 being larger than that of TW-60, we
can learn that the U-shaped air pockets are beneficial for
increasing the roughness.
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Fig. 3 (a) Dependence of the water contact and sliding angles of the stretchable PDMS elastomer formed by the template TW on the SiO, content, with
images of the self-cleaning test for the TW-60 sample shown in the inset. (b) Top (top) and cross-sectional (bottom) views of the SEM images of TW-60.

(c) 3D profile image of TW-60.
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3.2. Stability of the adhesion and mechanical properties of
the SH PDMS elastomers

The stability of the surface adhesion can be characterized via
the liquid standing time on the SH surface. After setting a 10 uL. MB
droplet (1.0 mM) on the surface of TS-60 (Movie S3, ESIt) and TW-
60 (Movie S4, ESIY) for a standing time of 3 s or 1/3/5 min (Fig. 4a),
the samples were rotated to observe the rolling behavior of the MB
droplet. While TS-60 exhibits easy rolling for all the experiments,
rolling only occurs for a standing time of 3 s on the TW-60 sample.

t<3s | t=1 min t=3 min | t=5min ]

TS-60
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The comparison indicates that a CB-to-W transition occurs for
TW-60, whereas TS-60 remains in the CB state during the test.
The CB state superhydrophobicity is a phenomenon that is
observed when a liquid droplet rests on a rough surface with air
trapped in the spaces between the surface asperities. The liquid
droplet is suspended on top of the rough surface and only
comes into contact with a small fraction of the surface area,
resulting in a very high contact angle and a low contact angle
hysteresis. This state can be achieved by designing periodic
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Fig. 4 (a) Stability test of the adhesion force for TS-60 and TW-60. (b) Adhesion force between the water droplet and TS-60 (left) or TW-60 (right) for a
pressing time of 0, 1, and 3 min. (c) Stability testing of the water contact angle on TS-60 upon stretching. (d) Wear resistance testing of TS-60.
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surface microstructures with a high aspect ratio and a sufficient
roughness. The transition from the Cassie-Baxter state to the
Wenzel state occurs when the trapped air pockets between the
surface asperities are removed and the liquid droplet comes
into direct contact with the solid surface.>® This transition can
be induced by changing the surface chemistry of the rough
surface or by applying external forces, such as compression.>
The underlying mechanism for the transition from the Cassie-
Baxter state to the Wenzel state is based on the balance between
the interfacial energies of the solid-liquid, solid-air, and
liquid-air interfaces. In the Cassie-Baxter state, the trapped
air pockets reduce the solid-liquid contact area and minimize
the solid-liquid interfacial energy, while maximizing the solid-
air and liquid-air interfacial energies. When the trapped air
pockets are removed or their volume is reduced, the solid-
liquid contact area increases, resulting in a decrease in the
contact angle and an increase in the contact angle hysteresis.
This transition is driven by changing the total interfacial
energy, which can be achieved using surface patterning meth-
ods, which create specific patterns on the surface can also help
to create trapped air pockets. For our samples, as the meniscus
radius of the water droplets grows as the standing time increases
due to gravity, the internal hydrostatic force increases to be
greater than that of the Laplace pressure for triggering the CB-to-
W transition on textured polymer surfaces.>® By contrast, in the
case of TS-60, the droplet meniscus grows under gravity without
touching the inner surface due to the special arc-shaped air
pockets in TS-60 (contrary to TW-60 which has V-shaped air
pockets), and thus the CB-to-W transition occurs only in TW-60.

The unique CB-to-W transition in TW-60 is confirmed by
testing the adhesion droplet force over time (Fig. 4b). The
testing setup and the process are shown in Fig. S6 (ESIt). After
the water droplet of 5 uL is brought into contact with the
sample surface, a constant force is applied to press and dis-
place it by 0.2 mm. The initial adhesion force of 51.6 uN for
TS-60 (91.5 puN for TW-60) increases to 60.3 pN (or 110.4 pN)
and then decreases slightly to 58.3 uN (or 99.6 pN) as the
pressing time increases to 1 min and then to 3 min. While the
slight decrease in the adhesion force for both results from
the evaporation of water over time for a reduced contact area,
the significantly larger increase for TW-60 comes from the
CB-to-W transition.

The mechanical stability of TS-60 is also verified using
stretching and wear resistance tests. The transition from the
CB to the Wenzel state is often attributed to external stimuli
(e.g., mechanical impact, compression, or thermal perturbation)
that overcome energy barriers for a given surface topography.”®
The CB equation describes wetting for a two-component surface:
cos 0 = fi cos 0, + f,cos 0,, where f; (or f>) is the area fraction of
the solid (or air) surface in contact with the liquid droplet and 0
is the contact angle of the liquid droplet. The increased contact
angle and reduced adhesion of the liquid droplet to the surface
from an increased f, induces a ‘sliding effect’.’” A minimal
change in the water contact angle is observed as the TS-60
sample is stretched from 4.5 to 5.0 and then to 5.5 mm (a tensile
strain of 111% and 122%, respectively) (Fig. 4c), due to an almost
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unchanged area fraction of the microstructures during
stretching.>® However, the destruction of the surface microstruc-
ture (Fig. S7, ESIt) during sandpaper abrasion for 50 cycles
(Fig. S8, ESIt) results in a decreased water contact from 153.9°
to 140.3° and an increased water sliding angle from 9.4° to 80.7°
(Fig. 4d). We conducted twisting and bending experiments to
evaluate the stability of the water contact angle (Fig. S9, ESIT).
The procedure involved manually twisting the sample 50 times,
followed by bending it 50 times, after which the water contact
angle was measured. This cycle was repeated three times. The
results indicated that the contact angle remained above 150.0°
for both TS-60 and TW-60, indicating that twisting and bending
did not compromise the superhydrophobic properties of the
prepared samples.

3.3. Transport of water droplets

The difference in the adhesion force between TS-60 and TW-60
under pressure enables the manipulation of water droplets.
When compression is applied, the adhesion forces of the TW-60
and TS-60 surfaces are different, which means that the inter-
action between a water droplet and each surface is different.
The water droplet will preferentially adhere to the surface with
a higher adhesion force, which means that it will be more
difficult to move the droplet away from this surface. By con-
trast, the surface with a lower adhesion force will have a weaker
interaction with the droplet, making it easier to move the
droplet away from this surface. As is shown in Fig. 5, the water
droplet of 10 uL positioned on TS-60 can be picked up by TW-60
from the above after pressing (Movie S5, ESI) due to the
significantly larger adhesion force on TW-60 from the CB-to-
W transition under pressure (Fig. S10a, ESIt). Meanwhile, TS-60 in
the CB state (Fig. S10b, ESIt) provides increased pressure in the
air pocket between the microstructure and the liquid under
pressure according to Boyle’s law,*®*° which can further facilitate
the release of the water droplet from the TS-60 surface. When the
force is applied to the droplet, it can be moved towards the
hydrophobic regions where the adhesion force is lower, and the
droplet will be more easily detached from the TS-60 surface with
arc-shaped air pockets. In addition, we can learn from the SEM
cross-sectional images that the shapes of the air pockets remain
unchanged for both TS-60 (Fig. S10c, ESIt) and TW-60 (Fig. S10d,
ESIt) after releasing the pressure. Overall, the manipulation of
water droplets through differences in the adhesion force relies on

TW-60

| TW-60 |

Grabbing hand

Fig. 5 Transport of a water droplet from TS-60 to TW-60 under pressure.
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creating surfaces that have different surface energies in order to
create a gradient that controls the movement of the droplets.

3.4. SH PDMS elastomers for multi-stage droplet reactions
and droplet transportation

Droplet transportation after multi-stage droplet reactions is
important to enable the efficient use of test specimens, to
perform a wide range of reactions with different types of
reagents and conditions, and to separate incompatible reagents
or reaction products. Multi-stage reactions can also enable the
production of complex molecules that would be difficult or
impossible to synthesize using conventional methods. As
shown in Fig. 6, multi-stage droplet reactions can be performed
using TS-60 as a liquid microreactor, whereafter TW-60 is used
for droplet transportation. The chromogenic reaction between
1.0 M NaOH and phenolphthalein droplets can be readily
observed by the instant color change to pink after adding

@ "
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phenolphthalein to the colorless NaOH, followed by the trans-
port of the reaction product by TW-60 (Fig. 6a). Next, adding an
HCI droplet into the previous reaction product introduces an
acid-base neutralization reaction between H' and OH™ to
change the droplet back into being colorless, which is followed
by another transport step with TW-60 (Fig. 6b). In another
demonstration for this liquid microreactor, a precipitation
reaction between CuSO, and NaOH droplets results in the
formation of the Cu(OH), precipitate, which can also be lifted
and transported by TW-60 (Fig. 6¢). The stable CB state on TS-
60 provides the conditions for the stable droplet reaction,
which are attributed to the periodic arc-shaped air pockets.
By contrast, the transition from the Cassie-Baxter to the Wenzel
state that occurs on TW-60 under an applied pressure offers the
possibility for transporting the droplet reaction products,
which is attributed to the V-shaped air pockets. These results
provide potential application opportunities for droplet
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1.0 MNaOH -
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Fig. 6 Application in multi-stage droplet reactions. (a) Chromogenic reaction between the 1.0 M NaOH droplet and the 1.0 M phenolphthalein droplet,
followed by transportation with TW-60 (Movie S6, ESIT). (b) Multi-stage chromogenic reactions as in (a) followed by an acid—base neutralization reaction
(Movie S7, ESIT). (c) Precipitation reaction followed by transportation using TW-60 (Movie S8, ESI¥).
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reactions, and the transportation of their products, which can
be beneficial for analyzing multi-stage chemical reactions.

4. Conclusions

In summary, this study reports a facile fabrication method to
create stretchable SH PDMS elastomers with on-demand, tunable
wettability. By combining the KH570-modified-SiO, NP-PDMS
composite with different microstructure templates, two stretch-
able superhydrophobic surfaces with different microstructures
(arc-shaped or V-shaped air pockets) are formed for use as
multi-stage liquid-droplet micro-reactors. The stretchable SH
elastomers can either maintain a stable CB state or induce the
CB-to-W transition under external triggers such as gravity and
pressure. The difference in the adhesion force upon pressure
between the two stretchable SH PDMS elastomers enables their
utilization in water droplet transport and multi-stage droplet
reactions. The low-cost and scalable method also provides the
potential applications of digital microfluidics in stretchable
devices for biomedical analysis, or biochemical sensing.
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