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In this work, we report hyperelastic superomniphobic surfaces that
have been engineered to retain superomniphobicity, without coating
delamination, even at 400% strain and after thousands of stretch—
release cycles. To achieve such hyperelastic superomniphobic
surfaces, we introduce a novel design — an array of discrete micro-
protrusions on the hyperelastic material that redistribute the stresses
out-of-plane during elongation. Such an out-of-plane redistribution
of stresses results in nearly stress-free tops of the microprotrusions,
allowing the coating to be virtually intact even after 5000 stretch—
release cycles. Furthermore, through systematic experiments and
theoretical analysis, we studied the influence of elongation on contact
angles, sliding angles and breakthrough pressures on our hyperelastic
superomniphobic surfaces. We envision that our robust hyperelastic
superomniphobic surfaces will have a wide range of applications in
wearable electronics, textiles, artificial skins, droplet manipulation and
protective wraps.

1. Introduction

Super-repellent surfaces are extremely repellent to liquids."” In
the last few years, there has been increasing interest in stretch-
able super-repellent surfaces because of their applications in
textile,> biomedical*® and wearable electronics fields.® Super-
repellent surfaces can be broadly classified into superhydropho-
bic surfaces’ (i.e., surfaces that are extremely repellent to high
surface tension liquids like water) and superomniphobic
surfaces® (i.e., surfaces that are extremely repellent to both high
surface tension liquids like water and low surface tension liquids
like oils). While superhydrophobic surfaces can be easily fabri-
cated with a wide range of textures, superomniphobic surfaces
are more difficult to fabricate as they require reentrant textures.’
As a result, most prior reports have focused on stretchable
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New concepts

We present a novel approach for designing hyperelastic superomniphobic
surfaces that maintain their extreme liquid repellency even under 400%
strain and after thousands of stretch release cycles. Our strategy leverages
an innovative array of discrete microprotrusions on the hyperelastic
substrate, which redistributes mechanical stresses out-of-plane during
elongation. This unique stress distribution strategy minimizes strain at
the microprotrusion tops, thereby preserving the integrity of the super-
omniphobic coatings even after 5000 deformation cycles. Through sys-
tematic experiments and theoretical modelling, we analyse the effects of
stretching on wettability through contact angles, sliding angles and
breakthrough pressures. Our findings establish a new paradigm for
mechanically resilient superomniphobic surfaces, with promising appli-
cations in wearable electronics, textile, artificial skins, droplet manipula-
tion and protective coatings.

superhydrophobic surfaces, which are easier to fabricate.'*"

For instance, Ju et al. reported a stretchable and robust super-
hydrophobic surface fabricated by combining physical encapsu-
lation and chemical bonding on Ecoflex.'® Hu et al. reported a
highly stretchable and mechanically stable superhydrophobic
surface fabricated by a facile spray coating of a carbon black/
polybutadiene elastomeric composite on a rubber substrate
followed by thermal curing.'* Similarly, Wang et al. developed
a stretchable superhydrophobic film by a two-step spray method
and subsequent demolding.’® In contrast, there are very few
reports on stretchable superomniphobic surfaces.’*'* For
instance, Zhou et al. fabricated a stretchable superamphiphobic
surface by spray-coating silicone nanofilaments onto a pre-
stretched substrate followed by fluorination."? Tian et al. fabri-
cated stretchable superomniphobic electrodes via the synergistic
combination of in situ growth of silver nanoparticles (AgNPs)/
acid-modified carbon nanotubes followed by fluorination.'*
However, all prior stretchable superomniphobic surfaces exhibit
superomniphobicity at <250% strain. In this work, we report
the first ever hyperelastic superomniphobic surfaces that have
been engineered to retain superomniphobicity at strains as high
as 400% and after thousands of stretch release cycles. Our
hyperelastic superomniphobic surfaces consist of hyperelastic
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materials (i.e., materials which display large elastic deformations)
spray coated with a superomniphobic coating. To prevent dela-
mination of the superomniphobic coating at very high strains, we
introduce a novel design — an array of discrete microprotrusions
on the hyperelastic material that redistribute the stresses during
elongation. Such redistribution of stresses allows the retention of
superomniphobicity even after 5000+ stretch-release cycles.
Furthermore, through systematic experiments and theoretical
analysis, we studied the influence of elongation on contact angles,
breakthrough pressures and sliding angles on our hyperelastic
superomniphobic surfaces. We envision that our robust hypere-
lastic superomniphobic surfaces will have a wide range of applica-
tions in wearable electronics, textiles, artificial skins, droplet
manipulation and protective wraps.

In order to fabricate hyperelastic superomniphobic surfaces,
it is essential to have a good understanding of the fundamentals
of wetting that lead to superomniphobicity."” The primary mea-
sure of wetting of a liquid on a nontextured (i.e., smooth) solid
surface is the Young’s contact angle . Typically, surfaces with
low solid surface energy y, result in high Young’s contact
angles."”” ™ To design super-repellent surfaces, in addition to
low solid surface energy, a surface texture (or roughness) is
necessary.”>>" When a liquid droplet comes into contact with a
textured solid surface, it displays an apparent contact angle 0%,
which is different from the Young’s contact angle 0. On the
textured solid surface, the droplet can assume either the Wenzel
state®” or the Cassie-Baxter state.”® In the Wenzel state, the liquid
droplet completely penetrates the surface texture, while in the
Cassie-Baxter state, there are pockets of air trapped within the
surface texture beneath the droplet. The reduced solid-liquid
contact area and the increased liquid-air contact area in the
Cassie-Baxter state often allow droplets to display very high
apparent advancing and receding contact angles, 0,4, and 0y,
as well as very low contact angle hysteresis A0* = 0%, — 05,2
Such low contact angle hysteresis results in high mobility of the
droplets with very low sliding angle o (the minimum angle by
which the surface must be tilted relative to the horizontal for the
droplet to slide).”®*® As a result, the Cassie-Baxter state is
preferred for designing super-repellent surfaces with apparent
contact angles 0* > 150° and sliding angles w < 10°. Surfaces are
considered superhydrophobic if they exhibit 6* > 150° and v <
10° for high surface tension liquids (e.g., water)” and superomni-
phobic if they exhibit 6* > 150° and w < 10° for high surface
tension liquids as well as low surface tension liquids (e.g,
oils).?>*' Unlike superhydrophobic surfaces, re-entrant texture
(e.g., convex, overhang or undercut texture) is necessary to design
superomniphobic surfaces.’® Many prior reports have demon-
strated superomniphobicity through an appropriate combination
of re-entrant texture and low solid surface energy.®'®3033

2. Results and discussion

Building on this understanding, a hyperelastic material can be
rendered superomniphobic by imparting re-entrant texture and
low solid surface energy to its surface. A simple, economical

9230 | Mater. Horiz., 2025, 12, 9229-9239

View Article Online

Materials Horizons

and scalable way of rendering a surface superomniphobic is by
spray coating it with fluorinated silica particles.****® When a
hyperelastic material is coated with such fluorinated silica
particles, the combination of re-entrant texture offered by silica
particles and low solid surface energy offered by fluorination
render the surface superomniphobic (Fig. 1a). However, when
the hyperelastic material spray coated with fluorinated silica
particles experiences high strains, the coating delaminates due
to high stresses at the coating-hyperelastic material interface
(Fig. 1b), resulting in loss of superomniphobicity. To retain
superomniphobicity at very high strains (that are typical for
hyperelastic materials), it is essential to prevent or reduce
delamination of the coating from the hyperelastic material.
Here, we introduce a novel way to overcome this delamination
by introducing an array of microprotrusions that can redistri-
bute the stresses out-of-plane. Consider a monolithic hypere-
lastic material with an array of microprotrusions that have been
coated with particles (Fig. 1c). When such a spray coated
hyperelastic material with an array of microprotrusions experi-
ences high strains, the high stresses are primarily concentrated
between the microprotrusions, leaving the top of the micro-
protrusions nearly stress-free (Fig. 1d). Such microprotrusion-
induced out-of-plane redistribution of stresses on a hyperelas-
tic material compared to a hyperelastic material without micro-
protrusions is evident from numerical simulations (see Fig. 1gj,
Fig. S1, Movie S1, Supplementary Information 1 and the Experi-
mental section, ESIt). In the stretched state, while the hyper-
elastic material without microprotrusions displays relatively
uniform normal stresses oy, along the surface (shown in green
in Fig. 1h), the hyperelastic material with microprotrusions
displays higher normal stresses o, between the microprotru-
sions (shown in red in Fig. 1j) and negligible o,, at the top
surface of the microprotrusions (shown in gray in Fig. 1j). While
high stresses lead to delamination of the coating between the
microprotrusions, the negligible stresses at the top surface of the
microprotrusions allow the coating to be virtually intact even
after multiple stretch-release cycles (Fig. 1e and f). On such a
hyperelastic material with an array of microprotrusions,
although there is delamination of the coating between the
microprotrusions, the virtually intact coating on the top allows
the surface to retain its superomniphobicity, both at unstretched
and stretched states (in this sense, superomniphobicity is a
tolerant material property). Here, it must be noted that the
primary function of the microprotrusions is to redistribute the
normal stresses (due to extensive curvature; see Movie S1, Fig. S1
and Section S1, ESIY) to prevent or reduce delamination, rather
than creating a hierarchical structure (i.e., a finer texture super-
imposed on a coarser texture) to enhance superomniphobicity.

In this work, we fabricated hyperelastic superomniphobic
surfaces using a siloxane elastomer (Ecoflex 00-50) as a sub-
strate (Fig. 2; see the Experimental section). We chose the
siloxane elastomer because it is a hyperelastic material with
very high stretchability (strain to failure ~560%; see Section S2,
Fig. S2 and the Experimental section, ESIT). We fabricated the
siloxane elastomer with microprotrusions via micromolding,
using a stainless steel wire mesh (wire diameter ~55 pm and

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Microprotrusion-induced stress redistribution. (a) Schematic
depicting a hyperelastic material coated with fluorinated silica particles,
at the unstretched state. (b) Schematic depicting coating delamination due
to high stresses at the coating—hyperelastic material interface, at the
stretched state. (c) Schematic depicting a monolithic hyperelastic material
with an array of microprotrusions coated with fluorinated silica nano-
particles, at the unstretched state. (d) Schematic depicting coating dela-
mination between the microprotrusions, but virtually intact coating on the
nearly stress-free tops of the microprotrusions, at the stretched state. (e)
and (f) Schematics depicting that the stress-free tops of the microprotru-
sions allow the coating to be virtually intact even after multiple stretch-
release cycles. (g) and (h) Numerical simulations depicting the normal
stress g, distribution on the hyperelastic material without microprotru-
sions at the unstretched and stretched states, respectively. (i) and (j)
Numerical simulations depicting the normal stress oy, distribution on the
hyperelastic material with microprotrusions at the unstretched and
stretched states, respectively. The inset in (j) depicts negligible o,y at the
top surfaces of the microprotrusions. Colors represent the magnitude of
stress in (g)—(j).

opening size ~75 um) as the mold. Then, we coated the
substrates with a polyurethane-based adhesive (VytaFlex 10),
followed by coating with fluorinated silica particles (see the
Experimental section). We used the adhesive layer to ensure
good adhesion between the siloxane elastomer and the

This journal is © The Royal Society of Chemistry 2025
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fluorinated silica particles. We chose fluorinated silica particles
because (i) the surface of silica particles can be easily modified
with fluoroalkyl silanes to achieve low solid surface energy
(yo» & 12 mN m™'; see Section $3, ESIf) and (ii) microscale
agglomerates of the nanoscale silica particles offer re-entrant
texture. The combination of low solid surface energy and re-
entrant texture of the fluorinated silica particle layer would
result in superomniphobicity. Upon stretching and releasing
such hyperelastic superomniphobic surfaces, we posited that
the fluorinated silica particles between the microprotrusions
would delaminate due to the high interfacial stresses, but the
fluorinated silica particles on top of the microprotrusions
would remain virtually intact due to the low interfacial stresses.

To better understand the hyperelastic superomniphobic
surfaces, let us first consider the unstretched state. Prior to
coating with the polyurethane-based adhesive and the fluori-
nated silica particles, the morphology of the micromolded
siloxane elastomer showed ~ 80 um x 80 um microprotrusions
with a spacing of ~50 pm (Fig. 3a; see the Experimental
section), indicating a reasonably faithful reproduction of the
stainless steel wire mesh mold. Then, the substrate was coated
with polyurethane-based adhesives and fluorinated silica par-
ticles. The surface morphology (Fig. 3b) of the unstretched
substrate consisted of microscale agglomerates (~50-100 pm)
of fluorinated silica particles with a re-entrant texture. Fourier
transform infrared spectroscopy (FTIR) of the fluorinated silica
particles (Fig. 3c; see the Experimental section) confirmed the
presence of fluorocarbon functional groups (which impart low
solid surface energy ys,) at the surface, with strong absorption
peaks around 1200 cm™ ' corresponding to the ~CF, and —CF;
group stretching, as well as absorption peaks around 575 cm™*,
730 cm ™" and 1120 cm ™" corresponding to the vibration of the
C-F bond of -CF, and -CF; groups.*”*® The combination of re-
entrant texture and low solid surface energy resulted in super-
omniphobicity in the unstretched state, with high apparent
contact angles and low sliding angles for a wide range of liquids
(Fig. 3d) from water (surface tension, y, = 72.1 mN m ™ ; a
representative high surface tension liquid) to hexadecane (y;, =
27.5 mN m™'; a representative low surface tension liquid).
Water displayed 04, ~ 1627, 0. ~ 159" and w ~ 3° and
hexadecane displayed 0, ~ 154", 07,. ~ 149" and o ~ 6° for
10 pL droplets. Superomniphobicity is also evident from liquid
droplets beading up (Fig. 3e) and sliding easily (Movie S2, ESIT)
on the surface in the unstretched state.

Now, let us consider the stretched state for siloxane elasto-
mers without and with microprotrusions, coated with
polyurethane-based adhesive and fluorinated silica particles.
For coated siloxane elastomers without microprotrusions, up to
strain <100%, the surfaces were superomniphobic (e.g.,
0:y, = 1597, 0%, 5° for 10 pL water droplets
and 07, ~ 155", 0", ~ 148" and w ~ 8° for 10 pL hexadecane
droplets at 100% strain; see Section S4 and Fig. S3, ESIY).
However, at strain >200%, the surfaces lost their superomni-
phobicity (e.g., 054, = 145", 07, 19° for 10 pL

~ 134" and 0, ~ 121° with no sliding

~ 155 and 0 ~

~ 137 and 0 ~

water droplets and 0,4,
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Fig. 2 Fabrication of the hyperelastic superomniphobic surface. Schematic depicting the fabrication steps and structure during stretch-release cycles.

for 10 pL hexadecane droplets at 300% strain) because the
coating delaminated due to high stresses at the coating-hyper-
elastic material interface. In contrast, for coated siloxane elasto-
mers with microprotrusions, the surfaces were superomniphobic
up to 400% strain (e.g., water displayed 0:,, ~ 162", 0%, ~ 159°
and w ~ 2°, and hexadecane displayed 0, ~ 156", 0%, ~ 152°
and o ~ 5° for 10 pL droplets at 400% strain; Fig. 4a and Movie
S3, ESIt). Furthermore, at different strains (from 100 to 400%),
our hyperelastic surface displayed high apparent contact angles
and sliding angles for a wide range of liquids (Fig. 4b and d)
from water (surface tension, y;, = 72.1 mN m™'; a representative
high surface tension liquid) to hexadecane (y, =27.5 mN m *; a
representative low surface tension liquid). This indicates that the
out-of-plane redistribution of stress prevents delamination of the
coating from the nearly stress-free tops of the microprotrusions,
although there is delamination of the coating between the
microprotrusions. An inspection of the surface morphology in
the stretched state indeed confirms that the fluorinated silica
particles are mostly intact on tops of the microprotrusions and
minimal between the microprotrusions (Fig. 4c).

Our hyperelastic superomniphobic surfaces retain their super-
omniphobicity even after undergoing a diverse range of deforma-
tions. First, we investigated the retention of superomniphobicity
of our surfaces upon exposure to liquids with a wide range of pH
values. Our contact angle and sliding angle measurements for
hexadecane indicated that the hyperelastic superomniphobic
surfaces retained their superomniphobicity at the stretched state
even after exposure to liquids with a wide range of pH values
(Fig. 5a). Then, we investigated the retention of superomniphobi-
city of our surfaces at different strain rates. Our contact angle and
sliding angle measurements for hexadecane indicated that the

9232 | Mater. Horiz., 2025, 12, 9229-9239

hyperelastic superomniphobic surfaces retained their superomni-
phobicity at both the unstretched and stretched states, even after
stretching at strain rates as high as 0.8 s~ (Fig. 5b) and
simultaneously stretching and twisting up to 360° (Fig. 5¢ and
Section S5, ESIt). The retention of superomniphobicity is also
evident from droplets of hexadecane easily sliding, without any
residue, on our hyperelastic surfaces at different degrees of
bending and after simultaneous bending and stretching (Section
S5, ESIt). Finally, we also investigated the influence of stretch-
release cycles on the superomniphobicity of our hyperelastic
superomniphobic surfaces at the unstretched and stretched
states. First, we subjected our hyperelastic superomniphobic
surfaces to multiple abrupt stretch-release cycles (a cycle is
manually stretching from the unstretched state to maximum
stretch and suddenly releasing back to the unstretched state),
and the surfaces retained their superomniphobicity at both the
unstretched and stretched states (Movie S4, ESIf). Then, we
subjected our hyperelastic superomniphobic surfaces to pro-
longed stretch-release cycles at a controlled rate (a cycle is
stretching from the unstretched state to maximum stretch and
then relaxing back to the unstretched state at a displacement rate
of 1.6 mm s~ ' with a tensile tester). Our results indicate that the
hyperelastic superomniphobic surfaces retained their superomni-
phobicity at both the unstretched and stretched states for at least
5000 cycles (Fig. 5d and Movie S5, ESIt). Our hyperelastic super-
omniphobic surfaces retained their superomniphobicity even
after knife scratching (Movie S6, ESIt). Furthermore, we demon-
strate that the stress redistribution mechanism is generalizable
and is not restrictive to specific mesh geometry, particles and
elastomers (Section S6, ESIt). To the best of our knowledge, there
are no reports of such hyperelastic superomniphobic surfaces that

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Hyperelastic superomniphobic surface at the unstretched state. (a) SEM image and inset depicting the morphology of the micromolded siloxane
elastomer. (b) SEM image depicting the morphology of the unstretched elastomer with microprotrusions, coated with fluorinated silica nanoparticles.
The inset depicts the agglomerates of fluorinated silica nanoparticles. The scale bar in (a) and (b) is 100 um. The scale bars in insets of (a) and (b) are 30 pm
and 5 um, respectively. (c) FTIR spectrum of the fluorinated silica nanoparticles depicting fluorocarbon peaks. (d) Apparent contact angles and sliding
angles for liquids with a wide range of surface tensions on the hyperelastic superomniphobic surface, at the unstretched state. The top dotted line
represents a contact angle of 150°, and the bottom dotted line represents a sliding angle of 10°. (e) Droplets of water (blue), glycerol (yellow), ethylene
glycol (pink), rapeseed oil (white) and hexadecane (red) beading up on the hyperelastic superomniphobic surface, at the unstretched state. The scale bar

is 2 mm.

display sustained superomniphobicity up to 400% strain and
5000 stretch-release cycles.

To better elucidate the underlying wetting physics on our
hyperelastic superomniphobic surfaces at different strains, we
conducted theoretical analyses. At the unstretched state, the
hyperelastic superomniphobic surfaces can be visualized as a
hierarchical structure composed of finer particles superim-
posed on coarser square pillars arranged in a square array
(Fig. 1e and 6a). When a liquid droplet comes into contact with
such a hierarchical structure at the unstretched state, the

This journal is © The Royal Society of Chemistry 2025

Cassie-Baxter equation can be recursively written as

R \*
cos Ozier_u = fsl cos 0 _ﬁv ~ <m> cosf

ek

«
particle

(1)

Here 0y, , is the apparent contact angle on the unstretched
hyperelastic superomniphobic surface, R is the edge of the
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Fig. 4 Hyperelastic superomniphobic surface at the stretched state. (a) Droplets of water (blue) and hexadecane (red) beading up on a hyperelastic
superomniphobic surface at 0%, 100%, 200%, 300% and 400% strains. The scale bar is 5 mm. (b) Apparent contact angles and sliding angles for liquids
with a wide range of surface tension on the hyperelastic superomniphobic surface, at different strains. (c) SEM image and transmission optical
microscopy image (inset) depicting the morphology of the hyperelastic superomniphobic surface at the stretched state. Fluorinated silica nanoparticles
are removed due to delamination between the microprotrusions but remain on tops of the microprotrusions (opaque in the inset). The scale bar is
300 pm for the image and 150 um for the inset. (d) Droplets of water (blue), glycerol (green), ethylene glycol (pink), rapeseed oil (white) and hexadecane
(red) beading up on the hyperelastic superomniphobic surface at 400% strain. The scale bar is 1 mm.

pillar, D is the edge-to-edge spacing between the pillars

and 6 is the apparent contact angle on the finer

particle

. R\ .
particle texture. Note that fy = <m> is the fraction of

R \2
solid-liquid interface and fj, = 1 — (m) is the fraction of

the liquid-air interface at the unstretched state. By measuring
—%

eparticle
particles spray coated on an elastomer without microprotru-
sions) and the dimensions R and D for the coarser pillar
texture, we estimated 0} , on unstretched hyperelastic

on the finer particle texture (ie., fluorinated silica
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superomniphobic surfaces (see Section S7 and Table S1, ESIT).
Our results indicate that the experimentally measured contact
angles on the hyperelastic superomniphobic surfaces at the
unstretched state (i.e., 0% strain) align reasonably well with the
theoretical predictions for both water (Fig. 6d) and hexadecane
(Fig. 6e). At the uniaxially stretched state, the hyperelastic
superomniphobic surfaces can be visualized as a hierarchical
structure composed of finer particles superimposed on coarser
rectangular pillars arranged in a rectangular array, with an
elongated unit cell (Fig. 1f, 6b and c). When a liquid droplet
comes into contact with such a hierarchical structure at the
stretched state, the Cassie-Baxter equation can be recursively

This journal is © The Royal Society of Chemistry 2025
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written as follows:

cosO RiRy cos@, .
hier_s (RH +D||)(RL +DL) particle

{ )
(Rj+Dy)(R.+Dy)

Here 0y, , is the apparent contact angle on the stretched
hyperelastic superomniphobic surface, R and R, are the edges
of the pillar parallel and perpendicular to the stretching direc-
tion, respectively, and D and D are the edge-to-edge spacing

(2)

between the pillars parallel and perpendicular to the stretching
R|R
1L

(RH + DH)(RL + Dl) is

direction, respectively. Note that f4 =

the fraction of solid-liquid interface and fi,=1-—

RyR,
(R +Dy) (R + D)
the stretched state. By measuring 0

is the fraction of liquid-air interface at

*
particle

Rj, Ry, D) and D, for the coarser pillar texture, we estimated

hier.s ON the stretched hyperelastic superomniphobic surfaces
(see Section S5 and Table S1, ESIT). Our results indicate that the
experimentally measured contact angles on the hyperelastic

and the dimensions

superomniphobic surfaces at the stretched states align reason-
ably well with the theoretical predictions for both water
(Fig. 6d) and hexadecane (Fig. 6e). Furthermore, we estimated
the roll of angle w based on a balance between the work done

This journal is © The Royal Society of Chemistry 2025

by gravitational force and the work expended due to adhesion
(see Section S8 and Table S2, ESIT).>* Our results indicate that
the experimentally measured sliding angles on the hyperelastic
superomniphobic surfaces, at both unstretched and stretched
states, align reasonably well with the theoretical predictions
(Fig. 6d and e). Finally, we also estimated the breakthrough
pressure Py, (i.e., the pressure at which the droplet transitions
from the Cassie-Baxter state to the Wenzel state) and compared
it with the applied pressure P, & 2y1,/Rarop (here, 71y and Ryrop
are the liquid surface tension and the droplet radius, respec-
tively) to confirm the wetting state of the droplet on our
hyperelastic superomniphobic surfaces, at both unstretched
and stretched states. If P, > P,, the droplet would adopt the
Cassie-Baxter state, and if P, < P,, the droplet would transition
to the Wenzel state. For a surface composed of an array of
pillars, the breakthrough pressure can be determined from a
force balance at the liquid-air interface for water and hexade-
cane (see Section S9, Fig. S4, ESIt). Our results indicate that
P, > P, for both water (Fig. 6f) and hexadecane (Fig. 6g) on the
hyperelastic superomniphobic surfaces, at both unstretched
and stretched states studied (see Section S9 and Table S3, ESIf).

3. Conclusions

In summary, we fabricated hyperelastic superomniphobic
surfaces using monolithic siloxane elastomers with an array
of discrete microprotrusions, coated with fluorinated silica
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Fig. 6 Estimation of contact angles, sliding angles and breakthrough pressures. Schematics illustrate the unit cell at (a) the unstretched state and (b)
200% and (c) 400% strains. The scale bar is 75 um. (d) and (e) Contact angles and sliding angles estimated theoretically and measured experimentally for
water and hexadecane, respectively, on hyperelastic superomniphobic surfaces at different strains. The top dotted line represents a contact angle of 150°,
and the bottom dotted line represents a sliding angle of 10°. (f) and (g) Breakthrough pressures and applied pressures estimated theoretically for water
and hexadecane, respectively, on hyperelastic superomniphobic surfaces at different strains.

nanoparticles. The combination of re-entrant texture and low
solid surface energy of the fluorinated silica nanoparticles
resulted in superomniphobicity. During elongation, the micro-
protrusions on the hyperelastic material redistributed the
stresses out-of-plane, leaving the tops of the microprotrusions
nearly stress-free, thereby reducing delamination of the fluori-
nated silica nanoparticle coating. As a result, the hyperelastic
superomniphobic surfaces displayed superomniphobicity at
both the unstretched and the stretched states, even at 400%
strain and after 5000 stretch-release cycles. Furthermore,
through systematic experiments and theoretical analyses, we

9236 | Mater. Horiz., 2025, 12, 9229-9239

studied the influence of elongation on contact angles, sliding
angles and breakthrough pressures on our hyperelastic super-
omniphobic surfaces. While our hyperelastic superomniphobic
surfaces can retain both stretchability and superomniphobicity
against liquids (Section S10, ESIt) as well as against abrasion
due to touch and blade scratch tests, further efforts are
required to improve their durability against severe solid abra-
sion. We envision that our engineered hyperelastic superomni-
phobic surfaces will have a wide range of applications in
wearable electronics, textiles, artificial skins, droplet manipula-
tion and protective wraps.

This journal is © The Royal Society of Chemistry 2025
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4. Experimental
4.1 Fabrication of hyperelastic superomniphobic surfaces

Hyperelastic surfaces with microprotrusions were fabricated
using an Ecoflex 00-50 (Smooth-on) elastomer via micromolding
with 304 stainless-steel mesh (McMaster-Carr), which has an
opening size ~75 pm and a wire diameter ~55 pm. The
elastomer was cured at room temperature for 24 hours. The
surface of the elastomer with microprotrusions was then brush
coated with a layer (~20 uL cm ) of polyurethane-based
adhesive (VytaFlex 00-10, smooth-on), followed by spray coating
at an air pressure ~10 psi and a distance ~15 cm with a
fluorinated silica nanoparticle suspension.

4.2 Fabrication of fluorinated silica nanoparticle suspension

10 mg ml~" of fumed silica nanoparticles (7 nm, Sigma-Aldrich)
was dispersed in hexane via ultrasonication. 0.3 mL of
heptadecafluoro-1,1,2,2-tetrahydrodecyl trichlorosilane (Gelest)
was then added to the particle suspension and mixed using a
vortexer (Fisher) at room temperature for three days.

4.3 Contact angle and sliding angle measurements

The contact angles and sliding angles of liquid droplets on the
fabricated surfaces were measured using a contact angle gonio-
meter (Ramé-Hart 260). The advancing contact angle and reced-
ing contact angle were measured by increasing and decreasing,
respectively, the volume of a droplet on the surface using a
micrometer syringe (Gilmont). The sliding angles were measured
by slowly tilting the surface until the droplet (~10 pL) started
sliding on the surface. At least six measurements were per-
formed on each surface at spatially distinct locations.

4.4 Morphology characterization

The surface morphology was characterized using a scanning
electron microscope (SEM; Thermo Fisher Phenom Pharos) at
5 kv. The samples were sputter coated with a thin film of gold
prior to imaging (Cressington 108).

4.5 FTIR characterization

Samples for FTIR (Thermo Scientific Nicolet iS50) were pre-
pared by mixing the desired material with KBr powder to form a
pellet. Samples were analyzed with a DTGS/KBr detector, and
spectra were recorded at a 2 cm ' resolution with 32 scans.
Background spectra were obtained with an empty pellet holder.

4.6 Characterization of mechanical properties

The quasi-static mechanical properties were measured using
ASTM type 1 specimens in a tensile tester (Instron).>**° Force
was measured with a 2 kN load cell (Instron), and displacement
was measured using the crosshead velocity (20 mm min ™).
Specimen dimensions were used to convert the force-displace-
ment curves to stress-strain curves.

4.7 Numerical simulations

The 3D geometric models of the Ecoflex 00-50 elastomers
(0.87 mm length x 0.27 mm width x 1 mm height) without

This journal is © The Royal Society of Chemistry 2025
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and with microprotrusions (75 pm length x 75 pm width x
40 um height, similar to the experimental samples) were built
using COMSOL®™. The nonlinear structural materials module in
COMSOL® was used for analysis. A mesh refinement study was
conducted to determine the accuracy and convergence of
the mesh. The elastomer was modeled using a hyperelastic
isotropic Yeoh model*™*® by calculating the energy density

N _ SN
U=> Colh *3)I+ZE

i=1 i=1 i
det(F), F is the deformation gradient, and C;, and D; are the
material parameters. In the model, N = 3, C;y = 0.019, Cyo =
0.0009, C3o = —4.75 x 10~ ° MPa, and D, = D, = D; = 0.** Equal
prescribed displacements (d = +1.6 mm) were applied in
opposite directions along the length of the elastomers to
simulate the stretching process. A mesh-independence check
was performed to confirm that the numerical results were
virtually insensitive to further mesh refinement.

(J — 1)*. Here I, = tr[dev(FF)"], ] =
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