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Randomly arranged irregular inclined conical structure-covered dragonfly wings, distinguished from
periodic conical structure-covered cicada wings, are with high optical transparency for wide viewing
angles. Bioinspired by the antireflective structures, we develop a colloidal lithography approach for engi-
neering randomly arranged irregular conical structures with shape memory polymer-based tips. The
structures establish a gradual refractive index transition to suppresses optical reflection in the visible
spectrum. By manipulating the configuration of structure tips through applying common solvent stimu-
lations or contact pressures under ambient conditions, the resulting unidirectional antireflection and
omnidirectional antireflection performances are able to be instantaneously and reversibly switched.
The dependences of structure shape, structure inclination, structure arrangement, and structure compo-
sition on the switchable antireflection capability are also systematically investigated in this study.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Thanks to high toughness, low density, high chemical resis-
tance, rapid processability, and high degree of design freedom,
transparent plastics have been widely utilized, substituted for
inorganic materials, in a variety of advanced optical components
across defense, automotive, illumination, and consumer/healthcare
goods industries [1–4]. Take spectacle lenses as an example, the
high mechanical stability and potential weight saving from using
polymers, instead of glass, are of significant benefits from a safety,
durability, and comfort perspective. The considerable design free-
dom and processability of polymers further provide them with
more radical design and cost efficiency in applications. One pri-
mary limitation of the transparent polymer optics however, is their
inherent high refractive index, which leads to Fresnel reflection
occurring on the polymer surfaces [5–6]. The light reflection,
accompanied by undesired energy loss, veil glare, and ghost
images, degrades overall performances of diverse optical applica-
tions [7–9]. To improve their optical transparencies and image
readabilities, quarter-wavelength single-layer/multilayer interfer-
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ence coatings with appropriate thicknesses and low refractive
indices are commonly deposited onto the polymer components
to diminish the refractive index difference between air and poly-
mer [10–11]. Nevertheless, the uncommon low-refractive-index
coating materials are costly. To address the issues, nanoporous
antireflection coatings have been developed by numerous method-
ologies, including multilayer deposition of nanoparticles/hollow
particles, sol–gel process, plasma-enhanced chemical vapor depo-
sition, and phase separation [12–17]. The integration of homoge-
neously distributed subwavelength voids, possesses demanded
low refractive indices. Unfortunately, it is still challenged for estab-
lishing a refractive index gradient, thereby the antireflection coat-
ings are limited by narrow operating wavelengths.

Over four billion years of successive improvement through nat-
ural selection, natural creatures have provided diverse strategies to
overcome versatile survival challenges [18–20]. For instance, cam-
ouflage by hawkmoth wings, glasswing butterfly wings, and cicada
wings, requires high optical transparency to prevent tracking by
predatory birds [21–23]. The insects make use of hexagonally
non-close-packed subwavelength conical structures found on their
wings to generate refractive index gradients for suppressing Fres-
nel reflection in the visible light region as well as minimalizing
light scattering. Fascinatingly, blue-tailed forest hawk dragonfly
wings can even surmount the dazzle caused by sunlight during
flight [24–25]. Their wing membranes are covered with subwave-
length inclined conical structures, which are irregular positioning
and with a broad structure size distribution. The unique structure
configuration effectively moderates refractive index transitions
over wide incident angles, possessing omnidirectional antireflec-
tion behaviors.

Inspired by the natural creatures, a variety of submicrometer-
scale conical structures, pyramid-like structures, dome-shaped
structures, pillar-shaped structures, and so on have been exten-
sively utilized as antireflective structures during the past few dec-
ades [26–30]. The bio-inspired structures are capable of reducing
unwanted reflective losses at normal incidence efficaciously. How-
ever, the optical transparencies of the structure-covered substrates
are greatly impaired with the increase of viewing angle. Despite
the fact that omnidirectional antireflective properties can be ame-
liorated by introducing submicrometer-scale inclined structures, it
is arduous to design and develop the structures adopting existing
photolithography-based methodologies, nanoimprinting technolo-
gies, and scanning probe lithography methods [31–33]. Benefiting
from the considerable advancements in bottom-up technologies in
recent years, colloidal lithography approaches render a straightfor-
ward alternative to develop high-resolution antireflective struc-
tures [34]. A colloidal monolayer is deposited onto a selected
substrate to function as etching masks for pattering demanded
structures under varied etching parameters. Nevertheless, most
accessible deposition technologies, such as Langmuir-Blodgett
technique, are restricted to low throughput. Moreover, only hexag-
onally close-packed colloids are available to maintain their ther-
modynamic stabilities, while the arrangement is not favored for
constructing inclined structures. Fueled by the prompt progress
of bottom-up technologies, a microfabrication-compatible spin-
coating technique is recently developed to deposit non-close-
packed colloidal templates, which shall provide more inter-
structure space for biomimicking the inclined structures on drag-
onfly wings [35].

Nowadays, switchable antireflection coatings have attracted
great attention in a diversity of intelligent optical devices, includ-
ing lenses, sensors, dichroic mirrors, vehicle windows, display
screens, etc. [36]. The structure configuration of reversibly deform-
able submicrometer-scale structures can be alternated between a
deformed state and a recovered state to switch their corresponding
antireflective properties in response to external stimuli. To achieve
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the switchable antireflection functionalities, hydrogels and elas-
tomers have been investigated for use because of their high elastic-
ity [37–38]. Unfortunately, the temporarily deformed elastic
materials-based structure configurations can only be sustained
shortly under ambient conditions, that significantly restricts their
long-term applications. By contrast, the temporary shape memory
polymer configurations can be well-retained and return to their
original configurations by applying lasers, heat, electric fields,
magnetic fields, oxidation–reduction potentials, and solvents
[39–44]. Benefiting from that distinct behavior, diversified antire-
flective structures are able to be temporarily deformed and recov-
ered at will to reversibly switch their corresponding antireflection
characteristics. Even though most shape memory polymers are
with reliable manufacturability and high shape deformability, the
shape recoveries triggered by physical stimuli take time and
patience, while the chemicals and specific solvents, required to
realize chemical stimuli-responsive shape recoveries, pose envi-
ronmental hazards or cause corrosion damage to device compo-
nents. Moreover, only few researches report efforts towards on–
off switchable antireflection coatings, whereas unidirectional
antireflection-omnidirectional antireflection switchable function-
alities have not yet been achieved.

Herein, the consistency between the surface morphologies and
the antireflection behavior of blue-tailed forest hawk dragonfly
wings is explicated adequately. Take the dragonfly as a prototype,
we design and build intelligent conical structures with stimuli-
responsive shape memory polymer-based tips, capable of reversi-
bly switching between a slightly inclined configuration and a seri-
ously inclined configuration simply regulated by applying either
contact pressures or exposure to common solvents under ambient
conditions. Contrary to thermo-responsive shape memory poly-
mers, heat is not required for both structure deformation and
recovery steps. In addition, the temporarily deformed structures
can be well-retained after removing the external stimuli. Impor-
tantly, the interdisciplinary integration of the dragonfly wing-
inspired antireflective structures and the shape memory polymers
provides a platform to realize unidirectional antireflection-
omnidirectional antireflection switchable functionalities. In this
study, the antireflective characteristics of disparate inclined struc-
tures are systematically investigated for bridging the bio-inspired
structures and practical applications[45].
2. Experimental section

Two-Dimensional Randomly Arranged Silica Colloids and
Non-Close-Packed Silica Colloidal Crystals Formed by Spin-
Coating. Monodisperse StÖber silica colloids with synthetically
tunable diameters (180, 130, and 80 nm) are well-dispersed in a
mixture of photocurable ethylene glycol diacrylate (EGDA, Sartmer
Company Corporation) monomers and ethoxylated trimethylol-
propane triacrylate (ETPTA, Sartomer Company Corporation)
monomers utilizing an ultrasonicator (300VT, BioLogics Incorpora-
tion). The volume fractions of silica colloids, EGDA monomers, and
ETPTA monomers in the suspension are adjusted to be 20 vol%,
60 vol%, and 20 vol%, respectively. After adding 2-hydroxy-2-met
hyl-1-phenyl-1-propanone (BASF Corporation) as an initiator, the
silica colloidal suspension is uniformly spread onto a commercial
poly(ethylene terephthalate) (PET, Resound Technology Incorpora-
tion) substrate. A spin coater (EDC-650-8B, Laurell Technologies
Corporation) is then employed to shear align the silica colloids at
a spin speed of 7500 rpm for 8 min. Afterwards, the monomers
are photopolymerized in a UV curing system (XLite 500, OPAS
UV Curing Corporation) to create two-dimensional silica colloid-
coated PET substrates.



Fig. 1. Dragonfly images photographed at (a) 0�and (b) 45�. (c) Average reflectances and transmittances of the dragonfly wing in the visible spectrum taken from different
angles of incidence. (d) SEM image of the dragonfly wing.
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Templating Fabrication of Submicrometer-Scale Conical
Structures by Colloidal Lithography. Submicrometer-scale conical
structures with high structural tunability are fabricated through
reactive ion etching (RIE) of two-dimensional silica colloid-coated
PET substrates on an oxygen/argon inductively coupled plasma-
reactive ion etcher (PlasmaPro 100 Polaris, Oxford Instruments Pub-
lic Listed Company). The oxygen/argon (O2/Ar) flow rates vary from
10/5 to 20/5 sccm,with a constant process pressure (15mTorr) anda
constant ICP power density (50 W) for varied durations from 5 to
12.5 min. After the colloidal lithographic patterning, the silica tem-
plates remained attached to the conical structures are removed
using hydrofluoric acid (3 vol%), followed by drying at room
temperature.
Fig. 2. Schematic of deformable irregular antirefle
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Characterization. Photographs and microscopic features of the
samples are observed using a digital camera (ZV-1, Sony Public
Listed Company) and a FEG-scanning electron microscopy (JSM-
7500F, JEOL Biotechnology Company Limited), respectively. Before
SEM imaging, the samples are sputtered with a gold layer by a
sputter coater (Cressington 108, Ted Pella Incorporation). Optical
reflection and transmission spectra of the samples are analyzed
by employing an ultraviolet–visible-near-infrared spectrometer
(HR4000, Ocean Optics Incorporation) with a halogen-tungsten
lamp as power source. Average reflectances and transmittances
in the visible spectrum (380–750 nm) are performed from 7 differ-
ent spots of each sample.
ctive structures inspired by dragonfly wings.



Fig. 3. SEM images of deformable irregular conical structures templated from randomly arranged 180/130/80 nm silica colloids after reactive ion etching (O2 (15 sccm)/Ar (5
sccm)) for (a) 5 min, (b) 7.5 min, (c) 10 min, and (d) 12.5 min. (e) Average reflectances and (f) transmittances of the deformable irregular conical structures in the visible
spectrum taken from different angles of incidence.
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3. Results and discussion

Blue-tailed forest hawk dragonfly (Orthetrum triangulare),
belonging to the Libellulidae family found in Asian, is renowned
for its azure bluish abdomen and highly transparent wings for
large viewing angles (Fig. 1 (a) and (b)). Different from cicada
wings, pellucid hawk moth (Cephonodes hylas) wings and so forth,
the dragonfly wings display notable broadband omnidirectional
antireflection performance [46–47]. The average reflectance and
transmittance in the visible spectrum (380 to 750 nm) of the drag-
onfly wing are only increased by 8% and decreased by 9%, respec-
tively, as the angle of incidence varies from 0� to 75� (Fig. 1 (c)).
Such behavior is attributed to submicrometer-scale inclined coni-
cal structures covering the wing membranes (Fig. 1 (d)). Fascinat-
ingly, the inclined structures are separated from each other and
irregularly positioning, which are distinct from previously reported
periodic antireflective structures [48]. The randomness is not only
showing on the structure arrangement, but also the structure size,
which is with a base diameter distribution varied from 80 and
180 nm.
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Inspired by the dragonfly wings, a standard microfabrication-
compatible spin-coating technology and a colloidal lithographic
patterning methodology are integrated to fabricate irregular coni-
cal structures in this study (Fig. 2). In the fabrication procedures, a
monolayer of randomly arranged silica colloid/poly(EGDA)/poly(E
TPTA) composite is spin-coating onto a commercial PET substrate.
During the coating process, a thin poly(EGDA)/poly(ETPTA) copoly-
mer wetting layer (�100 nm), possessing room temperature shape
processability, is created between the monolayer silica colloids and
the PET substrate [49–50]. With a high reactive ion etching selec-
tivity between silica and polymers, the silica colloids function as
templates to preserve the shape memory polymer and the PET sub-
strate underneath them in an O2/Ar RIE process. After wet etching
the silica templates, randomly arranged irregular conical struc-
tures are engineered. It is worth mentioning that the conical struc-
ture configuration can be easily determined through tuning RIE
parameters.

To mimic the irregular conical structures on the dragonfly
wings, 180/130/80 nm silica spherical colloids with an amount
ratio of 1:2:1 are spin-coated onto a PET substrate. The shape



Fig. 4. PET substrate images photographed at (a), (b) 0�; (c), (d) 30�; (e), (f) 60�. The PET substrate in (a), (c), and (e) is featureless, while the PET substrate in (b), (d), and (f) is
coated with deformable irregular conical structures (O2 (15 sccm)/Ar (5 sccm), 7.5-min RIE).
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memory polymer embedded silica colloids are irregularly position-
ing and � 100 nm apart from neighboring colloids in the colloidal
monolayer (Figure S1). The polymer part of the two-dimensional
silica template-covered PET substrate is then selectively etched
with O2 (15 sccm) and Ar (5 sccm) for 5 to 12.5 min, respectively.
Importantly, the combination of isotropic O2 RIE and anisotropic Ar
RIE leads to the formation of polymeric conical structures consist-
ing of shape memory polymer tops and PET bottoms (Fig. 2). After
removing the silica etching masks, randomly arranged conical
structures with base diameters of 180, 130, and 80 nm are pattern-
ing on the substrate directly. Owing to the silica etching masks do
no shrink under the RIE treatments, it is clear that longer RIE treat-
ments bring about the constitution of higher conical structures
with sharper tips (Fig. 3 (a)-(d)). Fascinatingly, the sharp tips can’t
fully support the above silica colloids as RIE duration reaches
7.5 min, and therefore slightly bend in random directions. It is wor-
thy to note that the random arrangement of silica templates cre-
ates ample inter-structural space to engineer inclined structures,
in contrast to most self-assembled close-packed colloid templates.
The structure tips are getting sharper and the resultant structures
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are further bended as the RIE duration extends beyond 10 min. On
account of van der Waals forces among neighboring inclined struc-
tures with larger heights, the structures are randomly bunched to
form large-areal collapsed bundles [51]. To investigate broadband
omnidirectional antireflective properties of the as-fabricated struc-
tures, average reflectances and average transmittances in the visi-
ble spectrum of the structure-covered substrates are taken from
varied incident and detection angles (Fig. 3 (e) and (f)). It is found
that the average reflectance of the bare substrate (black curve)
greatly increased from 8% to 33% as the angle incident increases
from 0� to 75�. In comparison with that, the optical reflections
can be effectively suppressed by introducing the irregular struc-
tures to establish smooth refractive index transitions on substrate
surfaces at varied incident angles. Higher inclined conical
structure-covered substrates therefore exhibit lower average
reflectances and higher average transmittances, even for large inci-
dent angles. Surprisingly, even though average reflectances of the
conical structure-covered substrates with 10-min and 12.5-min
RIE treatments (blue/green curves) remain less than 5% for whole
the angles of incidence, the corresponding average transmittances



Fig. 5. (a) Schematic of fabrication strategies for deformable irregular antireflective structures with varied reactive ion etching parameters. SEM images of irregular conical
structures templated from randomly arranged 180/130/80 nm silica colloids after reactive ion etching for 7.5 min using O2/Ar gases with varied flow rates of (b) 10/5 sccm,
and (c) 20/5 sccm. (e) Average reflectances and (f) transmittances of the irregular conical structures in the visible spectrum taken from different angles of incidence.
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are significantly decreased with increasing incident angles. The
impaired optical transmittances are induced by Rayleigh scattering
by the resulting micrometer-scale bundled structures. Last but in
fact most importantly, the unbundled inclined conical structures
with 7–5-min RIE treatment behave impressive antireflection per-
formance, which is comparable with that of dragonfly wings (Fig. 1
(c)). The average transmittance (orange curve) merely decreased
from 94% to 88% even as the angle of incidence varies from 0� to
75�. The PET substrate images photographed at 0�, 30�, and 60� fur-
ther confirm that the irregular inclined conical structures can be
introduced to greatly suppress the Fresnel’s reflection greatly
(Fig. 4). Clearly, the bare substrate turns milky as the viewing angle
reaches 60�, while the irregular conical structure-covered sub-
strate remains highly transparent.
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The dependence of structure configuration on antireflection
characteristics is also investigated through tuning etching gas flow
rates to create conical structures with varied inclinations (Fig. 5
(a)). The O2/Ar flow rates vary from 10/5 to 20/5 sccm. Instead of
conical features, hump-like structures with nearly vertical side-
walls are constructed in the presence of weak isotropic etching
(O2 (10 sccm)) (Fig. 5 (b)). Obviously, the structure base diameter
remains unchanged, while the structures become higher and sha-
per under higher O2 flow rate. It is apparent that the sharp conical
structures can not support the above silica templates, hence they
are seriously inclined and entangled with each other as the O2 flow
rate reaches 20 sccm (Fig. 5 (c)). Although the intertwined inclined
conical structure-covered substrate displays low average reflec-
tances over wide angles of incidence, this substrate behaves even



Fig. 6. (a) Average reflectances and (b) transmittances of conical structures templated from 180 nm silica colloidal crystals (O2 (20 sccm)/Ar (5 sccm), 7.5-min RIE), 130 nm
silica colloidal crystals (O2 (20 sccm)/Ar (5 sccm), 7.5-min RIE), 80 nm silica colloidal crystals (O2 (15 sccm)/Ar (5 sccm), 7.5-min RIE), and 180/130/80 nm silica colloids (O2

(15 sccm)/Ar (5 sccm), 7.5-min RIE) in the visible spectrum taken from different angles of incidence.
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lower average transmittances than those of hump-like structure-
covered substrate (Fig. 5 (d) and (e)). It is believed that part of inci-
dent light is internally refracted or reflected within the entangled
conical structure tips, leading to the diminished transparency.
The results indicate that the intertwined conical structures are
incapable of greatly enhancing omnidirectional antireflection
properties.

In addition to the structure inclination, arrangements of antire-
flective structures play an important role in their antireflection
performances. To gain a better comprehension of the structure
arrangement effect, spin-coated silica colloidal monolayers are uti-
lized as etching masks to pattern periodic conical structures (Fig-
ure S2). Instead of randomly arranged silica colloids, the self-
assembled 180 nm silica colloidal crystals, 130 nm silica colloidal
crystals, and 80 nm silica colloidal crystals are hexagonally non-
close-packed (Figure S3). Similar to the previous results, the coni-
cal structure arrays templated from the silica colloidal crystals are
slightly inclined after 7.5-min RIE treatments (O2 (15 sccm)/Ar (5
sccm)), resulting in enhanced omnidirectional antireflection char-
acteristics (Figure S4, Figure S5, and Figure S6). In contrast, the
high conical structures fabricated by 10-min or 12.5-min RIE treat-
ments are bunched into micrometer-scale bundles, bringing about
scattering of visible light. Afterwards, 7.5-min RIE treatments with
different etching gas flow rates are applied to build periodic conical
structures with varied structure inclinations (Figure S7). Unantici-
patedly, the conical structure arrays templated from 180 nm silica
colloidal crystals display their lowest average reflectances and
highest transmittances as the O2/Ar flow rates reach 20/5 sccm,
respectively, instead of 15/5 sccm (Figure S8). The ample inter-
structure spacing (�1.4D, where D indicates the diameter of silica
colloids) allows the formation of seriously inclined conical struc-
ture array without any bunched structures. Similar evolution
trends can also be found on the conical structure arrays templated
from non-close-packed 130 nm silica colloidal crystals (Figure S9).
Interestingly, as a result of insufficient inter-structure spacing,
micrometer-scale conical shape aggregates are generated by apply-
ing non-close-packed 80 nm silica colloidal crystals as etching
masks in the presence of O2 (20 sccm) and Ar (5 sccm) (Figure S10).
The conical structure arrays therefore exhibit their lowest average
reflectances and highest transmittances as the O2/Ar flow rates
achieve 15/5 sccm, respectively. Importantly, comparied with
these optical properties of the most appropriate inclined conical
structure arrays templated from non-close-packed colloidal crys-
tals, the irregular inclined conical structures templated from ran-
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domly arranged colloids exhibit even lower average reflectances
and higher average transmittances for wide incident angles
(Fig. 6). The results disclose that broad structure size distribution,
optimal structure height, and sufficient inter-structure spacing are
all critical in designing and developing broadband omnidirectional
antireflective structures.

The poly(EGDA)/poly(ETPTA) composite-based conical struc-
ture tips (�100 nm in height) can be deformed and recover their
original shapes in response to external stimuli at room tempera-
ture [52,53]. The distinctive shape memory functionality allows
structural transitions between slightly inclined conical structures
and seriously inclined conical structures to realize switchable
unidirectional/omnidirectional antireflection performance.
Above-mentioned slightly inclined conical structure-substrate,
templated from randomly arranged 180/130/80 nm silica colloids
with a 7.5-min RIE treatment (O2 (15 sccm)/Ar (5 sccm)), is
immersed in water, and then dried under ambient conditions
(Fig. 7). It is observed that the configuration of the PET-based bot-
toms is well-retained, while the shape memory polymer-based
structure tips are seriously inclined after drying out of water. The
increase in structure inclination is induced by water evaporation-
derived capillary force, which is larger than the shape memory
polymer elasticity. The randomly arranged irregular conical struc-
tures provide adequate space between neighboring structures for
creating inclined structures without bundled structures. Impor-
tantly, the temporarily deformed structures are recovered in an
ethanol drying procedure. The shape memory polymers can absorb
ethanol to relax stretched polymer chains and to increase their
mobility. As a result of the weak capillary force produced by etha-
nol evaporation, the resulting entropy elasticity of polymer chains
is capable of recovering the seriously inclined conical structures to
their original slightly inclined conical structures after drying out of
ethanol [54,55]. Surprisingly, the appearances of the original
structure-covered substrate, deformed structure-covered sub-
strate, and recovered structure-covered substrate are not able to
be identified as different. Average reflectances and average trans-
mittances of the structure-cover substrates during the shape mem-
ory recovery are conducted at varied angles of incidence to
evaluate their corresponding antireflection characteristics (Fig. 7
(g) and (h)). It is found that these structures possess indistinguish-
able antireflection performances at normal incidence. More sur-
prisingly, the deformed conical structures behave the lowest
average reflectance and the highest average transmittance at 60�
and 75�. The seriously inclined conical structures in the deformed



Fig. 7. (a) SEM image and (b) photographic image of the deformable irregular conical structures (O2 (15 sccm)/Ar (5 sccm), 7.5-min RIE). (c) SEM image and (d) photographic
image of the deformed irregular conical structures (O2 (15 sccm)/Ar (5 sccm), 7.5-min RIE). (e) SEM image and (f) photographic image of the recovered irregular conical
structures (O2 (15 sccm)/Ar (5 sccm), 7.5-min RIE). (g) Average reflectances and (h) average transmittances of the irregular conical structures (original state/deformed state/
recovered state) in the visible spectrum taken from different angles of incidence.
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state establish even smoother refractive index transitions at large
incident angles, which further improve their omnidirectional
antireflection performance. The findings indicate that unidirec-
tional antireflection and omnidirectional antireflection perfor-
mances are able to be switched by applying common solvents on
the irregular PET-based conical structures with shape memory
polymer tips.

For further increasing the inclination of deformed structures,
180/130/80 nm silica colloidal monolayer is spin-coated onto a
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shape memory polymer-coated PET substrate, followed by etching
treatments to pattern whole shape memory polymer-based conical
structures (Figure S11). The as-fabricated structures are slightly
inclined, and are similar in antireflection characteristics to the
irregular PET-based conical structures. In sharp contrast, the coni-
cal structures are wholly bended and bunched into bundled struc-
tures after drying out of water under ambient conditions
(Figure S12). The capillary force-induced destructive structure-
covered substrate therefore turns milky in appearance, caused by



Fig. 8. (a) Schematic of deformation and recovery processes for deformable irregular conical structures and temporarily destructible irregular conical structures. Average
transmittances of the deformable irregular conical structures and the temporarily destructible irregular conical structures in the deformation/recovery cycle stimulated by
applying solvents in the visible spectrum taken from (b) 0�, and (c) 75�.
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light scattering. Although the formation of destructive structures
leads to low average reflectances and transmittances at all the inci-
dent angles, the temporarily destructible structures and their opti-
cal properties are fully recovered in tens of seconds in an ethanol
drying procedure. The results suggest that the irregular shape
memory polymer-based conical structures provide a controllable
on–off switch for antireflection functionalities triggered by exter-
nal solvent stimulations. Importantly, drastically different antire-
flection performances in the deformed state are realized by
engineering irregular conical structures with varied proportions
of shape memory polymers (Fig. 8 (a)). The substrate covered with
irregular shape memory polymer-based conical structures (tem-
porarily destructible structures) in the deformed state display
lower average transmittance at 0�, and even lower average trans-
mittance at 75� (Fig. 8 (b) and (c)). On the contrary, the optical
transparency of the substrate covered with irregular PET-based
conical structures with shape memory polymer tips (temporarily
deformable structures) remains unchanged at 0� in the shape
memory cycle, whereas its antireflection performance is even
improved in the deformed state at 75�. Most importantly, both
shape memory cycles are reversible, while the corresponding opti-
cal transparencies are smoothly transformed for more than 25
cycles.

Besides solvent stimulations, the structural recovery can be
triggered by applying normal forces on deformed structures
and bundled structures directly. The external contact pressures
can be transferred and stored in the stretched shape memory
polymer chains, which are with a low glass transition tempera-
ture. The increase in internal energy can overcome the shape
memory activation barrier, and therefore allow the temporarily
deformed structures to recover immediately. To affirm the con-
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tact pressure-enabled shape memory recovery, different standard
test weights are placed onto the temporarily deformed struc-
tures. The substrate is covered with a piece of cover glass before
pressurizing to ensure varied contact pressures are applied on
the deformed structures evenly. As verified in Fig. 9 (a)-(d),
more deformed structures are recovered, and the recovered
structures are with lower structure inclinations under higher
contact pressures. In addition, it is found that slightly inclined
conical structures are obtained after applying a contact pressure
of 2.94 N/cm2. Moreover, its corresponding optical properties
match well with those of undeformed structures, indicating that
the temporarily deformed structures are fully recovered. It is
worthwhile to emphasize that even if the structures under var-
ied contact pressures exhibit similar antireflection characteristics
for small incident angles, the antireflection capability is gradu-
ally reduced with the increase of contact pressures (Fig. 9 (e)
and (f)). The average reflectance is increased from 5% to 8%,
and the average transmittance is decreased from 91% to 87% at
75� as the applied contact pressure reaches 2.94 N/cm2. The
findings disclose that the antireflection functionality of the irreg-
ular PET-based conical structures with shape memory polymer
tips is tunable by applying varied contact pressures. By contrast,
the irregular shape memory polymer-based conical structures
display opposite antireflection trends during the pressure-
induced shape recovery (Figure S13). The introducing of higher
contact pressures on the structure bundles significantly
improves their omnidirectional antireflection performances. As
evidenced previously, both contact pressure-induced shape
memory cycles are reversible. Deteriorations of the antireflective
properties are not recognized even after 25 shape memory
cycles (Fig. 10).



Fig. 9. SEM images of the temporarily deformable irregular conical structures (O2 (15 sccm)/Ar (5 sccm), 7.5-min RIE) after applying varied contact pressures of (a) 0.49 N/
cm2, (b) 0.98 N/cm2, (c) 1.47 N/cm2 and (d) 2.94 N/cm2. (e) Average reflectances and (f) transmittances of the deformable irregular conical structures after applying contact
pressure stimulations in the visible spectrum taken from different angles of incidence.

Fig. 10. Average transmittances of the deformable irregular conical structures and the temporarily destructible irregular conical structures in the deformation/recovery cycle
stimulated by applying contact pressures in the visible spectrum taken from (b) 0�, and (c) 75�.
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4. Conclusions

To conclude, randomly arranged irregular conical structures
with stimuli-responsive shape memory polymer-based tips are
engineered by combining a spin-coating technique with a colloidal
lithography technology. Compared to non-close-packed conical
structure arrays, the randomly arranged conical structures exhibit
lower average reflectances and higher average transmittance in the
visible spectrum. Importantly, the structure tips are bended after
drying out of water, leading to the formation of seriously inclined
conical structures with a random arrangement. The seriously
inclined structures create gradual refractive index transitions at
varied incident angles, resulting in an improved broadband omni-
directional antireflection performance. Besides solvent stimula-
tions, the antireflection characteristics can be recovered by
applying contact pressures under ambient conditions. The findings
disclose that these structures behave a reversibly unidirectional/o
mnidirectional antireflection-switchable functionality. Interest-
ingly, drastically different switchable antireflection performances
are also realized by fabricating irregular conical structures with
varied proportions of shape memory polymers. The as-developed
methodologies create novel dimensions for a wide range of exist-
ing and future optical devices.
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