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ABSTRACT: Antireflective structures have been widely used to suppress the light reflection occurring on optical lenses, optical
devices, and photovoltaic cells. Nevertheless, most of the structures are highly susceptible to mechanical damage, which significantly
diminishes their antireflection performance. Bioinspired by the impact-resistant structures found on the Taiwan rhinoceros beetle
forewings, shape memory polymer-based sandwich structures are engineered to serve as an antireflection coating. These sandwich
structures, templated from self-assembled monolayer silica colloidal crystals, establish a refractive index transition at the air/substrate
interface and hence exhibit broadband antireflective characteristics. Moreover, the presence of porous structures facilitates the
dissipation of impact energies to protect the substrate underneath. Once the structures are damaged, the stimuli-responsive
structures can even recover their original configurations under ambient conditions. Furthermore, the dependence of the structural
geometry of the sandwich structure on the antireflective functionality and impact resistance is systematically studied in this research.
KEYWORDS: antireflective structures, taiwan rhinoceros beetles, impact resistance, sandwich structures, self-assembly, recoverability

■ INTRODUCTION
Fresnel reflection appears as light propagates through an
interface between two different media with a refractive index
mismatch.1 This light reflection inevitably causes degraded
visible transmittance, diminished contrast, and veiling glare in
optical instruments and appliances. To mitigate these visual
impairments, a broad spectrum of single-layer and multilayer
antireflection coatings has been utilized to generate destructive
interferences, which further suppress the light reflection.2−6

However, the development of conventional antireflection
coatings is considerably hindered by the limited availability
and high cost of low-refractive-index materials. To tackle such
challenges, various inorganic hollow materials are employed to
introduce micrometer-scale air cavities and thus reduce the
effective refractive indices of the coatings.7−9 Although the
refractive index on demand can be straightforwardly achieved
through controlling the porosity of the matrix, the application
of micrometer-scale voids inevitably induces light scattering,
thereby significant reducing optical transmittance. In addition,
the random distribution and limited structural control of pores
in these coatings lead to inhomogeneous refractive index

profiles, resulting in veiling glare and diminished optical
contrast. Besides that, the mass production of inorganic hollow
materials is impeded by manufacturing complexities and
process inefficiencies. Most current fabrication processes
involve multiple steps and extensive use of surfactants, which
adversely affect the mechanical properties of the resulting
coatings.10,11

Over more than 400 million years of natural selection and
adaptation processes, insects have evolved diverse surface
architectures to prevent being tracked by predators. Take
moths as an instance; the presence of subwavelength-scale
structures on their compound eyes establishes a smooth
gradient in refractive index, allowing for the minimization of
light scattering and the suppression of optical reflection.12

Received: August 12, 2025
Revised: September 11, 2025
Accepted: September 11, 2025
Published: September 19, 2025

Research Articlewww.acsami.org

© 2025 American Chemical Society
55294

https://doi.org/10.1021/acsami.5c15999
ACS Appl. Mater. Interfaces 2025, 17, 55294−55306

D
ow

nl
oa

de
d 

vi
a 

N
A

T
L

 C
H

U
N

G
 H

SI
N

G
 U

N
IV

 o
n 

D
ec

em
be

r 
29

, 2
02

5 
at

 0
7:

44
:5

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo-Han+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shang-Hsuan+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hsiang-Wen+Hsueh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cai-Yin+Fang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shin-Hua+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zi-Xuan+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya-Lien+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya-Lien+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Fang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chia-Feng+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rong-Ho+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui-Ping+Tsai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongta+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.5c15999&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c15999?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c15999?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c15999?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c15999?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c15999?fig=agr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c15999?fig=agr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c15999?fig=agr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c15999?fig=agr1&ref=pdf
https://pubs.acs.org/toc/aamick/17/39?ref=pdf
https://pubs.acs.org/toc/aamick/17/39?ref=pdf
https://pubs.acs.org/toc/aamick/17/39?ref=pdf
https://pubs.acs.org/toc/aamick/17/39?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.5c15999?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


Beyond that, a variety of antireflective structures are found on
insect wings, including but not limited to glasswing butterfly
wings, leafhopper wings, cicada wings, and dragonfly
wings.13−17 Drawing inspiration from these natural species, a
range of nipple-shaped structure arrays, conical structure
arrays, soccer ball-like structure arrays, dome-shaped structure
arrays, and pyramid-like structure arrays, developed by
exploiting photolithography-based fabrication technologies,
are adopted as antireflective structures.18−24 Unfortunately,
most photolithography-based methodologies are restricted to
the necessity of sophisticated instruments, accompanied by
costly and complicated fabrication processes. To overcome
these limitations, bottom-up fabrication technologies, such as
block copolymer self-assembly methodologies, have been
employed to develop antireflective structures.25,26 However,
the as-fabricated subwavelength-scale structures are inherently
susceptible to mechanical damage, and it remains a significant
challenge to enhance their structural robustness.
By contrast, the exoskeletal elytra of coleopteran insects are

utilized as sclerotized sheaths to shield their hindwings and
bodies from predation by lizards, birds, and other threats.27

Notably, the Taiwan rhinoceros beetle elytra, composed of
micrometer-scale hollow sandwich architectures, exhibit far
superior impact resistance for fights with other beetles over
limited resource supplies or mating conflicts.28,29 The empty
spaces within the sandwich-like architectures can be deformed
upon the elytra are subjected to external mechanical forces,
thereby allowing the beetles to dissipate impact energies
efficiently. It is crucial that these damaged configurations and
the corresponding mechanical strengths can even gradually
return to their original states over time. Bioinspired by the
structural features found on the beetle elytra, numerous
sandwich composites have been fabricated and adopted as
protective coatings.30−33 In spite of that, the development of
beetle-inspired impact-resistant structures with required
antireflective capabilities is scarcely documented, primarily
owing to the complexities of manufacturing subwavelength-
scale hollow sandwich architectures.
Benefiting from the significant progress in nanofabrication

technologies, colloidal self-assembly approaches have been
extensively employed to construct nanoscale features. In the
fabrication procedures, monodispersed colloids are sponta-
neously organized into well-arranged colloidal crystals, which
further act as structural templates to pattern the desired
structure arrays. Although the bottom-up fabrication method-
ologies can be conceived as a launchpad for designing and
building hollow sandwich structures, most conventional self-
assembly strategies driven by van der Waals forces, gravita-
tional forces, evaporation-induced forces, electric forces,
magnetic forces, or chemical stimuli are plagued by low
throughput.34−37 Apart from that, the necessity for sub-
wavelength-scale sandwich structures to possess recoverable
impact resistances remains a formidable issue that must be
addressed.
Recent advancements in the design and synthesis of shape

memory polymers deliver an innovative resolution to address
this concern. The shape memory polymer-based structures can
undergo an entropy-driven elastic recovery from a deformed
state to an original state in response to external physical or
chemical stimuli as the temperature exceeds their glass
transition temperature.38−41 Nevertheless, these heat-demand-
ing shape recoveries substantially limit the ultimate perform-
ances required for practical applications.42 In addition, most of

the physical stimuli-responsive structural transformations are
impeded by prolonged recovery durations, while the chemical
stimuli-responsive ones involve the use of designated organic
solutions, which are corrosive to other device components and
pose risks to human health. Furthermore, the aforementioned
reconfigurable features remain constrained by short opera-
tional lifespans. Accordingly, there is a pressing need for the
development of an advanced structural recovery mechanism.
Herein, we integrate a distinctive shape memory polymer

with a roll-to-roll compatible colloidal self-assembly approach
to construct subwavelength-scale hollow sandwich structures.
In comparison with conventional antireflection coatings, the
beetle-inspired antireflective structures can be deformed under
external stresses to dissipate impact energies, and hence shall
perform enhanced impact resistances. Importantly, the
mechanically deformed structures, along with their correspond-
ing antireflection characteristics and impact resistances, can
swiftly revert to their original states upon drying of common
solvents, such as ethanol, in the ambient environment. It is
believed that the recovered antireflective structures provide a
platform to realize an array of intelligent optical systems.

■ EXPERIMENTAL SECTION
Materials. Entomological specimens are provided by the Taiwan

Insect Museum. The solvent and reagents applied to synthesize silica
spheres, including anhydrous ethanol (200 proof, Merck KGaA),
deionized water (18.4 MΩ·cm, Millipore), ammonium hydroxide
(27.0%, Merck KGaA), and tetraethyl orthosilicate (≥99.5%, Merck
KGaA), are used without any further treatment. Photocurable
ethoxylated trimethylolpropane triacrylate (ETPTA) oligomers
(SR415, Sartomer), photocurable ethylene glycol diacrylate
(EGDA) oligomers (SR610, Sartomer), and their corresponding
photoinitiator, 2-hydroxy-2-methyl-1-phenyl-1-propanone (HMPP)
(Darocur 1173, BASF), are of reagent quality. A hydrofluoric acid
(HF) solution (48.0%, Merck KGaA) is diluted and utilized as a silica-
etching agent. Poly(ethylene terephthalate) (PET) films (0.05 cm in
thickness, Wisegate Technology) and microscope cover glasses
(0.16−0.19 mm in thickness, Thermo Fisher Scientific) are surface-
modified with (3-acryloxypropyl)-trichlorosilane (96.0%, Gelest)
before use.
Self-Assembly of Close-Packed Silica Colloidal Monolayers.

Monodispersed silica spheres, with average diameters of 1 μm, 500,
300, and 150 nm, are synthesized in accordance with the established
StÖber approach, respectively.43 After eliminating unreacted reagents
in anhydrous ethanol through 7 dispersion/centrifugation cycles, the
spherical silica colloids are well-dispersed in a mixture of photocurable
ETPTA oligomers, photocurable EGDA oligomers, and HMPP using
an ultrasonic homogenizer (150 VT, BioLogics). The volume ratio of
silica colloids, ETPTA oligomers, EGDA oligomers, and HMPP in
this silica colloidal suspension is regulated to be 85:3.5:10.5:1.
Subsequently, the colloidal suspension is gently dripped onto a beaker
of deionized water, in which a poly(ETPTA)/poly(EGDA) (20:1)
layer-coated microscope cover glass is immersed beforehand. The
poly(ETPTA)/poly(EGDA) (20:1) symbolizes a copolymer consist-
ing of poly(ETPTA) and poly(EGDA) in a ratio of 20:1 by volume.
Owing to the surface tension difference between water and the
oligomers, these oligomer mixture-covered silica colloids can be
arranged spontaneously into an in-plane hexagonal-close-packed
ordering on the water surface. A dip-coating system (HO-TH-
02MD, Global Analytical) is then introduced to withdraw the
copolymer layer-coated glass substrate upward at a constant speed of
2 cm/min, while the Langmuir−Blodgett self-assembled silica
colloidal monolayer is transferred onto the copolymer layer. It is
worthy to mention that the space between the silica colloidal crystals
and the copolymer layer can be filled by the liquiform oligomer
mixture during the colloidal deposition procedure. Afterward, the
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photocurable oligomers are polymerized under UV illumination for 5
s in a high-powered LED UV-curing chamber (CureUV).
Templating Fabrication of Taiwan Rhinoceros Beetle-

Inspired Sandwich Structures. An ETPTA/EGDA oligomer
mixture (1:3 in volume ratio) is deposited and spread onto the
previously mentioned silica colloidal crystal-coated cover glass
utilizing a spin-processor (EDC-650−23B, Laurell Technologies). In
the spin-coating process, the glass substrate is progressively spun at
1000 rpm for 2 min, 2000 rpm for 1.5 min, and 3000 rpm for varied
durations to ensure that the silica colloids are fully embedded in this
oligomer mixture, and to remove any excess mixture. After
photopolymerizing the remaining oligomers, the glass substrate can
be spin-coated with another poly(ETPTA)/poly(EGDA) (20:1)
layer. The templating silica colloids are finally wet-etched using a
dilute HF (1.5%) solution to engineer sandwich structures.
Characterization. A digital camera (EOS R10, Canon), an optical

microscope (DM4, Leica), and a field-emission scanning electron
microscope (SEM) (JSM-IT710HR Schottky, JEOL) are employed to
record photographic images, optical microscopy images, and SEM
images of the specimens, respectively. The SEM accelerating voltages
range from 3 to 5 keV. Before SEM imaging, the specimens are
sputter-coated with a thin layer of platinum in a sputter coater
(AGB7366, Agar Scientific). The mechanical properties of the
specimens are analyzed using a nanomechanical test system equipped
with a Berkovich nanoindenter tip (Hysitron TI 990 Triboindenter,
Bruker) in ambient conditions. The indentation procedure consists of
three sequential steps: loading, holding, and unloading. In the loading
step, the applied load is increased to a predetermined maximum value
at a constant rate of 20 μN/s. This is followed by a 5-s holding period
at the maximum load, which serves to minimize the influence of
material creep on the estimated values of modulus and hardness. In
the unloading step, the indenter tip is retracted from the specimen at
the same rate of 20 μN/s. Normal-incidence optical reflection and
transmission spectra over a 400 to 800 nm wavelength range are
collected by a high-resolution UV−visible-near-IR spectrometer
(HR4000, Ocean Optics) using a deuterium/tungsten/halogen light
source (DT-MINI-2-GS, Ocean Optics). The angle of collection is
less than 5°, and the light beam spot is controlled to be around 3 mm
in diameter on the specimen surface. Absolute reflectivity is
determined by comparing the specimen spectrum to a reference

spectrum, which is obtained from an aluminum-sputtered silicon
wafer. The final absolute reflectivity value is calculated as the average
of five measurements taken from different spots on the specimen
surface. The mechanical durability of the specimens is evaluated using
a Taber abrasion-resistance testing machine (GT-C14A, GESTER).
In the abrasion-resistance test (ASTM D 1044), a Taber abrader,
equipped with CS-10F wheels, is applied under a 500-g load for a
predetermined number of cycles.

■ RESULTS AND DISCUSSION
Beetles are distinguished by their hardened elytra, which can
dissipate impact energies under external stresses to shield the
membranous hindwings and abdomens beneath. To verify that,
the mechanical behaviors of a Taiwan rhinoceros beetle
(Trypoxylus dichotomus tsunobosonis) specimen (Figure 1 (a))
are assessed using a nanomechanical test system under a
maximum load (Fmax) of 1000 μN. The load−displacement
curves of this beetle abdomen (black curve) and elytron (red
curve) are recorded and compared in Figure 1 (b). On the
assumption that the adhesion between the nanoindenter tip
and the specimen is neglectable, the dissipation impact energy
is determined by the enclosed area of each curve, while the
corresponding indentation hardness (H) and Young’s modulus
(E) can be estimated using the Oliver-Pharr indentation data
analysis model.44,45 In this model, H F

A
max= and E S

A2
= , of

which A refers to the projected surface area in contact with the
tip, and S indicates the slope of the unloading curve at the Fmax.
As presented in Table S1, the indentation hardness (0.15 ±
0.03 GPa) and Young’s modulus (4.36 ± 0.54 GPa) of this
beetle elytron are both lower than the indentation hardness
(0.32 ± 0.03 GPa) and Young’s modulus (7.06 ± 0.31 GPa) of
this beetle abdomen, which are consistent with those reported
in previous research.46,47 The mechanical behavior differences
are attributed to the presence of sandwich structures within the
elytra. In comparison with the featureless abdomen (Figure
1(c)), it is evident that the beetle elytron consists of a ∼48 μm-

Figure 1. (a) Photographic image of a Taiwan rhinoceros beetle taken under white lighting. (b) Load−displacement curves obtained from
nanoindentation tests with maximum loads of 1000 μN on this beetle’s abdomen (black curve) and elytron (red curve). Cross-sectional SEM
images of (c) the beetle abdomen and (d) the elytron plate.
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thick upper laminate and a ∼ 43 μm-thick lower laminate,
which are bound together by randomly arranged ∼87 μm-high
trabeculae (Figure 1(d)). The resulting sandwich structure
enables air to occupy the space between the laminates, further
providing sufficient space to allow the trabeculae to be
temporarily deformed under external stresses. On that account,
impact energies applied onto this beetle elytron can be
dissipated more efficiently (0.21 ± 0.02 nJ) than the ones
applied onto this beetle abdomen (0.09 ± 0.01 nJ), despite the
fact that either of them is made of chitin and protein fibers.
Bioinspired by the Taiwan rhinoceros beetle elytra, a

Langmuir−Blodgett colloidal self-assembly technology is
developed and employed to fabricate sandwich structures
(Figure 2). In a typical fabrication process, a microscope cover

glass is sequentially coated with a 250 nm-thick poly-
(ETPTA)/poly(EGDA) (20:1) layer, a 500 nm-thick poly-
(ETPTA)/poly(EGDA) (1:3) layer with a self-assembled 500
nm silica colloidal monolayer embedded, and a 250 nm-thick
poly(ETPTA)/poly(EGDA) (20:1) layer. Afterward, the silica
colloids are wet-etched to create sandwich structures onto the
glass substrate. Noteworthily, it is feasible to manipulate the
copolymer layer thickness by adjusting the coating parameters;
hence, bioinspired sandwich structures with varied config-
urations can be designed and built (Figure S1). As displayed in
Figure 3(a), the self-assembled 500 nm silica colloidal
monolayer, deposited onto a poly(ETPTA)/poly(EGDA)
(20:1) layer-coated glass substrate, exhibits a brilliant color
change over the surface. The structural color is generated by
the Bragg diffraction of visible light from the hexagonally close-
packed silica colloidal crystals under white light illumination
(Figure 3(b)).48 These 500 nm silica colloids can then be
thoroughly embedded through spin-coating with a poly-
(ETPTA)/poly(EGDA) (1:3) copolymer (Figure 3(c) and
(d)). Subsequently, the specimen is spin-coated with another
250 nm-thick poly(ETPTA)/poly(EGDA) (20:1) layer,
followed by a wet-etching treatment to remove the templating
silica colloids (Figure 3(e) and (f)). It is recognized that the
long-range arrangement of air cavities is well-preserved within
the resulting sandwich structure. In addition, the thickness
ratio of the corresponding upper layer, porous layer, and
bottom layer is found to be 1:2:1. As predicted, the bioinspired
sandwich structures with varied layer thickness ratios of
1:0.5:1, 1:1:1, and 1:3:1 can be developed as well by regulating

the operating conditions of the spin-coating process (Figure
S2).
To investigate the dependence of structural configuration on

mechanical behaviors, load−displacement curves of featureless
poly(ETPTA)/poly(EGDA) coating layers and the aforemen-
tioned sandwich structures are conducted under maximum
indentation loads of 100 μN. In comparison with the
mechanical behaviors of single-layer poly(ETPTA)/poly-
(EGDA) (20:1) coating or poly(ETPTA)/poly(EGDA)
(1:3) coatings, the triple-layer poly(ETPTA)/poly(EGDA)
coating, comprising a 250 nm-thick poly(ETPTA)/poly-
(EGDA) (20:1) upper layer, a 500 nm-thick poly(ETPTA)/
poly(EGDA) (1:3) layer, and a 250 nm-thick poly(ETPTA)/
poly(EGDA) (20:1) lower layer, exhibits similar indentation
hardness (0.12 ± 0.01 GPa), Young’s modulus (3.49 ± 0.03
GPa), and dissipation energy (6.72 ± 0.17 pJ) (Figure S3,
Figure S4, and Table S2). These results agree well with
previous research.49,50 By contrast, the bioinspired sandwich
structures behave with lower indentation hardnesses and
Young’s moduli (Figure 4 and Table 1). Besides that, it is
found that the indentation hardness is gradually decreased
from 0.10 ± 0.01 to 0.08 ± 0.01 GPa as the layer thickness
ratio of the sandwich structure varies from 1:0.5:1 to 1:2:1,
whereas the indentation hardness is increased to 0.09 ± 0.01

Figure 2. Schematic outline of the fabrication strategy employed to
engineer Taiwan rhinoceros beetle-inspired sandwich structures.

Figure 3. (a) Photographic image of a self-assembled colloidal
monolayer, consisting of 500 nm silica spheres, deposited onto a
poly(ETPTA)/poly(EGDA) (20:1) layer-coated glass substrate. (b)
Top-view SEM image of the specimen in (a). (c) Top-view and (d)
cross-sectional SEM images of the silica colloidal crystals spin-coated
with poly(ETPTA)/poly(EGDA) (1:3). (e) Cross-sectional SEM
image of the silica colloidal crystal/poly(ETPTA)/poly(EGDA) (1:3)
composite spin-coated with another poly(ETPTA)/poly(EGDA)
(20:1) layer. (f) Cross-sectional SEM image of the corresponding
sandwich structure, comprising a 250 nm-thick poly(ETPTA)/
poly(EGDA) (20:1) upper layer, a 500 nm-thick poly(ETPTA)/
poly(EGDA) (1:3) porous layer, and a 250 nm-thick poly(ETPTA)/
poly(EGDA) (20:1) lower layer. The thickness ratio of each
copolymer layer is adjusted to be 1:2:1.
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GPa once the layer thickness ratio reaches 1:3:1. Crucially, the
bioinspired sandwich structures display similar trends in the
reduction of their Young’s moduli. A minimal Young’s
modulus of 2.17 ± 0.13 GPa can be achieved on the sandwich
structure with a layer thickness ratio of 1:2:1. It is evident that
the introduction of larger porosities within the structures

results in the formation of even lower indentation hardnesses
and Young’s moduli. On the contrary, the sandwich structure
with a layer thickness ratio of 1:3:1 shall be completely
squeezed under the load of 100 μN, thus leading to higher
indentation hardness and Young’s modulus (Figure S5).
The relation between the porosity of the bioinspired

sandwich structure and its corresponding Young’s modulus
can further be expounded using the Gibson−Ashby model.50

E E c(1 )porous solid
n= × (1)

In this equation, Eporous and Esolid represent Young’s moduli of a
structured material with a porosity of φ and the corresponding
unstructured material, respectively, while c and n are constants.
The φ can be expressed as V

V
air

total
, where Vair denotes the volume

of air cavities per unit volume of the structured material
(Vtotal). For the bioinspired sandwich structures, the φ is given
by

V
V r h

r
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2 3
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, in which r indicates the radius of the air cavity (250 nm), and
h refers to the thickness of the sandwich structure.
Accordingly, the presence of thinner upper and bottom layers
within the sandwich structure generates a larger φ, which
further brings about a reduced Eporous. To better comprehend

the relation between the Eporous and φ, the values of ( )ln
E

E
porous

solid

and − ln(1 − φ) of these sandwich structures are computed,
and their relationship is modeled using a linear regression
analysis (Table S3 and Figure S6). In this analysis, the model
takes on the following form derived from the eq 1.

E

E
n cln ln(1 ) ln( )

porous

solid

i
k
jjjjj

y
{
zzzzz = × [ ]

(3)

In view of this, the c (0.99) and n (1.30) are determined, and
thereupon the Eporous can be theoretically estimated using the
eq 1. As summarized in Table 1, the theoretical Eporous
decreases from 2.92 to 2.17 GPa as the layer thickness ratio
of the sandwich structure is altered from 1:0.5:1 to 1:2:1. It is
ascertained that these theoretical values match well with the
experimental ones, which indicates that sandwich structures
with required Young’s moduli can be created on demand.
Crucially, the reduction in Young’s modulus facilitates the

Figure 4. Load−displacement curves obtained from nanoindentation
tests with maximum loads of 100 μN on the Taiwan rhinoceros
beetle-inspired sandwich structures, templated from 500 nm silica
colloidal crystals. The thickness ratio of each layer is adjusted to be
1:0.5:1 (φ = 0.12, green curve), 1:1:1 (φ = 0.20, blue curve), 1:2:1 (φ
= 0.30, red curve), and 1:3:1 (φ = 0.36, orange curve), respectively. In
comparison, the red dashed curve represents the load−displacement
curve of triple-layer solid copolymers, which are with a layer thickness
ratio of 1:2:1.

Table 1. Young’s Moduli, Hardness, and Dissipation
Energies of Taiwan Rhinoceros Beetle-Inspired Sandwich
Structures with Varied Layer Thickness Ratios

Figure 5. (a) Normal-incidence optical reflection spectra and (b) normal-incidence optical transmission spectra of a bare glass substrate (black
curve) and glass substrates coated with Taiwan rhinoceros beetle-inspired sandwich structures. The thickness ratio of each layer is adjusted to be
1:0.5:1 (φ = 0.12, green curve), 1:1:1 (φ = 0.20, blue curve), 1:2:1 (φ = 0.30, red curve), and 1:3:1 (φ = 0.36, orange curve), respectively. In
comparison, the red dashed curve represents the optical spectrum of triple-layer solid copolymers, which are with a layer thickness ratio of 1:2:1.
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deformation of porous structures, generating a larger projected
surface area in contact with the nanoindenter tip (A) and a
decreased indentation hardness (H F

A
max= ). The integration of

a reduced Young’s modulus and a decreased hardness further
allows the bioinspired sandwich structure to dissipate impact
energies more efficiently. It has been verified that the
dissipation energy of the sandwich structure is increased
from 7.68 ± 0.23 pJ to 11.52 ± 0.14 pJ as the corresponding
porosity (φ) varies from 0.12 to 0.36. Most importantly, the
dissipation energy can even be increased by nearly 71.4% in
comparison with that of a triple-layer poly(ETPTA)/poly-
(EGDA) coating (6.72 ± 0.17 pJ).
For evaluating the antireflection capabilities of the Taiwan

rhinoceros beetle-inspired sandwich structures, normal-inci-
dence optical reflection and transmission spectra of a bare glass
substrate, a triple-layer poly(ETPTA)/poly(EGDA) copoly-
mer-coated glass substrate, and glass substrates coated with
these bioinspired sandwich structures are assessed and
compared in Figure 5. Owing to the discontinuous refractive
index transition at the air/glass interface, the bare glass
substrate (black curve) presents an average reflectance of 6.5 ±
0.1% and an average transmittance of 92.5 ± 0.1% in the visible
wavelength region ranging from 400 to 800 nm. By
comparison, the application of a triple-layer copolymer coating
enables the air/glass interface to be replaced by an air/
copolymer interface and a copolymer/glass interface. Since the
copolymer has a refractive index (ncopolymer = 1.47) that lies
between those of glass (nglass = 1.52) and air (nair = 1), less light
reflection occurs at these interfaces than that at the air/glass
interface. As a result, the triple-layer copolymer-coated glass
substrate (red dashed curve) displays a lower average
reflectance (6.0 ± 0.1%) and a higher average transmittance
(93.0 ± 0.1%). Importantly, the specular reflection in the
visible spectrum can be further suppressed by introducing
these bioinspired sandwich structures. The incorporation of
spherical pores even leads to a less steep refractive index
transition. It is found that the average reflectance of the
sandwich structure-coated glass substrate gradually reduces

from 4.6 ± 0.1%, 4.4 ± 0.2%, 4.0 ± 0.2% to 3.9 ± 0.2% as the
layer thickness ratio of each sandwich structure varies from
1:0.5:1 (φ = 0.12, green curve), 1:1:1 (φ = 0.20, blue curve),
1:2:1 (φ = 0.30, red curve) to 1:3:1 (φ = 0.36, orange curve),
while the corresponding average transmittance is increased
from 93.2 ± 0.1%, 93.4 ± 0.2%, 93.8 ± 0.1% to 93.9 ± 0.1%.
The resulting broadband antireflection performance can be

interpreted by adopting the Fresnel equations.51 In this study,
the whole reflectance (Rtotal) is expressed as a function of the
refractive indices of air (nair), sandwich structures (nstructure),
and glass (nglass).
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, whe r e n n n (1 )structure air copolymer
2 2= × + × and

r
h

2 3
9

= . As summarized in Table 2, the estimated light

reflectance is decreased from 3.1 to 2.4% as the layer thickness
ratio of the sandwich structure varies from 1:0.5:1 to 1:3:1.
Compared with other sandwich structures, the one with a layer
thickness ratio of 1:3:1 possesses a largest φ of 0.36 and a
lowest nstructure of 1.32, which leads to a minimal reflectance.
The transmittances (T) of those glass substrates can further be

theoretically calculated using the following equation by
assuming that the light absorption (A) is negligible (∼1%).

T R A1 total= (8)

It is evidenced that the light transmissions are enhanced on the
sandwich structure-coated glass substrates, and a maximal
transmittance of 96.6% shall be achieved as the corresponding
layer thickness ratio reaches 1:3:1 (φ = 0.36). Although the as-
calculated reflectances and transmittances exhibit similar
trends to those experimental values, it is found that the

Table 2. Average Reflectances and Transmittances of a Bare
Glass Substrate, a Triple-Layer Solid Copolymer-Coated
Glass Substrate, and Glass Substrates Coated with Taiwan
Rhinoceros Beetle-Inspired Sandwich Structuresa

aThe thickness ratio of each layer is adjusted to be 1:0.5:1, 1:1:1,
1:2:1, and 1:3:1, respectively.
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experimental ones are with even higher average reflectances
and lower average transmittances. The impaired antireflective
performance is primarily caused by incident light reflection
from the 500 nm pores and light refraction within the
sandwich structures.
To address the issues, Taiwan rhinoceros beetle-inspired

sandwich structures with varied pore sizes are engineered onto
cover glasses (Figure S7). Instead of 500 nm silica spheres,
silica spheres with diameters of 1 μm, 300 nm, and 150 nm are
self-assembled to form close-packed colloidal monolayers,
respectively, which are then employed as structural templates
to build sandwich structures (Figure S8, Figure 6, and Figure

S9). It is worth noting that the layer thickness ratio of each
sandwich structure is controlled to be 1:2:1. Therefore, these
sandwich structures are with the same φ of 0.30, and shall
possess identical antireflection functionalities. As verified in
Figure S10, the average reflectances of these sandwich
structure-coated glass substrates remain nearly unchanged.
Nevertheless, the sandwich structure templated from 1 μm
silica colloidal crystals exhibits a much lower average
transmittance (79.7 ± 0.7%) in the visible wavelength region,
which is attributed to light scattering from the micrometer-
scale pores. The considerable light scattering further induces
the formation of optical haziness (Figure S11). By contrast,
less incident light is scattered from subwavelength-scale pores,
and hence, the antireflection performance can be improved by
introducing smaller pores within the structures. It has been
found that the average transmittance of the sandwich structure
templated from 300 nm silica colloidal crystals can reach
94.7%, while an average transmittance of 95.2% is achieved on
the sandwich structure templated from 150 nm silica colloidal
crystals (Table 3). Although the effective medium theory offers
a convenient approximation, significant discrepancies arise

between the theoretical and experimental transmittances for
structures beyond the visible wavelength scale. To address this
issue, a rigorous coupled-wave analysis (RCWA) (Diffract-
MOD, RSoft Design Group), as established in previous studies,
is employed to analyze the optical behaviors of planar waves on
the bioinspired sandwich structures.52−54 In the model, the
sandwich structures are composed of hexagonally close-packed
pores with diameters of 1 μm, 500, 300, and 150 nm,
respectively. The layers are designed with a thickness ratio of
1:2:1. For the purpose of simplifying the present analysis, the
imaginary components of the refractive indices are neglected in
the simulation, and the refractive indices are treated as
wavelength-independent constants, justified by the fact that the
materials exhibit minimal dispersion over the spectral range of
interest in this study.52 A sufficient number of spatial
harmonics was included to guarantee convergence with an
error less than 5%, and all diffraction orders were considered in
the calculation. Furthermore, the angle of incidence is fixed at
0°, which ensures that the simulation results are invariant for
both transverse-electric and transverse-magnetic polarizations.
As shown in Figure S12, the simulated reflection and
transmission spectra of the sandwich structure-coated glass
substrates are in good agreement with the corresponding
experimental results. The findings further indicate that this
RCWA is valid for the coating templated from 1 μm silica
colloidal crystals.
The pore size effect on the impact resistances of sandwich

structures is investigated as well. On account of the presence of
thicker upper and bottom layers, the structure templated from
1 μm silica colloidal crystals behaves with a higher indentation
hardness (0.09 ± 0.01 GPa) and a higher Young’s modulus
(2.57 ± 0.23 GPa) in comparison to the mechanical behaviors
of the one templated from 500 nm silica colloidal crystals
(Figure S13 and Table 4). The integration of higher

Figure 6. (a) Photographic image of a self-assembled colloidal
monolayer, consisting of 300 nm silica spheres, deposited onto a
poly(ETPTA)/poly(EGDA) (20:1) layer-coated glass substrate. (b)
Top-view SEM image of the specimen in (a). (c) Cross-sectional
SEM image of the silica colloidal crystals sequentially spin-coated with
a poly(ETPTA)/poly(EGDA) (1:3) layer and a poly(ETPTA)/
poly(EGDA) (20:1) layer. (d) Cross-sectional SEM image of the
corresponding sandwich structure, comprising a 150 nm-thick
poly(ETPTA)/poly(EGDA) (20:1) upper layer, a 300 nm-thick
poly(ETPTA)/poly(EGDA) (1:3) porous layer, and a 150 nm-thick
poly(ETPTA)/poly(EGDA) (20:1) lower layer.

Table 3. Average Reflectances and Transmittances of a Bare
Glass Substrate, a Triple-Layer Solid Copolymer-Coated
Glass Substrate, and Glass Substrates Coated with Taiwan
Rhinoceros Beetle-Inspired Sandwich Structuresa

aThe sandwich structures are templated from 1 μm silica colloidal
crystals, 500 nm silica colloidal crystals, 300 nm silica colloidal
crystals, and 150 nm silica colloidal crystals, respectively. The
thickness ratio of each layer is adjusted to be 1:2:1.
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indentation hardness and Young’s modulus enables the
structure to be less contorted under a maximum indentation
load of 100 μN, thus allowing less impact energy to be
dissipated (8.43 ± 0.26 pJ). On the other hand, the sandwich
structures templated from smaller silica spheres are composed
of thinner upper layers, smaller pores, and thinner bottom
layers, which facilitate the deformation of porous structures
and shall perform improved impact resistances. However, an
enhanced impact resistance is not realized on the sandwich
structure templated from 300 nm silica colloidal crystals. It is
found that this structure behaves with an indentation hardness
of 0.08 ± 0.01 GPa, a Young’s modulus of 2.31 ± 0.14 GPa,
and a dissipation energy of 10.96 ± 0.17 pJ, which are similar
to those values of the structure templated from 500 nm silica
colloidal crystals. Astonishingly, the sandwich structure
templated from 150 nm silica colloidal crystals even displays
a declined dissipation energy (7.22 ± 0.13 pJ). The findings
further disclose that these 150 nm pores have been thoroughly
squeezed under the load of 100 μN. To gain a more
comprehensive understanding, nanoindentation tests with
maximum loads of 500 μN are applied onto the sandwich
structures as stated previously, and the resulting load−
displacement curves are compared in Figure S14. As expected,
the structures templated from either 150 nm silica spheres or
300 nm silica spheres are wholly deformed under this load,
thereby exhibiting slightly higher impact resistances than that
of a triple-layer copolymer coating (Table S4). Remarkably,
the dissipation energy is increased with the pore size, and a
maximal dissipation energy of 97.61 ± 0.86 pJ is achieved on
the structure templated from 1 μm silica spheres. It is explicit
that the impact resistances under larger loads can be
ameliorated by introducing larger pores within the sandwich
structures, even though these structures have the same
porosity.
To further comprehend the role of structural geometry in

the impact resistance, bioinspired sandwich structures with
varied pore geometries are developed following the above-
mentioned Langmuir−Blodgett approach (Figure S15). In the
fabrication process, silica colloidal monolayers are self-
assembled using 300 nm silica colloidal suspensions with
different colloid volume fractions of 71 vol % and 79 vol %,
respectively. Subsequently, the close-packed silica colloidal

crystals are deposited onto a poly(ETPTA)/poly(EGDA)
(20:1) layer-coated glass substrate, followed by a photo-
polymerization procedure. It is worth mentioning that the
usage of colloidal suspension with a higher colloid volume
fraction leads to the formation of less copolymer matrix-
embedded silica colloidal crystals, and hexagonally arranged
holes with larger openings are therefore generated after wet-
etching the silica templates (Figure S16 and Figure 7).

Moreover, it is apparent that a three-quarter-spherical hole
array can be obtained by using the colloidal suspension with a
colloid volume fraction of 71 vol %, while a hemispherical hole
array is created as the colloid volume fraction reaches 79 vol %.
The long-range arrangement of the holes is clearly evident
even across distinct regions of the specimen, indicating the
high uniformity and structural integrity of the hole array over a
large area (Figure S17). The hole arrays are then employed as

Table 4. Young’s Moduli, Hardness, and Dissipation Energies of Taiwan Rhinoceros Beetle-Inspired Sandwich Structures,
Templated from Different Silica Colloidal Crystalsa

aThe thickness ratio of each layer is adjusted to be 1:2:1.

Figure 7. (a) Top-view SEM image of a three-quarter-spherical hole
array prepared using a 300 nm silica colloidal suspension with a
colloid volume fraction of 71 vol %. (b) Cross-sectional SEM image of
the sandwich structure fabricated using the three-quarter-spherical
hole array, while the thickness ratio of each layer is adjusted to be
1:2:1 (φ = 0.34). (c) Top-view SEM image of a hemispherical hole
array prepared using a 300 nm silica colloidal suspension with a
colloid volume fraction of 79 vol %. (d) Cross-sectional SEM image of
the sandwich structure fabricated using the hemispherical hole array,
while the thickness ratio of each layer is adjusted to be 1:2:1 (φ =
0.30). Inserts showing the corresponding magnified cross-sectional
SEM images.
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structural supports to build bioinspired sandwich structures, of
which their layer thickness ratios are determined to be 1:2:1.
Compared with the mechanical behaviors of the sandwich
structure embedded with spherical pores, the sandwich
structure composed of three-quarter-spherical pores exhibits
a higher indentation hardness of 0.09 ± 0.01 GPa, a higher
Young’s modulus of 2.50 ± 0.21 GPa, and a lower dissipation
energy of 9.82 ± 0.19 pJ (Figure S18 and Table 5). To develop
a clearer insight, the corresponding porosity (φ) is calculated
as follows:
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where r and h refer to the radius of the silica templates (150
nm) and the thickness of the whole sandwich structure (450
nm), respectively. It is perceptible that this sandwich structure
possesses a larger φ (0.34), and hence shall perform an
improved impact resistance in accordance with the Gibson-
Ashby model.55 Unfortunately, these three-quarter-spherical
pores are contorted severely in response to the load of 100 μN;
therefore, the impact energy cannot be dissipated effectively.
As one would anticipate, the sandwich structure embedded
with hemispherical pores presents an even lower dissipation
energy (7.16 ± 0.21 pJ), resulting from the integration of even
more deficient pores and thinner layers. Although the
employment of three-quarter-spherical or hemispherical pores
can reduce the light scattering, generating an enhanced
antireflection functionality (Figure S19 and Table S5), it is
recognized that these nonspherical pores give rise to a
diminished impact resistance.
This research further studies the dependence of dissipation

energy and average transmittance in the visible spectrum on
the porosity of the as-engineered bioinspired sandwich
structures. As shown in Figure S20, the higher porosity
identified within the sandwich structure allows the structure to
be deformed more easily in response to external stress, and

hence facilitates the impact energy dissipation. In addition, the
increasing porosity leads to an enhancement in average optical
transmittance as well. Nevertheless, it is evident that the
sandwich structures templated from 500 nm silica spheres
display lower average transmittances, which are attributed to
the light scattering from the resulting pores. As a summary,
optimal impact resistances with an antireflection functionality
are found on the sandwich structure comprised of a 150 nm-
thick poly(ETPTA)/poly(EGDA) (20:1) upper layer, a 300
nm-thick poly(ETPTA)/poly(EGDA) (1:3) layer embedded
with 300 nm spherical pores, and a 150 nm-thick poly-
(ETPTA)/poly(EGDA) (20:1) lower layer. A Taber abrasion-
resistance test according to the ASTM D 1044 method is
further applied to determine the mechanical durability of this
specimen. As displayed in Figure S21, the corresponding
optical reflectance and transmittance remain well-preserved
throughout 300 abrasion cycles. In contrast, its intrinsic
antireflective characteristics are significantly degraded after 500
abrasion cycles, resulting from the presence of pronounced
surface scratches. The mechanical durability is competitive
with that of commercial antireflection coatings.2,6 Importantly,
it is evidenced that the antireflection performance can even be
maintained for up to half a year under ambient conditions of
25 °C and an average relative humidity of 70% (Figure S22).
Despite all this, these porous structures are observed to be

squeezed and distorted in shape after a nanoindentation test
with a maximum load of 100 μN (Figure 8(a)). The reduced
porosity inevitably brings about a decline in impact resistance,
accompanied by a degraded antireflection performance. It is of
vital importance that the poly(ETPTA)/poly(EGDA) (1:3)
copolymer exhibits room-temperature shape memory behav-
iors. Owing to this unique behavior, the corresponding
structural configuration can be reversibly converted between
temporarily deformed and original states in the ambient
environment (Figure S23). Upon rinsing the deformed
sandwich structure with low-surface-tension liquids, the
poly(ETPTA)/poly(EGDA) (1:3) copolymer layer can absorb
the liquid molecules, and undergo a substantial swelling. This
swelling significantly relaxes the stretched copolymer chains,
enabling these squeezed pores to recover their original
configurations through the utilization of evaporation-induced
capillary forces. As evidenced in Figure 8(b)-(d), the structural
recovery can be triggered by drying out ethanol within the

Table 5. Young’s Moduli, Hardness, and Dissipation Energies of Taiwan Rhinoceros Beetle-Inspired Sandwich Structures,
Templated from 300 nm Silica Colloidal Crystalsa

aThe structural geometries of the pores are controlled to be spherical, three-quarter-spherical, and hemispherical in shape, while the layer thickness
ratios are adjusted to be 1:2:1.
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submicrometer-scale structure in a few seconds at 25 °C for at
least 40 deformation/recovery cycles. In the structural
transformation cycles, the sandwich structure is redeformed
immediately after the structural recovery. Importantly, the
bioinspired sandwich structure, thereupon, regains its inherent
antireflective and impact resistances. Although the structural
configuration is incrementally distorted, it is validated that the
dissipation energy of the recovered sandwich structure, even
after 40 deformation/recovery cycles, is comparable to that of
the original one (Figure 8(e) and (f)). The results further
reveal that the adoption of poly(ETPTA)/poly(EGDA) (1:3)

porous structures renders a straightforward strategy for
designing and building recoverable impact-resistant structures.
Crucially, the average transmittance of the sandwich structure
is merely reduced from 94.7 to 94.3% over 40 deformation/
recovery cycles (Figure 8(g) and (h), indicating that the
corresponding antireflection performance can be restored as
well. Owing to the antireflection functionality, the bioinspired
sandwich structure-coated cover glass is highly transparent
under white light illumination (Figure S24). Interestingly, a
“double heart” pattern can be printed on the stimuli-responsive
sandwich structure by applying a contact pressure using a

Figure 8. Cross-sectional SEM images of (a) the temporarily deformed Taiwan rhinoceros beetle-inspired sandwich structures and the recovered
structures after the (b) 20th, (c) 40th, and (d) 60th deformation/recovery cycles. The sandwich structure is templated from 300 nm silica colloidal
crystals, while the thickness ratio of each layer is adjusted to be 1:2:1 (φ = 0.30). (e) Load−displacement curves obtained from nanoindentation
tests with maximum loads of 100 μN on the temporarily deformed and recovered sandwich structures after the 1st, 20th, 40th, and 60th
deformation/recovery cycles. (f) Dissipation energies of the temporarily deformed and recovered sandwich structures in the deformation/recovery
cycles. The sample is replaced after each cycle. (g) Normal-incidence optical transmission spectra of the temporarily deformed and recovered
sandwich structures after the 1st, 20th, 40th, and 60th deformation/recovery cycles. (h) Average transmittances of the temporarily deformed and
recovered sandwich structures in the deformation/recovery cycles.
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rubber stamp. The increase in the contact pressure causes the
structure to be deformed more severely, and hence the patterns
reveal themselves more distinctly as the contact pressure
increases from 0.1 to 1.0 MPa. As predicted, the pattern is fully
erased through ethanol drying. Most importantly, it is
ascertained that the impact resistances and antireflective
behaviors of the bioinspired sandwich structure-coated
substrate in existence can be determined by its appearance.
To assess the practical versatility, the Taiwan rhinoceros

beetle-inspired sandwich structure is engineered on a
commercial PET film following the fabrication procedures
detailed above. For this particular instance, the sandwich
structure is templated from 300 nm silica colloidal crystals, and
the thickness ratio of each layer is adjusted to be 1:2:1 (φ =
0.30). As displayed in Figure S25, reflected glare appears on a
bare PET film under natural lighting, caused by the refractive
index disparity between air and the PET substrate. In
comparison, the sandwich structure establishes a refractive
index gradient at the air/PET interface. Accordingly, the
sandwich structure-coated PET film is highly transparent,
allowing the beetle image underneath to be observed clearly.
The antireflective properties are further verified by conducting
the normal-incidence optical reflection and transmission
spectra of these specimens. It is evidenced that the application
of the bioinspired sandwich structure results in a reduction of
the average reflectance in the visible spectrum by approx-
imately 2.6%, accompanied by an increase in average
transmittance of about 2.5%, which is competitive with the
antireflection performance found on the sandwich structure-
coated glass substrate. In sharp contrast, the sandwich
structure-coated PET film turns milky in appearance after
applying a contact pressure of 1.0 MPa. The opaque
appearance arises from light scattering induced by distortions
within the sandwich structure. Furthermore, the temporarily
deformed structure and the corresponding appearance can be
fully restored through an ethanol drying procedure. Impor-
tantly, the structural configuration and optical behaviors
remain unchanged across the sandwich structure-coated PET
film (Figure S26). Furthermore, the consistency of the
corresponding impact resistances is validated. Compared
with the dissipation energy of a bare PET film (7.32 ± 0.12
pJ), the dissipation energy can be distinctly enhanced on the
sandwich structure-coated PET film (10.79 ± 0.17 pJ). The
results provide compelling evidence of the scalability potential
of this proposed fabrication methodology.

■ CONCLUSIONS
In summary, a nonlithography-based methodology is devel-
oped to assemble Taiwan rhinoceros beetle-inspired sandwich
structures, which are supported by shape memory polymer-
based porous structures. The bioinspired sandwich structures
possess small refractive indices that lie between those of air and
glass, and hence can be utilized to suppress light reflections
occurring at the air/glass interface. It is worth noting that the
employment of subwavelength-scale pores greatly reduces the
light scattering, leading to an improved antireflection
functionality. Although these pores are severely squeezed
upon applying contact pressures onto the sandwich structures,
the structural deformation allows the impact energies to be
dissipated more effectively. In addition, it is empirically
demonstrated that the impact resistance can be enhanced by
introducing an increased porosity within the sandwich
structure. Importantly, these temporarily deformed pores are

capable of recovering their original structural geometries
through drying out ethanol under ambient conditions, thereby
restoring the corresponding impact resistances and antire-
flective characteristics. The reversible structural transitions
undoubtedly create novel dimensions for a variety of promising
applications, including optical lenses, wearable devices, flexible
displays, aerospace optical domes, optical communication
components, and medical endoscopes.
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