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ABSTRACT: Superomniphobic surfaces display contact
angles >150° and low contact angle hysteresis with
essentially all contacting liquids. In this work, we report
surfaces that display superomniphobicity with a range of
different non-Newtonian liquids, in addition to super-
omniphobicity with a wide range of Newtonian liquids.
Our surfaces possess hierarchical scales of re-entrant
texture that significantly reduce the solid−liquid contact
area. Virtually all liquids including concentrated organic
and inorganic acids, bases, and solvents, as well as
viscoelastic polymer solutions, can easily roll off and
bounce on our surfaces. Consequently, they serve as
effective chemical shields against virtually all liquids
organic or inorganic, polar or nonpolar, Newtonian or
non-Newtonian.

Superhydrophobic surfaces display apparent contact angles
θ* > 150° and low contact angle hysteresis Δθ* (the

difference between the advancing and receding contact angles)
with water, while superoleophobic surfaces display θ* > 150°
and low Δθ* with low surface tension liquids.1−4 Super-
omniphobic surfaces display both superhydrophobicity and
superoleophobicity. While surfaces that display superomnipho-
bicity with various Newtonian5 liquids have been previously
engineered,6−17 there are few, if any, articles that report
superomniphobicity with non-Newtonian5 liquids. In this work,
we report surfaces that display superomniphobicity with non-
Newtonian liquids (e.g., viscoelastic polymer solutions) in
addition to a wide range of Newtonian liquids including
concentrated organic and inorganic acids, bases, and solvents.
Virtually all liquidsorganic or inorganic, polar or nonpolar,
Newtonian or non-Newtonianeasily roll off and bounce on
our surfaces, thereby making our surfaces ideal candidates for
effective chemical shielding. We envision that our surfaces will
have numerous applications including stain-free clothing and
spill-resistant, breathable protective wear,11 enhanced solvent-
resistance,16 biofouling resistant surfaces,18 self-cleaning,19 drag
reducing,20 and lightweight corrosion-resistant coatings.21

Hierarchically structured surfaces possess more than one
scale of texture (a finer length scale texture on an underlying
coarser length scale texture). When a hierarchically structured
surface supports a contacting liquid droplet in the so-called
Cassie−Baxter state,22 the liquid droplet displays high apparent
contact angles and low contact angle hysteresis.19,23−25

Previous work1,2,6,8,9,26−32 has explained the significance of re-
entrant curvature in designing surfaces that can support low

surface tension liquids in the Cassie−Baxter state. Con-
sequently, hierarchically structured surfaces possessing re-
entrant curvature are expected to be very useful in developing
surfaces that are extremely repellent to low surface tension
liquids.33

In this work, we have employed an electrospun coating of
cross-linked poly(dimethylsiloxane) (PDMS) + 50 wt%
fluorodecyl polyhedral oligomeric silsequioxane (POSS)
(solid surface energy, γsv ≈ 11.5 mN/m; see Supporting
Information (SI) section 1) on top of stainless steel wire
meshes to fabricate hierarchically structured surfaces (see
Figure 1A). We chose PDMS in this work because upon cross-

linking it exhibits excellent chemical resistance against a range
of different chemicals. The low solid surface energy of the
cross-linked PDMS + 50 wt% fluorodecyl POSS blends is due
to the preferential segregation of fluorodecyl POSS (γsv ≈ 10
mN/m) molecules to the surface2 (see Figure 1B and SI section
2). Our hierarchically structured surfaces possess re-entrant
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Figure 1. (A) SEM image of the hierarchically structured surface
illustrating the electrospun coating of cross-linked PDMS + 50 wt%
fluorodecyl POSS on a stainless steel wire mesh 70. (B) Elemental
mapping of fluorine on the hierarchically structured surface. The high
surface fluorine content is expected to be due to the surface migration
of the fluorodecyl POSS molecules. (C) SEM image illustrating the re-
entrant curvature of the electrospun texture. (D) Roll-off angles for
various Newtonian liquids on the surface shown in (A). The inset
shows an ethanol droplet rolling on the surface at a roll-off angle ω =
2°. (E) Droplets of various low surface tension Newtonian liquids
showing very high contact angles on the surface shown in (A). (F) Jets
of different Newtonian liquids shown in (E) bouncing on the surface
shown in (A).
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curvature at both the coarser length scale (see Figure 1A) and
the finer length scale (see Figure 1C). The hierarchical texture
(spacing ratio1,2,26 D*particle = 12.7 and D*fiber = 1.7, see SI
section 3) along with the re-entrant curvature and the low
surface energy of the coating results in high apparent contact
angles (see Figure 1E) for a range of different polar and
nonpolar low surface tension Newtonian liquids, including
various acids, bases, and solvents. Further, the surfaces display
low contact angle hysteresis (see SI section 4) and low roll-off
angles (ω ≤ 2°, see Figure 1D) for essentially all Newtonian
liquids. There have been very few reports of surfaces displaying
such low contact angle hysteresis and low roll-off angles with
extremely low surface tension liquids (γlv < 25 mN/m). Our
surfaces display such low contact angle hysteresis and low roll-
off angles because of the hierarchical structure with re-entrant
curvature. The experimentally measured roll-off angles match
reasonably well with the predictions based on the work by
Furmidge.34,35 Due to the low contact angle hysteresis, even
jets of a range of different Newtonian liquids easily bounce on
our hierarchically structured surfaces (see Figure 1F and movie
S1).
Our hierarchically structured surfaces display exceptional

chemical resistance as they can cause virtually all organic and
inorganic Newtonian liquids to bounce and roll off. Figure 2A,B

shows time sequence images of droplets (radius, Ro ≈ 1 mm) of
an organic acid (acetic acid, γlv = 27.7 mN/m) and an organic
base (hexylamine, γlv = 25.8 mN/m), respectively, dropped
under gravity from a height h ≈ 4.5 mm, bouncing on our
hierarchically structured surfaces (also see movie S2). The
Weber number, We = ρV2Ro/γlv, for acetic acid and hexylamine
on first impact is 3.5 and 2.8, respectively. Here, V = (2gh)1/2 is
the impact velocity of the droplet with radius Ro ≈ 1 mm. Each

droplet bounces approximately four times before rolling off
from the surface. Droplets of inorganic acids and bases, which
typically have higher surface tension values, are repelled much
more easily by our surfaces.
We have also tested the chemical shielding effectiveness of

our surfaces by immersing an aluminum plate coated with
electrospun cross-linked PDMS + 50 wt% fluorodecyl POSS
blend in concentrated acids and concentrated bases. While an
uncoated aluminum surface reacts violently, releasing bubbles
of hydrogen gas when immersed in concentrated hydrochloric
acid (12 M; see Figure 2C) or concentrated sodium hydroxide
(19 M; see Figure 2F),36,37 the coated aluminum surface
remains unaffected (also see movie S3). Upon examining the
surface after a few minutes of immersion, significant damage is
evident on the uncoated aluminum surface immersed in
concentrated hydrochloric acid (Figure 2D) or concentrated
sodium hydroxide (Figure 2G). In contrast, the coated surfaces
do not display any macroscopic damage (see Figure 2E,H) or
microscopic damage (see SI section 5), indicating effective
chemical shielding.
Our electrospun coatings can similarly cause a wide range of

other concentrated inorganic chemicals including concentrated
sulfuric acid, which is known to attack cross-linked PDMS, to
bounce and roll-off. A wide range of organic chemicals
including toluene and chloroform, which readily wet/swell
cross-linked PDMS, are also easily repelled. Even when our
surfaces are immersed in a liquid bath of PDMS (Mn = 800 Da,
γlv = 19.8 mN/m), a plastron38 (air pockets) layer that is
indicative of a robust Cassie−Baxter state is formed (see Figure
2I). The plastron layer was stable and remained unchanged
even upon extended exposure to un-cross-linked PDMS. Note
that PDMS is a major constituent of the electrospun beads. The
observation of a stable plastron layer even when the surface is
submerged under PDMS is extremely unique and indicates that
the surface does not reconfigure, even when exposed to an
enthalpically favorable solvent.39−42 Thus, our surface remains
unaffected even when exposed to liquids that adversely affect
PDMS. In Table S1 (see SI section 4) we report the extremely
low contact angle hysteresis and roll-off angles for 35 different
Newtonian liquids, including organic and inorganic concen-
trated acids, concentrated bases, and solvents, on our
electrospun cross-linked PDMS + 50 wt% fluorodecyl POSS
blend surface.
A unique and remarkable feature of our hierarchically

structured surfaces is that they display superomniphobicity
even with non-Newtonian liquids. The impact of non-
Newtonian liquid droplets on solid surfaces is of importance
for a range of practical applications such as inkjet printing and
spray-coating.43 Previous studies43−46 on the bouncing
dynamics of non-Newtonian liquid droplets have typically
been limited to high surface tension liquids. Our super-
omniphobic surfaces can provide a platform to systematically
study the bouncing dynamics of low surface tension non-
Newtonian liquid droplets as well. For example, droplets of
viscoelastic polymer solutions such as 10 mg/mL poly-
(methylmethacrylate) (PMMA, Mw = 35 000 Da) in
dimethylformamide (DMF) display high apparent contact
angles (Figure 3A), low contact angle hysteresis, and low
roll-off angles (see Figure 3C and SI section 6) on our surfaces.
Even jets of PMMA in DMF solutions easily bounce on our
surfaces (see Figure 3B and movie S1). On a surface bent into a
U-shape, a droplet of PMMA in DMF solution rolls back and
forth at least four times before coming to rest (Figure 3d and

Figure 2. (A,B) Series of images illustrating droplets (Ro ≈ 1 mm) of
acetic acid and hexylamine, respectively, bouncing on the hierarchically
structured surface that is tilted by 2° relative to the horizontal. (C,F)
Side view of an aluminum plate, immersed in concentrated
hydrochloric acid (HCl) and concentrated sodium hydroxide
(NaOH), respectively. One side of the plate is uncoated, while the
other side is coated with an electrospun coating of cross-linked PDMS
+ 50 wt% fluorodecyl POSS. The uncoated aluminum surface reacts
violently with HCl or NaOH, releasing bubbles of hydrogen gas, but
the coated aluminum surface (on the right) remains unaffected. (D,G)
The uncoated aluminum surface appears rough and damaged after
immersion in HCl and NaOH, respectively. (E,H) The coated
aluminum surface remains unaffected after immersion in HCl and
NaOH, respectively. (I) A bright plastron layer is visible when the
surface is immersed in a liquid bath of PDMS.
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movie S4). By taking a ratio of the successive maximum heights
in the trajectory of the droplet (Figure 3E), we estimate that an
average of 46% of the energy is lost per half cycle. The energy
lost is due to both viscous dissipation and contact angle
hysteresis.47 Because the contact angle hysteresis for a droplet
of PMMA in DMF solution on our surfaces (Δθ* = 4°) is very
low, we expect that the majority of the energy is lost due to
viscous dissipation. The low contact angle hysteresis also allows
droplets of PMMA in DMF solution (Ro ≈ 1 mm) dropped
under gravity from a height h ≈ 4.5 mm to bounce at least three
times before rolling off from our surface (Figure 3F and movie
S2). Similarly, our surfaces also display superomniphobicity
with a wide range of polymer solutions of different polymer
molecular weights, concentrations, and solvents. In Table S2
(see SI section 6) we report the extremely low contact angle
hysteresis and roll-off angles for 25 different non-Newtonian
liquids on our electrospun cross-linked PDMS + 50 wt%
fluorodecyl POSS blend surface. Due to such effective
repellency, our surfaces provide effective chemical shielding
against non-Newtonian liquids, in addition to Newtonian
liquids.
In conclusion, we have developed a simple technique, based

on electrospun coatings of cross-linked PDMS + 50 wt%
fluorodecyl POSS, to fabricate hierarchically structured super-
omniphobic surfaces with re-entrant curvature at both coarser
and finer length scales. The low surface energy and significantly
reduced solid−liquid contact area allow our surfaces to exhibit
high contact angles, low contact angle hysteresis, and low roll-
off angles with virtually all liquidsorganic or inorganic, polar

or nonpolar, Newtonian or non-Newtonian. Consequently, our
surfaces can serve as effective chemical shields against virtually
all contacting liquids.
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