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In this paper, we demonstrate stain-resistance and high pressure stability of superomniphobic flex-
ible optical plastics. A scalable method to creating nano-enoki mushrooms in plastics is presented
that provides for the re-entrant geometry needed to prevent infiltration from a variety of liquids.
The surface demonstrates static contact angles over 150◦ and low contact angle hysteresis under
20◦ for a wide variety of organic liquids. The re-entrant tops and fluorination of the nano-enoki as
well as the few micron spacing between nanostructures provide for robust metastable solid-liquid-
air interfaces in the presence of Laplace pressures of at least 900 Pa. In addition, compared to the
initial bare plastic, the nano-enokis demonstrate comparable transmission values (86.4% versus
88.4% at wavelength of 550 nm) and ultrahigh haze values (96.4% versus 1.1%). The surfaces ex-
hibit stain-resistance for a variety of liquids including mustard and blood, where mustard and dried
blood both flake off the samples without any residue. We also performed durability experiments
which demonstrate that nano-enoki plastics are robust from bending with similar transmission,
haze, wetting contact angle, and hysteresis values after 5000 cycles of bending.

Introduction
There has been tremendous research interest in superhydropho-
bic surfaces, which strongly repel water, and can provide for
functionalities such as anti-fogging1, anti-icing2, and self clean-
ing3,4. In addition, there is great interest in extending this re-
pellency beyond water. Surfaces that repel oils may be referred
to as oleophobic, and surfaces that repel a wide range of liquids
may be referred to as omniphobic. A variety of re-entrant geom-
etry structures have been demonstrated that can effectively im-
pede penetration by various liquids, such as T-shaped microstruc-
tures5, mushroom-like micropillars6–8, porous membranes9, and
springtail-inspired surfaces10. Superomniphobicity may be used
for self-cleaning surfaces11, chemical shielding surfaces12, and
stain-free clothing13,14.

There is also great interest in combining these functionalities
with photon management properties, such as high transparency
and haze control which are of importance for optoelectronic ap-
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plications as well as providing these functionalities in flexible ma-
terials which are needed for flexible versions of existing opto-
electronic applications as well as emerging wearables, RF-ID tags,
artificial skin, and medical sensors15,16. High transparency and
low haze surfaces17–19 are desirable for applications such as dis-
plays, as the low haze provides for clarity of text and images. In
contrast, omniphobic substrates with high transparency and high
haze are desirable for optoelectronic applications such as light
emitting diodes and solar cells. Substrates with high haze can
increase how much light scatters into or out of the photoactive
layers and may increase the power conversion efficiency or ex-
traction efficiency of solar cells20 and LEDs21, respectively. Sub-
strates with both high transparency and high haze are difficult
to obtain as surfaces with high transmission tend to have low
haze22,23.

So far, the only work on omniphobic substrates with high trans-
parency and high haze has been the work of Jeong et. al, where
they reported on a PET substrate with silica nanoparticle coat-
ing that improves the photon-to-electron conversion efficiency of
organic solar cells by 13% compared to that on a PET substrate
without the silica nanoparticle array layer.24. However, the trans-
parency of these coated substrates is fairly low at less than 80%.
Furthermore, the sample demonstrates a contact angle of 139◦,
for ethylene glycol, which still has a relatively high surface ten-
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Fig. 1 (a) Nano-enoki mushroom structures on PET. (i) 20◦ tilted cross section scanning electron microscope (SEM) images and (ii) overhead SEM
images. (iii) Optical image of enoki mushrooms. (b) Sideview SEM images of nano-enoki PET (i) without and (ii) with fluorinadated tops. (c) Energy
dispersive x-ray spectroscopy (EDS) data of the samples (i) without (ii) with fluorinated top. (d) SEM images of lotus leaf surface at different resolutions
demonstrating (i) microstructure bumps and (ii) nanostructures.

sion of 47.7 mN/m. The demonstration of superomniphobicity
with low liquid surface tension liquids such as hexadecane, which
has a surface tension of 27.7 mN/m, while offering high trans-
parency and high haze performance, has yet to be demonstrated.

In this paper, we demonstrate stain-resistant superomniphobic
flexible optical plastics with nano-enoki mushroom-like structures
that may be fabricated through scalable processes. Our nano-
enoki polyethylene terephthalate (PET) has re-entrant geometry
and close spacing between structures to provide for both high ap-
parent contact angles > 150◦ and low contact angle hysteresis for
a wide variety of liquids of varying surface tension such as water,
ethylene glycol, olive oil, and hexadecane. The nano-enoki ex-
hibit high pressure stability due to the few micron-scale spacing
between our nanostructures, which provides for a large energy
barrier to water infiltration. The spacing between our nanostruc-

tures is the closest in the literature that we are aware of for re-
entrant superomniphobic structures. Our nano-enoki structures
exhibit no evidence of water breakthrough at pressures over 900
Pa, which demonstrates the high metastability of Cassie-Baxter
state wetting. Furthermore, the nano-enoki PET exhibits high
transmission and ultrahigh haze of 86.4% and 96.4%, respec-
tively, at a wavelength of 550 nm, which may suitable for some
optical applications.

The surfaces exhibit stain-resistance for a variety of liquids in-
cluding mustard and blood, where the transparency of the orig-
inal plastic is recovered after staining. Dried mustard and blood
both flake off the samples without any residue, indicating no in-
filtration of the liquid and poor adhesion to the surface. We also
performed durability experiments that demonstrate these nanos-
tructured PET substrates are robust from bending and show sim-
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ilar transmission, haze, contact angle and hysteresis values after
5,000 cycles of bending.

Experimental

Nano-enoki glass fabrication process

The nano-enoki PET are created through a maskless RIE fabri-
cation25, followed by PECVD silica deposition, and fluorination.
The 125 µm thick PET substrate, is etched by CF4 and O2 with
flow rates of 45 and 5 sccm, respectively. The total pressure of
the chamber is maintained at 150 mTorr and the power is set at
125 W. Polymer particles are deposited on the PET surface dur-
ing this etching process, which act as a nano-mask for creating
high aspect ratio structures26. The height of the nanostructures
may be controlled by etch time and the etch rate was approxi-
mately 300 nm/min. Next, SiO2 is deposited on top of the high
aspect ratio nanostructures by PECVD at 200 ◦C to avoid melting
the PET substrate. The pressure of the chamber and the power
are set at 900 mTorr and 60 watt, respectively. The flow rate of
SiH4/N2 and N2O were both 140 sccm. The thickness of the SiO2

layer can be controlled by the deposition time, which was approx-
imately 100 nm/min. Trimethoxy (1H,1H,2H,2H- heptadecaflu-
orodecyl) silane (Sigma-Aldrich) with a volume of 0.05 mL was
vapor-deposited on the nano-enoki PET in a vacuum chamber at
30 mTorr. A vapor deposition time of 16 h was used which pro-
vided a uniform coating.

Wetting Characterization

Four different types of liquid droplets of 5 µL volume with vari-
ous surface tension were deposited on the PET substrates and the
lotus leaf for comparison. Deionized water, Sigma-Aldrich hex-
adecane, Sigma-Adrich ethylene glycol, and grocery store extra
virgin olive oil were used. An Attension Theta optical tensiometer
was used to measure the contact angle and hysteresis of different
samples. Three measurements were made for each sample and
the mean and standard deviation for each one are reported. The
advancing and receding contact angels were obtained by the ses-
sile drop method where water is slowly pumped into or out of the
droplet. The hysteresis value is the difference between advancing
and receding contact angles.

Optical Characterization

A spectrophotometer (PerkinElmer, Lambda 1050) equipped with
a 150 mm integrating sphere was used for measuring the total
transmission of the sample between 400 and 1200 nm wave-
lengths. The integrating sphere was removed for measuring the
direct transmission of the samples. The scattering angular dis-
tribution was measured using Cary 7000 Universal Measurement
Spectrophotometer (UMS). In this instrument, incident light is
normal to the sample surface with a 5 mm × 5 mm square beam
and the photodetector is scanned from 10 to 350 (-10) degree.
The wavelengths are measured from 530 to 570 nm.

Stain test
5 ml of Heinz yellow mustard and heparinized porcine blood col-
lected in necropsy of swine were placed on the samples, and evap-
orated in room temperature for 24 hours. The samples were then
tilted at 90◦. Optical measurements were performed both before
and after stain tests.

Results and Discussion
Figure 1 shows details and results of the nano-enoki mushroom
structures on PET and compares them to that of the Nelumbo
nucifera or sacred lotus leaf surface. Fig. 1(a) shows results of
the enoki mushroom-like nanostructures. Figure 1(a)(i) shows
20◦ tilted cross section scanning electron microscope (SEM) im-
ages and (ii) shows an overhead SEM image. The nanostructures
shown here are initially 18 µm in height after etching for 60 min-
utes. The structures have a diameter of about 50-100 nm at the
bottom which gradually increases to 200-500 nm at the top. The
overhead SEM image shows some coalescence of nanostructures
during the SiO2 deposition. Figure 1(a)(iii) shows a picture of
actual enoki for comparison, where the mushrooms have larger
tops and a long string-like appearance.

The structures are formed by first etching the PET with a mask-
less reactive ion etching (RIE) process25,27, then coating the
nanostructures with a silica layer by plasma enhanced chemical
vapor deposition (PECVD) and finally, treating the structures with
a low surface energy fluorosilane. Figure 1(b)(i) and (ii) show the
SEM images for the surface without and with fluorinated tops.
The nano-enoki without fluorinated tops are the structures just
after the RIE process, without the additional PECVD and fluori-
nation. The PECVD process tends to deposit silica on top of the
nanostructures instead of the bottom. thus creating the re-entrant
enoki mushroom-like nanostructures. Fig. 1(c) shows the energy
dispersive x-ray spectroscopy (EDS) data of the samples (i) with-
out and (ii) with fluorinated tops. The fluorine in the composition
comes from the CF4 gas used for etching. Since the formation of
fluorinated tops includes the deposition of silica, the peak asso-
ciated with silicon appears in EDS data after fluorination. The
subsequent fluorosilane treatment forms a monolayer of fluorosi-
lane on the structure28. For comparison purposes, we provide
SEM images of the lotus leaf in Fig. 1(d). The lotus leaf surface
consists of micron-sized papillae (Fig. 1(d)(i)) with nanometer-
size protrusions (Fig. 1(b)(ii)) and a surface layer of epicuticular
wax. Superhydrophobic surfaces are inspired by the leaves of the
sacred lotus plant, which are both anti-fouling and self-cleaning
due to this combination of hierarchical surface morphology and
hydrophobic epitcuticular wax29.

Wetting characterization of the nano-enoki PET and lotus leaf
were performed with water (surface tension of 72.8 mN/m), ethy-
lene glycol (47.7 mN/m), olive oil (32.0 mN/m), and hexade-
cane (27.5 mN/m). Figure 2(a) shows the static contact angles
of these four liquids for the 18 µm tall nano-enoki PET as com-
pared to the lotus leaf. The lotus leaf is superhydrophobic with
a static contact angle of 160± 2◦ for water. However, lower sur-
face tension liquids tend to spread more easily and have lower
static contact angles. The contact angles are 40± 3◦, and 7± 2◦

for olive oil and hexadecane, respectively, which tend to sponta-
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Fig. 2 Surface wetting results. (a) The apparent contact angle variation of 18 µm tall nano-enoki PET and lotus leaf for water, ethylene glycol, olive
oil, and hexadecane. (b) Hysteresis of different liquids with different surface tension on the 18 µm tall nano-enoki PET and lotus leaf. (c) Optical
picture of various liquids on the (i) plastic demonstrating superomniphobicity and (ii) lotus leaf demonstrating superhydrophobicity, but inability to repel
lower surface tension liquids of olive oil and hexadecane. (d) Plot of apparent contact angle versus equilibrium contact angle of four different liquids for
nano-enoki and nano-enoki without fluorinated tops. The Cassie-Baxter equation and Wenzel equation are also plotted with estimates of the solid-liquid
area fraction and roughness. The dotted lines come from standard error estimates.

neously spread on the lotus leaf surface. Not only does the nano-
enoki PET exhibit high static water contact angles, but also high
contact angles for the other liquids tested above 150◦. The nano-
enoki PET exhibits contact angle values of 172± 1.5◦, 161± 1.6◦,
156±1.5◦ and 153±1.7◦, for water, ethylene glycol, olive oil and
hexadecane, respectively.

Figure 2(b) plots the contact angle hysteresis for the four liq-
uids for both the lotus leaf and the nano-enoki. The contact angle
hysteresis is the difference between the advancing and receding
contact angle. The large hysteresis values of the olive oil and
hexadecane on the lotus leaf are indicative of strong adhesion to
the surface. For the nano-enoki PET, the contact angle hystere-
sis for the four liquids are 2.0 ± 0.6◦, 3.0 ± 0.5◦, 6.0 ± 2.0◦ and
17.0± 1.2◦, respectively. The high apparent contact angles and
small hysteresis angles of the re-entrant nano-enoki mushrooms
for a wide range of liquids demonstrate the superomniphobicity
of these structures. The droplets of different liquids easily roll off
the surface due to the repellency of the liquids. Figure 2(c)(i)
shows an optical image of different liquids on the 18 µm super-
omniphobic Enoki mushroom-like nanostructured PET. The su-
peromniphobic surface demonstrates repellency for a wide vari-
ety of liquids beyond those evaluated, including blood and coffee.
Figure 2(c)(ii) shows an optical image of different liquids on a lo-
tus leaf. The lotus leaf shows high apparent contact angles for
water, ethylene glycol, blood and coffee. However, the olive oil
and hexadecane droplets spread spontaneously on the leaf.

The fluorination measure of the surface was carried out using
comparison of different water and oil contact angle of the surface
with and without fluorinated tops. To examine the importance of
re-entrant structures and fluorination in promoting Cassie-Baxter
state wetting, we compared the wetting properties of our 18 µm
tall nano-enoki PET to the same structures without fluorinated

tops. Fig. 2(d) plots the experimentally measured apparent con-
tact angles of the nano-enoki PET as well as the nano-enoki PET
without the fluorinated tops for water, ethylene glycol, olive oil
and hexadecane. The apparent contact angles of the four liquids
on the nano-enoki PET were compared with that predicted from
the Cassie-Baxter equation:

cos(θ∗) = fSL cos(θE)− fLV (1)

where fSL is the areal fraction of the solid-liquid interface, fLV

is the areal fraction of the liquid-vapor interface, θ∗ is apparent
contact angle, and θE is the equilibrium contact angle. fSL+ fLV =

1. fSL was treated as a fitting parameter, and the curve fit shown is
with fSL = 0.04, which is consistent with estimates from overhead
SEM pictures. The θE values are the contact angles of different
liquids on plain PET. θE was measured to be 75.0± 1.0◦, 60.0±
1.0◦, 33.0±1.0◦ and 15.0±1.0◦ for water, ethylene glycol, olive oil
and hexadecane, respectively. The prediction from the equation
agrees well with the measured apparent contact angles indicating
that the liquids are indeed in the Cassie-Baxter state of wetting.

We further compare the experimentally measured apparent
contact angles for the nano-enoki PET without fluorinated tops
with the predicted apparent contact angles from the Wenzel equa-
tion:

cos(θ∗) = r cos(θE) (2)

where the value of surface roughness r is estimated as r = 1.5
for the 18 µm tall nano-enoki PET without fluorinated tops with
a diameter of 225 nm and pitch of 5 µm. As can be seen from
the plot, our experimental data agrees well with that predicted
from the Wenzel equation. For liquids with an equilibrium con-
tact angle less than 50◦, such as hexadecane and olive oil, the
liquid completely spreads over the nanostructured surface. In the
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Fig. 3 (a) Static contact angle and (b) hysteresis of different liquid on samples with different height nano-enoki surfaces. Contact angle as a function
of (c) time and (d) baseline for nano-enoki of different heights and lotus leaf.

cases where the surface has an affinity for the liquid (equilibrium
contact angle less than 90◦), Wenzel wetting state is enhanced by
nanostructuring and decreases the wetting contact angle30. The
fluorinated tops of the nano-enoki are critical for creating low
surface energy re-entrant structures that promote Cassie-Baxter
state wetting as opposed to the Wenzel state. The low contact an-
gle fraction between the droplets and plastic in the Cassie-Baxter
wetting state enable the high apparent contact angles and low
contact angle hysteresis.

Figure 3 shows the wetting results of different nano-enoki sub-
strates of varying heights. Different height nano-enoki were fabri-
cated by varying the RIE etch time, while the PECVD and fluorina-
tion process were kept the same. Figure 3 shows the (a) apparent
contact angle and (b) contact angle hysteresis for different liq-
uids with different surface tension on various height nano-enoki
substrates. In all cases, the nano-enoki perform better than the
lotus leaf. The water and ethylene glycol contact angle for all the
nano-enoki samples are more than 150◦, and the water hystere-
ses are less than 10◦. However, static contact angles greater than
150◦ and water hysteresis less than 10◦ are true for hexadecane
and olive oil only for the nano-enoki that are 18 µm or taller.

To further understand the wetting behavior on nano-enoki
nanostructures of different heights, we characterized the stabil-
ity of the metastable Cassie-Baxter wetting state of droplets on

our nano-enoki nanostructures. A 5 µl drop of water was placed
on each substrate and evaporated while monitoring the decrease
of contact angle. Fig. 3(c) plots the evolution of the contact angle
as a function of time and Fig. 3(d) plots the contact angle as a
function of the baseline diameter. In all surfaces, the contact an-
gle decreased continuously without any evidence of pinning due
to the low contact angle hysteresis of the surfaces and without
any sudden discontinuities in contact angle. The decreasing con-
tact angle is indicative of gradual infiltration of the water into the
structures. However, only the 4 µm tall nano-enoki exhibited a
decrease in contact angle without a concomitant decrease in base-
line diameter, indicative of breakthrough into the Wenzel wetting
state. In these shorter nano-enoki, the droplet may transition into
the Wenzel state at lower pressures as it is easier for the droplet
to droop and touch the bottom of the space between nano-enoki
as the pressure increases31.

The breakthrough pressure is the maximum external pressure
that the surface can tolerate before transition from the Cassie-
Baxter state to the Wenzel state.32. The robustness factor A∗ is a
measure of the metastability of the Cassie-Baxter state for a given
surface32–34:

A∗ = Pbreakthrough/Pref (3)

where Pbreakthrough is the breakthrough pressure at which the sur-
face wetting to transitions to the Wenzel state, and Pref is a refer-
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Fig. 4 Contour plots of (a) total transmission and (b) haze of nano-Enoki PET as a function of wavelength and height. (c) shows the scattering angular
distribution of transmission for nano-enoki with and without flourinated tops 25.

ence pressure given by

Pref = 2γLV /
√

γLV /ρg (4)

where ρ is the liquid density, and g is the gravitational acceler-
ation32. When A∗ is less than 1, the composite solid-liquid-air
interface cannot be supported and the Cassie-Baxter state is not
metastable.

A minimum 160 µm droplet radius was observed in the nano-
Enoki PET without any breakthrough. This corresponds to a
breakthrough pressure over 900 Pa and robustness factor more
than 17. Other studies in the literature such as mushroom-
shaped micropillar arrays7 or hierarchical structures33 exhibit
lower breakthrough pressures or lower robustness factors as those
structures are over 20 microns apart from each other. In contrast,
the spacing of our nano-enoki structures is only approximately 5
µm and thus provides for a much larger energy barrier for wa-
ter infiltration that increases the robustness of the Cassie-Baxter
wetting state and superhydrophobicity. The spacing of the nano-
enoki structures is the smallest in the literature that we are aware
of for superomniphobic re-entrant structures. Back of the enve-
lope calculations with a spacing of 5 µm, and 9 µm height and
diameter of 300 nm suggest the water droplet will only contact
the bottom of the cavity when the radius of the droplet is smaller

than the spacing or 5 µm31. A droplet of radius 5 µm would have
a breakthrough pressure of 28 kPa.

The nano-enoki exhibit high transparency and high haze, which
make them suitable as an optical plastic. Compared to the initial
bare plastic, the nano-enokis demonstrate comparable transmis-
sion values (86.4% versus 88.4% at wavelength of 550 nm) and
ultrahigh haze values (96.4% versus 1.1%). The transparency
and haze are similarly high between 400 and 1200 nm wave-
lengths. The sub-wavelength nature of the nano-enoki provide
for the high scattering and high transparency that is not possible
with larger structures.

Figure 4 summarize the optical results of the samples. Fig-
ure 4(a) shows the total transmission of the nano-enoki as a func-
tion of height from 400 to 1200 nm. The transmission at a height
of 0 µm corresponds to flat PET. Initial creation of the nano-enoki
PET corresponds to a reduction in transmission as the creation
of the enoki tops increases the reflection. However, additional
increases in the height only slightly decrease the transmission.
Figure 4(b)plots the haze from 400 to 1200 nm as a function of
nanostructure height for various structures. The optical haze fac-
tor is defined as the percent of of scattered transmission to the

6 | 1–10Journal Name, [year], [vol.],

Page 6 of 11Journal of Materials Chemistry A



(b)(a)

Fig. 5 Comparison of transparency (at wavelength 550 nm), haze (also at 550 nm) and (a) water and (b) ethylene glycol contact angle (in degrees)
of our re-entrant nano-enoki PET, plain PET and silica nanoparticle array on PET 24, The color and size of the data points correspond to the contact
angle, which is also used to label each data point. The shape of each data point corresponds to the type of surface.

total transmission35:

H(λ ) =

[
Scattered transmission(λ )

total transmission(λ )

]
×100% (5)

where λ is the free space wavelength. The portion of the to-
tal transmitted light that is considered scattered transmission is
transmitted light that deviates from the incident beam greater
than 2.5◦. The total transmission was measured using an integrat-
ing sphere, which captures both the specular transmission and the
scattered transmission, while the direct (or specular) transmis-
sion was measured without the integrating sphere. The scattered
transmission is simply the difference between the total transmis-
sion and the direction transmission. The optical haze increases
monotonically with the height of the nano-enoki PET.

We next characterized the angular distribution of the transmis-
sion through various substrates. Figure 4(c) shows the scatter-
ing angular distribution of transmission for nano-enoki with and
without flourinated tops25. The scattering angle range of both
samples are more than 170◦ which shows the strong light scat-
tering capabilities and is much more than the scattering angles
of ultrahigh haze nanostructured paper36. This figure also shows
that the fluorination of the nano-enoki does not effect on the scat-
tering angle since it only forms a monolayer28,37–39.

Figure 5 plots the wetting and photon management properties
of the nano-enoki PET. In particular, Figure 5(a) compares the
water contact angle, transmission and haze, and Figure 5(b) plots
the ethylene glycol contact angle, transmission and haze of our
nano-enoki PET in comparison with the data reported in Jeong
et. al24. As can be seen from these figures, the water contact
angle, oil contact angle, transparency and haze for our 18 µm
height nano-enoki structure are 172±1.5◦, 161±1.6◦, 86.4%, and
96.4%, respectively, while the corresponding values for best sam-
ple in their work are 165◦, 150◦, 77%, and 95%. Therefore, our
work not only improves optical properties significantly, but also
shows higher water and ethylene glycol contact angle. The hex-
adecane contact angle for our nano-enoki structures is 153±1.7◦,

which is higher than the 126◦ reported in this previous work.

Next, we characterized the stain-resistance ability of our nano-
enoki structures. Figure 6(a) shows the stain test results for (i)
mustard, and (ii) blood. The transparency at 550 nm for nano-
enoki samples do not change after stain test. In contrast, the
transparency of bare PET reduces significantly after the stain test
for mustard and blood. Figure 6(b) shows optical images of the
(i) mustard, and (ii) blood. The mustard and blood tend to dry
into small spots and easily flake off the nano-enoki PET surface af-
ter the sample is tilted due to the low infiltration of the liquid and
repellency even after drying. In contrast, the mustard and blood
spread over the bare PET and stay adhered to the surface. Figure
6(c) shows dried mustard and blood droplets on nano-enoki (i)
after drying and (ii) after tilting the sample where the dried drop
simply flakes off the surface. Videos of the dried droplets flaking
off the surface are attached in the Supplementary Information as
well as comparisons with the same stains on bare PET.

Figure 7 plots the (a) transmission and haze at 550 nm wave-
length and (b) ethylene glycol contact angle and hysteresis as a
function of bending cycle of the 18 µm nano-enoki PET, under
tension (left y axis) and compression (right y axis). Bending tests
were conducted by bending the PET substrate around a stainless
steel rod with a 1 inch diameter. Two samples with identical size,
3 cm × 3 cm, were placed under bending compression and ten-
sion by bending the etched surface towards and away from the
steel rod, respectively. Figure 7 (c) and (d) show optical images
of flexibility of nano-enoki PET and different liquid droplets on
curved substrate. Neither the transmission, haze nor oil contact
angle and hysteresis are changed significantly after 5000 cycles
of bending, for either tension or compression. This suggests that
the re-entrant enoki mushroom-like nanostructured PET is robust
under bending and may be useful for flexible optoelectronic ap-
plications.
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Fig. 6 (a) Transparency at 550 nm for nano-enoki PET and bare PET before and after staining of (i) mustard, and (ii) blood. (b) Optical images of (i)
mustard, and (ii) blood stain before and after evaporation. (c) Optical pictures of dried mustard and blood droplets on nano-enoki (i) after drying and (ii)
after tilting the substrate where the droplet simply flakes off the surface.
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Fig. 7 (a) Transparency and Haze at 550 nm and (b) oil contact angle and hysteresis as a function of bending cycle, for tension (left y axis) and
compression (right y axis). (c) Optical image of flexibility of substrate (d) Optical image of different liquid droplets on curved PET. Food colors added to
liquids in order to enhance visibility.
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Conclusion
In conclusion, we demonstrate stain-resistant superomniphobic
flexible optical PET based on nano-enoki structures. The nano-
enoki demonstrate apparent contact angles over 150◦ and low
contact angle hysteresis for a wide range of fluids with differ-
ent surface tensions. This is in contrast with lotus leaf surfaces,
which demonstrate low apparent contact angles and high contact
angle hysteresis for olive oil and hexadecane. The fluorination
and re-entrant tops of the nano-enoki provide for stable Cassie-
Baxter state wetting, where the low contact angle fraction be-
tween the droplets and PET enable the high apparent contact an-
gle and low contact angle hysteresis. The Cassie-Baxter state wet-
ting is highly stable as breakthrough is not observed at pressures
over 900 Pa, which correspond to a robustness factor over 17.
In particular, the close spacing between nanostructures, which is
smallest of all re-entrant structures in the literature that we are
aware of, provides for high thermodynamic stability of the wet-
ting. The nano-enoki demonstrate stain-resistance, where dried
mustard and blood flake off the surface after tilting and the orig-
inal transmission is recovered. The nano-enoki PET substrates
are robust from bending and show similar transmission, haze, oil
contact angle and hysteresis values after 5000 cycles of bending.
These characteristics make the re-entrant nano-enoki PET a can-
didate for use in optoelectronic applications such as solar cells
and LEDs which combination of flexibility, high transmission, high
haze, and stain-resistance are important requirements.
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