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Fabrication of Stretchable Superamphiphobic Surfaces
with Deformation-Induced Rearrangeable Structures

Xiaoteng Zhou, Jie Liu,* Wendong Liu, Werner Steffen, and Hans-Jiirgen Butt

Stretchable superamphiphobic surfaces with a high deformation resist-
ance are in demand to achieve liquid-repellent performance in flexible
electronics, artificial skin, and textile dressings. However, it is challenging
to make mechanically robust superamphiphobic coatings, which maintain
their superliquid repellency in a highly stretched state. Here, a stretchable
superamphiphobic surface is reported, on which the microstructures can
rearrange during stretching to maintain a stable superamphiphobicity even
under a high tensile strain. The surface is prepared by spray-coating silicone
nanofilaments onto a prestretched substrate (e.g., cis-1,4-polyisoprene) with
poly(dimethylsiloxane) (PDMS) layer as a binder. After subsequent fluorina-
tion, this surface keeps its superamphiphobicity to both water and n-hex-
adecane up to the tensile strain of at least 225%. The binding PDMS layer
and rearrangeable structures maximize the deformation resistance of the
surface during the stretching process. The superamphiphobicity and mor-

phology of the surface are maintained even after 1000 stretch—release cycles.

Taking advantage of the mentioned benefits, a liquid manipulation system is
designed, which has the potential for fabricating reusable and low-cost plat-

superamphiphobic surfaces with micro-
scopic overhanging morphologies, some-
times called a re-entrant geometry.l’
Surfaces such as silicone nanofilaments/®
or template candle soot®d have been
reported to achieve superamphiphobicity by
having a sub-micrometer inward curved sur-
face morphology. Although we now profit
from an improved understanding of the
mechanisms of a superamphiphobic sur-
face, a less complex method of preparation
and a high mechanical stability of the sur-
face are still two of the main challenges that
have hindered its widespread adoption.”!
Recently, superliquid-repellent surfaces
with deformation-resistant performance
are becoming increasingly significant in
various situations such as flexible elec-
tronics,® artificial skin,” textile dress-
ings,'% and liquid manipulation.'! Cur-
rently existing superamphiphobic surfaces

forms for biochemical detection and lab-on-a-chip systems.

1. Introduction

Liquid-repellent surfaces are of interest for basic research and
industrial use in self-cleaning/! antifouling/? corrosion resis-
tance,’! and droplet manipulation. To achieve superliquid-
repellency, the liquid needs to be in the Cassie state, in which a
layer of air is entrapped between the liquid and the substrate.P!
For liquids with low surface tension (7), the Cassie state with
a static contact angle larger than 150° can be achieved on
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appear to lose their superliquid-repellency

to nonpolar liquids under small deforma-

tion, in particular when being stretched.!"

The breakup of the surface structures during stretching usually
cause the low-surface-tension liquids on the surface transiting
from the Cassie state to the Wenzel state (fully wetted) easily.
Pan et al. reported an excellent textile which repels the wetting
of liquid nitrogen with surface tension of 8.8 mN m™, yet it
loses the superoleophobicity when being stretched to 20%.11%
Even till now, there is no effective way proposed to solve this
problem that the loss of superamphiphobicity due to stretching.
In this work, we fabricated a stretchable surface whose
superamphiphobicity is maintained during stretching via con-
struction of spontaneously rearrangeable microstructures, and
which is fabricated by spray-coating silicone nanofilament (NF)
on a pre-stretched elastic substrate. A single NF usually has
a diameter of the order of 10 nm and can form on the over-
hanging structures due to its round, spaghetti-like shape./®
After spray-coating process, the NFs together with their
assembly lead to a re-entrant geometry from tens of nanometer
to hundreds of micrometers providing the underlying structure
for a superamphiphobic surface. Releasing the tension of the
substrate after fabrication leads to relatively compacted struc-
tures. During the surface stretching process, we observed the
rearrangement of these structures in situ. The rearrangement
of the structures includes the breakup of the largest NF clusters
and the movement of the structures with respect to each other
due to surface stretching. Through monitoring the size and
density of the structure, the reason why the surface remains
its superamphiphobicity in a high strain was understood.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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This surface was further utilized to fabricate a programmable
liquid manipulation system to achieve drop coalescences and
synthesis of asymmetric hydrogels.

2. Results and Discussion

Spray-coating is a simple and effective method to construct
hierarchical micro/nanostructures, but using nanoparticles in
spray-coating to prepare superamphiphobic surfaces is usually
a complex process. Particles size, concentration, spray pressure,
droplet size, and solvent all need to be optimized in order to
obtain a re-entrant structure.l*] Silicone nanofilaments (NF)
synthesized by cross-linking of hydrolyzed trichloromethylsilane
(TCMS)!™ can easily form sub-microscale re-entrant struc-
tures, which are one of the most effective superamphiphobic
coatings with ultralow sliding angles of liquids.°>!>] However,
direct growth of NF on the surface usually needs to be carried
out under specific conditions including rinsing the surface in
organic solvent or in vacuum. This significantly reduces the
area that can be covered and the efficiency to modify the sur-
face, thus limiting its widespread use.

To overcome the limits of NF direct growth and to reduce
the complexity of the preparation, we use pre-prepared
nanofilaments as the substitute of nanoparticles in spray-
coating. Only a low spray pressure (27 kPa) is applied, as
compared to the high spray pressure (150-300 kPa) that
is normally used,®®'®l which further facilitates the pro-
cess. A poly(dimethylsiloxane) (PDMS, Sylgard184) layer is
used as the binder to fix the NF layer on the substrate.'”] To
achieve stretching stability of the superamphiphobicity, the
pre-stretching of the substrate was carried out to ensure the
surface to be covered by NF with a high density after spray-
coating. The “pre-stretching” method of preparing stretching
resistant superliquid-repellent surfaces was first proposed
by Genzer et al.['¥l based on which various kinds of surfaces
such as tunable surface patterns,l” stretchable superhydro-
phobic surface,?"! hierarchically wrinkled surfacel?! were devel-
oped. As a model substrate, a commercial cis-1,4-polyisoprene
tape (Figure Sla,b, Supporting Information) was elongated to
the tensile strain € (e = (L — Ly)/Ly x 100%, in which L, is the
original length of the relaxed surface and L is the stretched
length) of 200% (Figure 1a). The solution of PDMS oligomers
and curing agent (10:1) in n-hexane (4.2 wt%) was spray-coated
on the stretched substrate (Figure Slc,d, Supporting Informa-
tion). The thickness of the PDMS layer was 0.85 + 0.10 pm
(Figure S2, Supporting Information). Then the NF dispersion
(0.1 wt% in toluene) was spray-coated onto the PDMS layer
immediately. After curing at 80 °C for 2 h, the sample was fluor-
inated with trichloro(1H,1H,2H,2H-heptadecafluorodecylsilane)
by chemical vapor deposition after activating the surface with
oxygen plasma. The surface was always held in tension during
the preparation. A permanent strain of 10.5% remained when
releasing the surface to the relaxed state after pre-stretching
to 200% (Figure S3, Supporting Information). We define the
tensile strain of the relaxed surface after this permanent defor-
mation as & = 0% for following tests. The permanent strain
of the surface depends on the selected substrate, and might be
improved by optimizing materials or preparation techniques.l??!
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The nanofilament-structured and stretchable superamphi-
phobic (NFSS) surface shows a hierarchical micro/nanostructure
(Figure 1b,c). To clearly present the morphology and the compo-
sition of the surface, we further observed the cross-section of the
NEFSS surface by SEM (Figure S4, Supporting Information). Com-
paring to the porous nanofilament structure on the top of the NF
clusters, we observed a different morphology at a certain region
close to the substrate. The nanofilament structure in this region
is denser than that in the upper side. This dense layer is the
binding layer composed of both nanofilament and cross-linked
PDMS. The thickness is around 1.5 £ 0.5um, which is much
lower than the thickness (45 + 20 um) of the nanofilament layer.
For the gaps existing on the substrate, the NF structure can only
partially cover them. As the gaps are so small that extra nanofila-
ments cannot fill in them (Figure S5, Supporting Information).

As the NFSS surface is fabricated by keeping the substrate
under tension, the NF microstructures become more compacted
after the surface is released (Figure 1d). Thereby the NFSS surface
at the relaxed state exhibits both advancing (©ca) and receding
(Orca) contact angles of water and n-hexadecane that are larger
than 150° (Figure S6, Supporting Information). In the prepara-
tion, we use pre-prepared nanofilaments as the substitute of nan-
oparticles in spray-coating. The NF dispersions for spray-coating
were prepared when the air humidity changed from 20% to 40%
(Figure S7, Supporting Information). At such humidity region,
the superamphiphobic NFSS surface is easy to be reproduced.
For comparison, the same process was also used to spray-coat
SiO, particles on the stretchable substrate. After fluorination, the
surface was only superhydrophobic, while the receding contact
angle of n-hexadecane on such a surface is almost 0° (Figure S6,
Supporting Information). Thus, spray-coating NFs rather than
nanoparticles leads to a better liquid repellency and it means our
method has obviously reduced the complexity of preparation of
the stretchable superamphiphobic surface.

Drop impact experiments show the mechanical stability of
the surface against droplet impalement in the relaxed state.
Both water (Weber number We = 71; We = pUy2R/y, where p is
the density, U, is the impacting velocity, R is the radius of the
drop and yis the liquid—air surface tension) and n-hexadecane
(We = 11.1) bounce from the relaxed NFSS surface (€ = 0%) with
no retention (Figure le,f). The porous microstructure increases
the impalement pressure of the surface and prevents the three-
phase contact line from moving downward on the structure.
Moreover, given a stable superamphiphobicity, both water and
n-hexadecane sessile drops maintain spherical shapes on the
stretched NFSS surface, even at a strain £~ 200% (Figure 1g).

The NFSS surface in the stretched state exhibits stable super-
liquid-repellent performance to both water and n-hexadecane
(Figure 2a). To avoid the effects of the inhomogeneous ten-
sile strength on the stretched NFSS surface,**l the advancing
and receding contact angles (@ca and Opca) and the roll-off
angles (Oonof) Of liquids were all measured in the middle
area. The surface maintains high receding contact angles
(Orca > 150°) for both water and n-hexadecane and low roll-
off angles (10 puL water, G40 < 1.2° and 10 pL hexadecane,
ol < 3.3°) up to € < 225%. At € = 250%, the NFSS surface
was still superhydrophobic. However, both ©,cy and Ogcp of
n-hexadecane are lower than 150° (Figure S8, Supporting Infor-
mation). Nevertheless, 10 uL n-hexadecane drops still rolled off

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. The nanofilament-structured and stretchable superamphiphobic surface. a) Schematic of the fabrication process of the nanofilament-struc-
tured and stretchable superamphiphobic (NFSS) surface. b) 3D images taken by Nanofocus usurf 3D confocal surface measurement system of the
NFSS surface at € = 0%. Scale bar: 200 um. c) Scanning electronic microscopy (SEM) images of the NFSS surface at £~ 0%. Scale bar: 50 um (top),
2 um (bottom), and 500 nm (inset). d) Schematic to illustrate the changing of microstructures on the NFSS surface after releasing the surface. ) Image
series show the impact and bouncing of one 6 uL water drop on the NFSS surface (€= 0%). Drop release height: 2 cm, scale bar: 5 mm. f) Image series
show the impact and bouncing of one 3 LL n-hexadecane drop on the NFSS surface (¢ = 0%). Drop release height: 2 cm, scale bar: 5 mm. g) Optical
images of spherical shapes of 6 uL water and n-hexadecane drops on the NFSS surface under various strains ranging from 0 to 200%. Scale bar: 5 mm.

the surface at a low tilting angle of 3.4° £ 0.3° when & = 250%.
In contrast, if the NFSS surface is fabricated without pre-
stretching, the surface loses its superamphiphobicity at £ > 50%
(Figure S9, Supporting Information).

The accessibility of the surface superamphiphobicity during
stretching is determined by the liquid entry or impalement
pressure P gp.24 P represents the pressure required to force
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the transition from the nonwetting Cassie state to the fully
wetted Wenzel state. For a particular liquid, the microstructure
size and spacing usually affect the value of P gp.>! Here, we
use the average distance between adjacent edges of two NF
clusters to illustrate the average structure spacing. When the
NFSS surface is stretched, the separation and rearrangement of
the structure allow slight changes in both the spacing and the

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Strain (%)
d 0 50 100 150 200 250 b
180 — : : : : — 20
0000006060000 | _
_120} « 9 Opn |
= Water © Ot 110
® 601+ ORoll-off &
"""""""""""""""""""""""""""" Padl 3
1 990009000 0ad )
180 — : : : : —20
20008000008, | _
__120} 3;
°5 n-hexadecane 110 8
60} i
e """""""" oe"g: 1 3
0 9999949997

100 150 200 250 °
Strain (%)

0 50

N
o

Average structure spacing (um)

www.advmat.de

(o))
o

60

Diameter

W (&)
o o
B (&)
o o

N
o
N
o

w
o
Average diameter (um)

—
o
R
o

0 100 200 250

Strain (%)

O um

Figure 2. Superamphiphobicity of the stretched NFSS surface. a) Advancing and receding contact angles (Oaca and Orca) and roll-off angles (0)1.06)
of water and n-hexadecane on the NFSS surface with different tensile strains. Drop volume used in roll-off angle measurement was 10 pL. b) Evolution
of the average structure spacing (distance between two NF clusters) and the average cluster size (diameter of the NF cluster) with the change of the
surface tensile strain. c) Images using a Nanofocus usurf 3D confocal surface measurement system illustrate variation of the morphologies when the
NFSS surface was stretched. Strain: 0%, 100%, 200%, and 250%. The inset illustrates the measurement position (red dot) of the NFSS surface. Scale
bar: 200 um. d) Images show a rearranging process of the compacted microstructures after stretching from 0% to 200%. Scale bar: 200 um. The color

bar to the right of (c) and (d) illustrates the measured height.

cluster size (Figure 2b). As a result, the NFSS surface exhibits
a quite stable superamphiphobicity resisting stretching because
of the slightly changed liquid entry pressure.

A Nanofocus wusurf 3D confocal surface measurement
system (Nanofocus AG, Oberhausen, Germany) was used
to monitor the topography of the NFSS surface in situ
during the stretching process (Figure 2c¢,d). The result shows
that when the surface was stretched in one direction, and

Adv. Mater. 2022, 34, 2107901 2107901 (4 of 9)

the distances of NF clusters along the stretching direction
increased (e.g., d; < d, < d3 < d,) with the strain increasing
from 0% to 250%, while the distance of the clusters vertical
to the stretching direction decreased (e.g., di > d)’ > dy’ > dy)
(Figure 2c). Some compacted structures split and rearrange at
high strain (Figure 2d), and thereby the average diameter of the
NF cluster decreases with the increasing tensile strain. In our
view, the splitting of the structures into smaller clusters and the

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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rearrangement of them during the stretching process prevent
breakup of the NF coating layer and the formation of big cracks
to ensure that thus the surface maintains a stable superamphi-
phobicity. Finally, the surface loses its superamphiphobicity due
to the low coverage of the NF cluster at a high tensile strain, in
our case at £ = 250%.

A continuous and alternating stretch-release test was con-
ducted to illustrate the mechanical durability of the NFSS
surface (Figure S10a, Supporting Information). The surface
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was repeatedly stretched along one direction with a speed
of 0.4 cm s7! to € = 100% and then released to & = 0% with
the same speed again. During stretch-release cycles, both
water and n-hexadecane rebounded and rolled off the sur-
face (Figure S10b,c, Movie S1, Supporting Information). After
1000 cycles, both water and n-hexadecane still have a high
receding contact angle (Orcp > 150°) and low contact angle
hysteresis (Figure 3a). Here, @cp and Ogcy were measured
when the tensile strain of the NFSS surface was 0% and

174 ms
ogsg °QO°°°¢QOO

Water, € = 100%

o
=
(@)

118 ms
90%9°0400000000

n-Hexadecane, € = 100%

Figure 3. Durability of the NFSS surface after repeated stretching. a) ©aca, Orca, and AO of water and n-hexadecane on the NFSS surface after different
stretch—release cycles. The contact angles were measured at €= 0% and €= 100%, respectively. b) SEM images of the NFSS surface after 100, 1000, and
3000 stretch-release cycles. Scale bar: 100 and 50 um (inset). ¢) Oaca, Orca, and A® of various liquids on the stretched NFSS surface (¢ = 100%) after
1000 cycles of test. Inset shows the image of sessile drops (10 uL) of corresponding liquids on the stretched NFSS surface. d) Image series showing
the impact and bouncing of a 6 LL water drop on the surface. Release height: 2 cm; scale bar: 5 mm; & = 100%. e) Image series of the impact and
bouncing of a 3 pL n-hexadecane drop on the surface. Drop release height: 2 cm; scale bar: 5 mm; £~ 100%.
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100%, respectively. According to the SEM images (in random
positions), the morphologies of the surface after 100 and
1000 stretch-release cycles seem not to change qualitatively
(Figure 3b). After 1000 cycles, the NFSS surface is still super-
amphiphobic to a wide range of liquids even if it is stretched
to 100% (Figure 3c). Besides water (y = 72.2 mN m™) and
hexadecane (y = 274 mN m™), other liquids including glyc-
erol (y = 64.8 mN m™), dilodomethane (y = 50.2 mN m™),
dimethyl sulfoxide (DMSO, y=42.7 mN m™) and cyclopentanol
(y=32.7 mN m™) all maintain spherical shapes on the surface
with high receding contact angles (Orca > 150°) and low con-
tact angle hysteresis (A® = @pca— Orca < 5°). The surface can
still withstand liquid drop impact after 1000 cycles of stretch—
release test (Figure 3d,e). When & was about 100%, both water
(We = 71) and n-hexadecane (We = 11.1) drops rebounded
at least three times. No retention caused by the impact was
observed on the surfaces. This enduring repellency is likely
due to the high coverage of the re-entrant structures. Although
the surface is still superhydrophobic after 3000 stretch—release
cycles, contact angle measurements show that the NFSS sur-
face starts to lose the superoleophobicity. This is reflected by
the receding contact angle of hexadecane on both relaxed and
stretched surfaces being lower than 150° (Figure 3a). The rear-
rangement seems to be irreversible after 3000 cycles as big
cracks happen on the cluster because of a failing regrouping
process (Figure 3b, 3000 cycles inset).

Besides the stretch durability, we further characterized the
mechanical stability of the NFSS surface against sand abrasion
(Figure S11, Supporting Information). After testing for more
than 5 min, the appearance of the coating changed little. Drops
of water (30 uL) and n-hexadecane (20 uL) still easily slide off
the surface with tilting angle of 45°. According to the contact
angle measurements, the superamphiphobicity of the surface
does not change with receding contact angles being lager than
150° when the surface is in both relaxed and stretched states
after the test. A sandpaper abrasion test was further conducted,
in which NFSS loaded with a weight of 30 g were placed face
down on a sandpaper (Starcke P1000) (Figure S12, Supporting
Information). The abrasion area was about 4.2 cm? and thereby
the loaded pressure during the test was around 0.72 kPa which
is within the range of the pressure values previously reported.l2°!
We define a movement of 10 cm of the surface along the ruler
as one abrasion cycle. After 10 cycles of abrasion, the surface
still maintains its superhydrophobicity, but has lost its supero-
leophobicity. The receding contact angle of water remained
around 155°, while the contact angle of n-hexadecane decreased
from 153° to 140°. From the SEM images, we observed that
after 10 cycles of abrasion, the NFSS morphology was destroyed
into pieces and no obvious compact cluster could be observed
anymore. Nevertheless, the remained structures fixed by the
binding layer were still superhydrophobic. The NFSS surface
with a good mechanical stability against both deformation and
abrasion has potential real applications including artificial skin,
flexible electronics and dressings.

By taking advantage of the repellency to low-surface-tension
liquids and the stretchability of the NFSS surface, we devel-
oped a setup that can help achieve repetitive drops coalesce
in a controlled way (Figure 4a). Two drops were placed side
by side onto a stretched NFSS surface. When the surface was
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gradually released, the decreasing distance between the drops
finally led to the drops coming into contact and coalescing.
Two water drops (15 pL) or two n-hexadecane drops (10 uL)
can be placed on a stretched NFSS surface with € = 100%
(Figure S13, Movie S2 and S3, Supporting Information).
Releasing the surface, drops coalesced and formed a merged
spherical drop. After removing the merged drop, the drop coa-
lescing process can repetitive occur if two new drops are placed
on the NFSS surface which is stretched again. Since even small
water drops have a low roll-off angle (04on.og < 1°), placing and
keeping them on the surface is difficult. Therefore, poly(vinyl
alcohol) hydrophilic dots (diameter: 0.5 mm) were introduced
on the stretchable surface to fix the water drops (Figure S14a,
Supporting Information). For hexadecane drops with their
higher roll-off angle (41104 = 3°), no hydrophilic dots were nec-
essary (Figure S14b, Supporting Information).

A programmable coalescence of a sequence of drops was
then orchestrated. We define programmable manipulation here
as the coordinated approach to control the movement and the
coalescing sequence of droplets. As an example, a trapezoidal
arrangement of water drops was controlled to coalesce on the
NFSS surface (& = 100%) (Figure 4b). When the surface was
gradually released, the two middle drops coalesce. Subse-
quently, coalescence with the drops on the left and right hand
side respectively of the merged drop occurs (Movie S4, Sup-
porting Information). This is because the distance between the
two drops in the middle was smaller than the distance between
the drop on the outside and one of the middle drops. Further-
more, four n-hexadecane drops were linearly arranged on a
stretched NFSS surface (€ = 100%) in the stretching direction
(Figure 4c). When the surface was released, these drops merged
in a certain order from left to right (Movie S5, Supporting
Information). This programmable drop manipulation method
provides a possible one-by-one reaction process which could be
described as A+B — A+B+C — A+B+C+D. It is noted that the
NFSS surface based liquid manipulation system can be reus-
able due to its low adhesion to liquids.

The programmable coalescence of drops on this stretchable
superamphiphobic surface was not limited to miscible lig-
uids. One n-hexadecane and two water drops were placed on
a stretched NFSS surface (Figure 4d) at appropriate distances.
After coalescence, a merged drop with a dumbbell-like shape
formed with an apparent interface between these two different
drops. This led us to synthesize asymmetric or Janus parti-
cles by manipulating drop coalescence with two immiscible
liquids. As an example, we synthesized asymmetric hydrogels
with two reactive liquid drops (Figure 4e and Figure S15, Sup-
porting Information). Drops of sodium alginate aqueous solu-
tion (0.05 wt%) and iron chloride (FeCl;) aqueous solution
(100 wt%) were placed on the NFSS surface. The reaction of
sodium alginate and FeCl; started when the drops came into
contact, after which the iron ions diffused rapidly in the algi-
nate drop (Figure S15a, Supporting Information). As a result,
the alginate drop became a hydrogel in a short time, while the
FeCl; drops remained liquid. After removing the FeCl; drops,
hydrogels with different shapes were prepared. We controlled
the coalescence of two, three, and four drops. Depending on
the numbers and relative position of the drops, hemispherical,
cylinder-like, and triangular prism-like hydrogels have been

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Programmable manipulation of drop coalescences and synthesis of asymmetric hydrogels. a) Schematic to show the setup with a controllable
motor to manipulate drop coalescences repetitively. Drops on the surface coalesce via controlled release of the stretched NFSS surface. b) Program-
mable coalescence of four water drops (15 pL) with a trapezoidal arrangement. Scale bar: 5 mm. c) Programmable coalescence of four n-hexadecane
drops (10 uL) with a linear arrangement. Scale bar: 5 mm. d) Coalescence of one n-hexadecane drop (colorless) and two water drops (light green) on
the NFSS surface. Scale bar: 5 mm. e) Fabrication of asymmetric hydrogels with specific shapes. One alginate sodium aqueous solution drop (color-
less) and different numbers (from left to right: 1, 2, and 3) of FeCl; aqueous solution drops (yellow) are used in the hydrogel fabrication process. The
top schemes and images present three gels with distinct shapes (from left to right): hemispherical, cylinder-like, and triangular prism-like. The lower
images show the coalescence of the drops. Volumes of the alginate drops (from left to right): 20, 20, and 30 L. Volumes of the FeCl; drops (from left
to right): 20, 20, and 15 pL. Scale bar: 2.5 mm. f) Images show spherical n-hexadecane drop (10 L) on three different flexible substrates spray-coated

with silicone nanofilaments. From top to bottom the substrates are PDMS, PE fabrics, and nitrile rubber. Scale bar: 2 mm.

fabricated. By adjusting the volume ratios of the sodium alginate
drop to the FeCl; drop, it is possible to make more kinds of vari-
ably shaped hydrogels (Figure S15b,c, Supporting Information).

We further illustrate the fabrication of other three stretch-
able superamphiphobic surfaces with substrates of cross-linked
poly(dimethylsiloxane) (PDMS), polyester (PE) fabrics, and
nitrile rubber, in turn. All these surfaces were pre-stretched to
their maximum strains during the coating process. Hexade-
cane drops show high static contact angles (© > 150°), low con-
tact angle hysteresis (A® < 5°) and roll-off angles (1.0 < 5°)
on all these surfaces (Figure 4f and Figure S16, Supporting
Information).

3. Conclusion

We have fabricated a stretchable superamphiphobic surface by
spray-coating nanofilaments on a pre-stretched substrate. After
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drying, annealing, and fluorination, the surfaces were able to
withstand at least one thousand stretch-release cycles between
£= 0% and ¢ = 100% with no loss of superamphiphobicity. By
using the stretching property, we were able to control the coa-
lescence of miscible and immiscible liquid drops on the sur-
face. We demonstrated that stretchable superamphiphobic
surfaces can be applied to let drops react in a programmable
manner. This outcome offers us the potential of using stretch-
able superamphiphobic surfaces to fabricate low-cost, reusable,
and programmable droplet-based microfluidic systems which
could help to study the reactions or interactions of multidrops.

4. Experimental Section

Preparation of Silicone Nanofilament Dispersion: 1.6 mL of
trichloromethylsilane  (TCMS, 99.0%, Merck Chemicals GmbH,
Germany) was dissolved in 400 mL of toluene (water concentration is

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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about 150 ppm). The vessel with a narrow mouth was left open to the
air (at about 30% relative humidity). Under stirring for more than 12 h,
silicone nanofilaments were formed in toluene. The final dispersion was
diluted to 0.1 wt% and sonicated for about 30 min.

Fabrication  of a  Nanofilament-Structured — and  Stretchable
Superamphiphobic (NFSS) Surface: A commercial cis-1,4-polyisoprene
tape (length: 3.8 cm, width: 1.8 cm, thickness: 0.5 mm, Melloc
Handelsgesellschaft and Agentur GmbH, Germany) was used as the
substrate. The tape was then stretched to a tensile strain of 200%. After
treatment with oxygen plasma (Femto low-pressure plasma system,
Diener electronic GmbH, Germany. Treating time is 5 min, the pressure
is 0.4 mbar and the power is 200 W, 100%), the stretched substrate was
spray-coated with a layer of PDMS oligomers (the ratio of monomer to
curing agent is 10:1, Sylgard184, Dow Europe GmbH, Germany) by using
a spray gun with a nozzle diameter of 0.2 mm at a spraying pressure of
27 kPa. The sprayed PDMS solution was prepared by dissolving 1.0 g of
monomer and 0.1 g curing agent in 20 mL of n-hexane. Subsequently,
the nanofilament dispersion was spray-coated onto the substrate by
using the same spray gun and spraying pressure. Afterward, the surface
held under tension was heated at 80 °C to cure the PDMS layer for
2 h. Then, the surface was cooled to room temperature and treated
with oxygen plasma. The surface was further fluorinated with 5 uL
trichloro(1H,1H,2H,2H-heptadecafluorodecyl)silane (Alfa Aesar, 96%)
by chemical vapor deposition in a vacuum desiccator (Pyrex Labware
borosilicate vaccum desiccator, Fisher Scientific GmbH. The desiccator
was evacuated to less than 100 mbar.) for 12 h. Finally, the tensile force
was removed and the tape was allowed to relax.

Morphology Characterization: The samples were coated with a
thin layer of platinum (7 nm) by a sputtering process, and then the
samples were imaged by scanning electron microscopy (SEM, Hitachi
SU8000). The in situ images of the morphologies of this surface with
different tensile strains were characterized by a Nanofocus psurf 3D
confocal surface measurement system (Nanofocus AG, Oberhausen,
Germany). The light of Nanofocus confocal system was focused
through a multipinhole disk (MPD) and the objective lens onto the
sample surface. The reflected light was detected by the camera to obtain
confocal images. Each confocal image was a horizontal and nanometer-
range-resolution slice through the topography of the sample. Capturing
the images at different focal heights gave hundreds of confocal images
which could be reconstructed an exact 3D height image of the sample by
Gwyddion.l?’l For calculating the average structure spacing and average
diameter, the microstructures were marked by circles with comparable
size in the Nanofocus confocal images. The Feret diameter (D) of each
cluster was obtained by measuring the diameter of the circles. The
average structure spacing was measured according to the distance
between the edges of the circles.

Wetting Properties: Advancing and receding contact angles as well
as the roll-off angles of various liquids on the surfaces were measured
by DataPhysics OCA 35 goniometer (DataPhysics Instruments). Each
data point was the average of at least three individual measurements
on the middle area of the surfaces. Impinging dynamics of water and
n-hexadecane drops were recorded by a Photron Fastcam Mini UX100
high-speed camera (4000 fps) with a 2x lens.

Test of the Stretching Robustness: Two sides of a rectangular NFSS
surface (length: 4.2 cm, width: 1.8 cm, thickness: 0.5 mm) were fixed and
then moved by an electric motor in one direction. Alternatively control
of the strain of the surface to be 100% and 0% by the motor. Water or
n-hexadecane were dropped on the surface once during each stretch—
release cycle, so that it could be checked if the surface still has a good
superamphiphobicity. The dynamics were recorded by a Nikon D7100
digital camera (60 fps). After a certain number of stretch—release cycles,
the contact angles of water and n-hexadecane were measured on the
surface with strain of 0% and 100%, respectively.

Manipulation of Drop Coalescence: A rectangular NFSS surface (length:
4.2 cm, width: 1.8 c¢m, thickness: 0.5 mm) was fixed at two sides in the
motor-controlled stretching setup. Drops were placed on a stretched
NFSS surface (typical strain = 100%) with specific distances. Different
drops with different components were used. When the surface was
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released, drops coalesce in turn. The process was recorded by a Nikon
D7100 digital camera (60 fps). For the synthesis of asymmetric hydrogel,
drops of sodium alginate aqueous solution (0.05 wt%) and iron chloride
(FeCls) aqueous solution (1.00 wt%) were placed on the NFSS surface.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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