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ABSTRACT: Taiwan rhinoceros beetle (Trypoxylus dichotomus tsunobosonis) forewings, covered with micrometer-scale sandwich
structures, can dissipate impact energies to protect the membranous hindwings underneath. Bioinspired by the forewings, monolayer
silica colloidal crystals are self-assembled and utilized as structural templates to engineer sandwich structures, which are supported by
nonclose-packed shape memory polymer-based structure arrays. These sandwich structures provide sufficient space for the structural
supports to be contorted under external stresses, facilitating the dissipating of impact energies. Importantly, the deformed structures,
accompanied by diminished impact resistances, can restore their original states through manipulating the corresponding stimuli-
responsive structural transitions under ambient conditions. To gain a better comprehension, the dependences of the structure
arrangement, structure size, and structure shape of structural supports on the recoverable impact-resistant capabilities are
systematically investigated in this research.
KEYWORDS: Taiwan rhinoceros beetles, self-assembly, sandwich structures, impact resistance, recoverability

■ INTRODUCTION
Recent advances in photolithographic technologies, electronic
assembly processes, chip-on-board techniques, and microfluidic
systems have provided sufficient support for manufacturing
ever-smaller electronic components.1 The miniaturization of
electronic subassemblies can free up space on chips, enabling the
development of more compact, portable, and sophisticated
electronic devices, optical instruments, military equipment, or
medical products, to name just a few.2−5 Miniaturized devices
possess inherent advantages in size/weight reductions, higher
operating speeds, and less power consumption; nevertheless,
there is a difficulty in material selection for encasement design
and production. While melt-processable, lightweight, and
affordable, polymer-based materials utilized for thin-wall
encasements experience a considerable loss of mechanical
strength, which greatly increases the risk of failure under external
loads.6 To tackle this problem, various alloys have been invented
to replace plastic encasements for enhancing mechanical
behaviors.7,8 Unfortunately, these alloys inevitably suffer from
low design freedom, high density, and costliness. Therefore,

designing and building casing materials for practical applications
remains challenging.

In the past few years, porous coatings with a whole range of
pore sizes and geometries have been applied to dissipate impact
energies.9−12 Compared with the physical properties of bulk
materials, these porous structures possess lower densities and
degraded mechanical strengths, making them deform more
easily under external loads. The resulting structural deforma-
tions further conduce to enhanced impact energy dissipations.
However, most cellular structures, produced using either
physical or chemical foaming agents, are limited by inefficient
distributions of cells.13,14 The stochastic processing of structures
categorically brings about an uneven impact-resistant capability.
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Moreover, the damaged structures cannot be recovered, which
severely restricts their long-term durability.

Over 570 million years of evolution and natural selection,
living organisms have adopted diverse strategies to improve their
survival chances. Taking leaf beetles, gold beetles, weevils,
ladybugs, stag beetles, and unicorn beetles as examples, their
forewings are specialized into hard sheaths, also known as elytra,
to protect hindwings and bodies from being attacked by birds or
lizards.15−20 Intriguingly, the elytra of male Taiwan rhinoceros
beetles exhibit particularly excellent impact resistances, even
allowing the beetles to fight with each other during mating
battles or food competitions.21 Recent studies have found that
these elytra are covered with hollow sandwich structures, which
are formed from groupings of sheet-like upper/lower laminates
and nonclose-packed trabeculae in between.22,23 The trabeculae
are micrometer-scale tissue elements in the form of pillar-shaped
beams, which can be deformed to absorb impact energies when
the sandwich structures are subjected to external stresses. As a
result, the presence of sandwich structures makes the elytra
lightweight, and offers better protection than those of solid
structures. Importantly, these deformed natural structures can
be gradually recovered with time.

Bioinspired by the Coleoptera insects, a wide spectrum of
artificial impact-resistant materials, such as hollow bricks, have
been manufactured and applied in our daily lives.24,25 Despite
that, the design and fabrication of micrometer-scale hollow
sandwich structures are seldom reported. Fueled by the
appreciable advancements in lithography-based technologies,
numerous colloidal lithographic methodologies have been
developed to pattern high-resolutionmicrostructure arrays.26−28

In the patterning processes, monodispersed colloidal particles
are self-assembled to form two-dimensional (2D) colloidal
crystals, and then serve as etching masks to construct demanded
features onto selected substrates through adjusting the etching
parameters. These well-arranged micrometer-scale features can
be envisaged as a stepping-stone for organizing hollow sandwich
structures. Unfortunately, most existing colloidal self-assembly
approaches, including evaporation-induced self-assembly, inter-
face-induced self-assembly, template-assisted methods, external
physical fields-induced self-assembly, and chemical stimuli-
induced self-assembly, are not feasible with standard micro-
fabrication processes.29−33 Apart from that, these bottom-up
fabrication methodologies can only bring about close-packed
colloidal crystals, whereas nonclose-packed arrangements of
colloidal particles are desired for mimicking those natural
structures on the elytra. Benefiting from the swift progress of
self-assembly technologies, a microfabrication-compatible ap-
proach is innovated to deposit nonclose-packed colloidal
templates in a single spin-coat step.34,35 The structural templates
can be exploited to generate pillar-shaped artificial trabeculae
with more interstructure space, which constitutes a framework
for creating hollow sandwich structures. Nevertheless, the
requirement of recoverable impact-resistant abilities for the
bioinspired sandwich structures is another inherent concern that
must be resolved.

The discovery of shape memory polymers, capable of
reversibly converting their molecular configurations in response
to external stimuli, offers a promising solution to address this
issue. The application of physical or chemical stimuli, such as
heat, ultraviolet radiations, lasers, magnetic/electric fields,
chemical solvents, and so on, can enhance the molecular chain
mobilities of shapememory polymers, which further trigger their
entropy-driven elastic recoveries.36−39 As a result, distorted

shape memory polymer-based structural features are able to
restore their original shapes on demand. Although most existing
stimuli-responsive polymers have high shape deformability and
reliable manufacturability, the physical stimuli-responsive
structural recoveries take time and patience, considerably
hindering their practical uses that require rapid responses. In
comparison, chemical stimuli-responsive ones take much less
time. However, the adoption of specific chemicals inevitably
causes adverse damage to other device components, or even
incurs detrimental environmental issues.40 Moreover, these
structural transitions of reconfigurable features still experience
limitations with short-term operations. Therefore, a new type of
structural recovery mechanism is highly demanded.

Herein, a room-temperature shape memory polymer is
devised and applied to engineer Taiwan rhinoceros beetle-
inspired hollow sandwich structures. The sandwich structures
are directly patterned onto selected substrates by combining a
shear force-induced colloidal self-assembly technology with a
colloidal lithographic method. In contrast to traditional shape
memory polymer-based structures, these as-fabricated structures
can swiftly convert their configurations by regulating the
evaporation of common solvents, such as ethanol, water,
toluene, or acetone, under ambient conditions. The interdisci-
plinary integration of room-temperature shape memory
polymers and hollow sandwich structures delivers an uncom-
plicated strategy to realize recoverable impact-resistant capa-
bilities. Instead of tensile tests or dynamic thermomechanical
analyses, nanoindentation tests are employed to investigate
micrometer-scale impact-resistant enhancements of the bio-
inspired structures.41 In this research, the mechanical character-
istics of disparate sandwich structures are evaluated to guide an
optimum structural design for miniaturized device applications.

■ EXPERIMENTAL SECTION
Materials. Taiwan rhinoceros beetle specimens, which have been

selected a bioinspired prototype, are collected from the Muh-Sheng
Museum of Entomology. Monodispersed silica spheres, with a diameter
standard deviation of less than 5%, are prepared according to the well-
established StÖber synthetic process.42 All the chemicals and solvents,
including tetraethyl orthosilicate (Merck KGaA), ammonium hydrox-
ide (Merck KGaA), anhydrous ethanol (Echo Chemical), and
deionized water (18.2 MΩ·cm, Millipore) are of reagent quality.
Photocurable SR415 ethoxylated trimethylolpropane triacrylate
oligomers (ETPTA, Sartomer), photocurable SR610 ethylene glycol
diacrylate oligomers (EGDA, Sartomer), and Darocur 1173 2-hydroxy-
2-methyl-1-phenyl-1-propanone (HMPP, BASF), as a photoinitiator,
are utilized without any further purification. A diluted hydrofluoric acid
aqueous solution (HF, Merck KGaA) is applied as a silica-etching
agent. Two-part Sylgard 184 poly(dimethylsiloxane) (PDMS)
elastomer kits are obtained from Dow Corning. Commercial micro-
scope cover glass (0.13−0.16 mm in thickness, Corning) is rinsed with
deionized water before use.
Self-Assembly of a Non-Close-Packed Colloidal Monolayer

of Silica Spheres. The StÖber silica spheres are cleansed using
anhydrous ethanol through 5 dispersion/centrifugation cycles, followed
by redispersing the silica spheres in a mixture of SR415 ETPTA
oligomers and Darocur 1173 HMPP with the use of a UP100H probe-
type ultrasonic homogenizer (Hielscher Ultrasonics). The volume
ratios of silica spheres, ETPTAoligomers, andHMPP are adjusted to be
20:79:1. After filtrating through a nylon syringe filter with an average
pore size of 2.0 μm (Whatman) to eliminate aggregated silica spheres,
the silica suspension is deposited and spread onto a cover glass, which
has been coated with PETPTA/PEGDA layers. The cover glass is then
spun at 200 rpm for 1min, 400 rpm for 1min, 800 rpm for 0.5min, 2000
rpm for 0.5 min, 4000 rpm for 0.5 min, and 6000 rpm for 4.5 min,
progressively, utilizing a WS-650−23B spin-coater (Laurell Technol-
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ogies).43,44 In the spin-coating process, the silica spheres are shear-
aligned into a two-dimensionally nonclose-packed arrangement. The
oligomers are subsequently photopolymerized for 0.5 min in a high-
powered LED UV-curing oven (CureUV).
Templating Fabrication of Non-Close-Packed Structure

Arrays. The self-assembled silica colloid crystals can further serve as
structural templates during an argon/oxygen reactive ion etching (Ar/
O2 RIE) process, operating on a PlasmaPro 100 Polaris inductively
coupled plasma reactive ion etching system (Oxford Instruments). In
the plasma etching process, the power density and chamber pressure are
kept at 75 W and 20 mTorr, respectively, while the gas flow rates vary
from 0 to 40 SCCM. The templating silica spheres are finally removed
by rinsing with a diluted HF aqueous solution (1 vol %) to pattern
nonclose-packed structure arrays on the glass substrate directly.
Engineering of Taiwan Rhinoceros Beetle-Inspired Impact-

Resistant Structures. Sylgard 184 silicone elastomer base and curing
agent are mixed at a weight ratio of 15:1 using an ultrasonic
homogenizer, and then transferred into a Nalgene vacuum chamber
(Thermo Scientific) for 30 min to eliminate trapped air bubbles. The
degassed mixture is subsequently poured into a Brand Petri dish (10.0
cm in diameter, Merck KGaA), of which a piece of ultrathin PET film
with a size of 5.0 × 5.0 cm2 (0.5 μm in thickness, Dadao Packing
Materials) is placed on the bottom. After being cured under ambient
conditions for 24 h, the solidified PDMS film is gently peeled off and

used as a dish with depth on demand. The PDMS dish can be filled with
an ETPTA oligomer/EGDA oligomer/HMPP mixture, followed by a
spin-coating process operating at 100 rpm for 5 min to remove any
excess mixture. Afterward, the aforementioned nonclose-packed
structure array is dipped into the oligomer mixture, which is then
photopolymerized on exposure to UV radiation for 10 s. The as-
engineered structures are finally peeled off from the PDMS dish to bring
about bioinspired impact-resistant structures.
Characterization. A Lumix DMC-FZ300 digital camera (Pana-

sonic), an OBS106 transmitted light microscope (Kern), and a JSM-
IT710HR Schottky field emission scanning electron microscope
(JEOL) are utilized to collect photographs, optical micrographs, and
scanning electron microscopy (SEM) images of the samples,
respectively. Prior to the SEM imaging, a platinum layer is sputtered
onto the samples using an AGB7366 manual sputter coater (Agar
Scientific). Mechanical behaviors of the samples are investigated by a
TI980 Tribo-Indenter test system (Hysitron) equipped with a standard
Berkovich tip. The measurements of each sample are repeated 10 times
under ambient conditions, and the average values are reported.

■ RESULTS AND DISCUSSION
Taiwan rhinoceros beetles (Trypoxylus dichotomus tsunobosonis)
are characterized by a pair of toughened forewings, which are

Figure 1. (a) Photograph of a Taiwan rhinoceros beetle taken under natural light illumination. (b) Load−displacement curves with maximum loads of
1000 μN for the elytron plate (red curve) and abdomen (black curve) of this Taiwan rhinoceros beetle. (c) Photograph, (d) optical micrograph, and
(e) cross-sectional SEM image of the beetle elytron plates. (f) Cross-sectional SEM image of the beetle abdomen.
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known as elytra (Figure 1 (a)). The beetle elytron plates can
withstand external loadings and dissipate impact energies to

protect the membranous hindwings, thorax, and abdomen
underneath. To acquire a more profound understanding, the

Figure 2. Schematic illustration of the templating procedures for engineering Taiwan rhinoceros beetle-inspired impact-resistant structures on glass
substrates.

Figure 3. (a) Photograph of a glass substrate, which is sequentially spin-coated with a PETPTA/PEGDA (20:1) layer, a PETPTA/PEGDA (1:3) layer,
a PETPTA/PEGDA (20:1) layer, and a nonclose-packed colloidal monolayer of 500 nm silica spheres. The thickness ratio of each polymer layer is
adjusted to be 1:2:1, while the average interparticle distance is controlled to be 1.4 D, where D denotes the diameter of silica spheres. (b) Top-view
SEM image of the sample in (a). (c) Tilted-view SEM image and (d) magnified cross-sectional SEM image of the king oyster mushroom-like structure
array templated from the silica colloidal crystals by reactive ion etching (Ar (40 SCCM)). (e) Tilted-view SEM image of the corresponding column-
shaped structure array. (f) Cross-sectional SEM image of the as-fabricated impact-resistant structures.
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mechanical properties of the elytra and abdomen are
investigated through nanoindentation tests under maximum
loads of 1000 μN (Figure 1 (b)). On the assumption of
negligible adhesion, their Young’s moduli (E) and indentation
hardnesses (H) can be determined directly from nano-
indentation analyses using the Oliver-Pharr model, of which
E S

A2
= and H F

A
max= .45,46 In the relationships, S refers to the

slope of the unloading curve at the maximum load (Fmax), while
A denotes the projected contact area between the nanoindenter
tip and the beetle specimen. Besides that, the enclosed area of
each load−displacement curve represents their corresponding
dissipation impact energies.47 As summarized in Table S1, the
Young’s modulus and indentation hardness of the abdomen are
calculated as 7.01 ± 0.33 and 0.31 ± 0.03 GPa, respectively,
which agree well with the findings have been reported in
previous researches.48,49 In comparison, the elytra are with a
lower Young’s modulus (4.38 ± 0.74 GPa) and a lower
indentation hardness (0.15 ± 0.05 GPa). The reductions in the
mechanical behaviors are derived from the presence of air within
the elytra. As evidenced in Figure 1 (c)−(e), the beetle elytron
plates consist of an upper laminate (ca. 47 μm in thickness) and a
lower laminate (ca. 43 μm in thickness), which are connected
through randomly arranged trabeculae (ca. 83 μm in height).
These sandwich structures not only allow air to be occupied
between the laminates to make the beetle forewings lightweight,
but also provide enough space to facilitate the temporary
deformation of trabeculae under external stresses. Accordingly,
impact energies can be dissipated more efficiently on the
sandwich structures (0.21 ± 0.02 nJ) than the solid ones (Figure
1(f)) (0.09 ± 0.01 nJ), even though both of them are composed
of protein and chitin fibers.

Bioinspired by the impact-resistant characteristics of Taiwan
rhinoceros beetle forewings, sandwich structures are engineered
using a colloidal lithographic approach (Figure 2). In the
fabrication procedures, a glass substrate is sequentially spin-
coated with a PETPTA/PEGDA (20:1 vol/vol) layer, a
PETPTA/PEGDA (1:3 vol/vol) layer, and a PETPTA/
PEGDA (20:1 vol/vol) layer, followed by another spin-coating
process to shear-align a nonclose-packed silica colloidal
monolayer onto the PETPTA/PEGDA layers. The self-
assembled silica spheres can be utilized as structural templates
to pattern the top two PETPTA/PEGDA layers in a plasma
etching process. Afterward, the silica templates are wet-etched
by HF to develop column-shaped structures on the bottom
PETPTA/PEGDA layer. The structure array is then dipped into
an ETPTA oligomer/EGDA oligomer/HMPP mixture, which
has been deposited on a homemade PDMS dish before use. In
this oligomer mixture, the volume ratio of ETPTA oligomers to
EGDA oligomers is controlled to be 20:1. After photo-
polymerization of the oligomers, the as-fabricated sandwich
structures can be peeled off from the PDMS dish easily. It is
worth mentioning that the thickness of each PETPTA/PEGDA
layer and the arrangement of silica spheres can be manipulated
by modifying the spin-coating parameters.50,51 In view of this, it
is feasible to design and build Taiwan rhinoceros beetle-inspired
impact-resistant structures with varied configurations.

Acquiring knowledge from the beetle elytron plates, the
thickness ratio of each PETPTA/PEGDA layer is adjusted to be
1:2:1. Here, a cover glass is spin-coated with a 500 nm-thick
PETPTA/PEGDA (20:1) layer, a 1 μm-thick PETPTA/
PEGDA (1:3) layer, and a 500 nm-thick PETPTA/PEGDA
(20:1) layer in succession (Figure S1). Subsequently, a colloidal
monolayer of 500 nm silica spheres is shear-aligned onto the
PETPTA/PEGDA layers. As shown in Figure 3(a), the self-

Figure 4. (a) Schematic illustration of the force applied onto the Taiwan rhinoceros beetle-inspired impact-resistant structure. (b) Load−displacement
curves with maximum loads of 100 μN and (c) the corresponding indentation stress-indentation strain curves for the bioinspired impact-resistant
structures. The interstructure distances are controlled to be 1.4D (black curve), 1.2D (red curve), and 1D (blue curve), respectively, whereD denotes
the diameter of silica spheres (500 nm).
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assembled silica colloidal crystals exhibit a characteristic six-arm
diffraction pattern under natural lighting, identifying the
presence of hexagonally nonclose-packed arrangement of silica
spheres across the whole glass substrate (Figure 3(b)).51 It is
worthy to note that the average intersphere distance equals 1.4
D, where D denotes the diameter of silica spheres. Owing to the
high RIE selectivity of polymers against silica, the silica spheres
can serve as lithographic masks to protect the PETPTA/
PEGDA copolymers underneath them from being etched by Ar
reactive ions. After patterning the top two PETPTA/PEGDA
layers, king oyster mushroom-like structures, consisting of silica
tops, PETPTA/PEGDA (20:1) middles, and PETPTA/
PEGDA (1:3) bottoms, are generated on the PETPTA/
PEGDA (20:1) layer-coated glass substrate (Figure 3(c),(d)).
The remaining silica tops are then wet-etched to create column-
shaped polymeric structures (Figure 3(e)). Apparently, their
long-range hexagonal arrangement and interstructure distances
are well-preserved during the templating procedures. The
column-shaped structure array can further be applied as
structural supports to construct sandwich structures. It appears
that the as-engineered structures are comprised of a PETPTA/
PEGDA (20:1) upper layer (ca. 500 nm in thickness) and a
PETPTA/PEGDA (20:1) lower layer (ca. 500 nm in thickness),
which are connected through hexagonally arranged PETPTA/
PEGDA (1:3) column-shaped structures (ca. 1 μm in height)
(Figure 3(f)). In addition, the average distance between the
column-shaped structures is approximately equal to 1.4 D. As
predicted, the sandwich structures with varied interstructure
distances of 1.2 D and 1.0 D can be developed as well through
manipulating the arrangement of silica templates (Figures S2,
S3, and S4).

To assess the dependence of structural configuration on
mechanical properties, load−displacement curves of the
aforementioned featureless PETPTA/PEGDA coating layers
and Taiwan rhinoceros beetle-inspired sandwich structures are
performed under maximum indentation loads of 100 μN that are
directed in the normal direction (Figure 4(a)). As shown in
Figure S5 and Table S2, either triple-layer or single-layer
PETPTA/PEGDA coatings behave with similar Young’s moduli
(∼3.58 GPa), indentation hardnesses (∼0.09 GPa), and
dissipation energies (∼5.99 pJ). These characterized values
match well with previous studies.52,53 By comparison, lower
Young’s moduli and indentation hardnesses are found on the
bioinspired sandwich structures (Figure 4(b) and Table 1).
Besides that, the Young’s modulus of the sandwich structure is
decreased from 3.17 ± 0.16 to 2.50 ± 0.22 GPa as the average
distance between the column-shaped structures increases from

1.0 D to 1.4 D, while the corresponding indentation hardness
gradually decreases from 0.09 ± 0.01 to 0.08 ± 0.01 GPa with
the increase of interstructure distance. It is evidenced that the
formation of larger space within the sandwich structures brings
about even lower mechanical behaviors. These load−displace-
ment curves in these loading/unloading cycles can further
convert into indentation stress-indentation strain curves
following the Hertz’s theory (Figure 4(c)).54 The initial slopes
of each stress−strain curve represent their corresponding
Young’s moduli. Clearly, the characterized Young’s modulus is
decreased with the increase of average distance between the
column-shaped structures, which is consistent with the above-
mentioned results. Moreover, the reduction in the Young’s
modulus are theoretically expounded using the following
relation proposed by Phani and Niyogi’s groups.55,56

E E (1 )0= ×

In this relation, E indicates the Young’s modulus of a structured
material with a porosity of φ, and E0 represents the Young’s
modulus of the pore-free material. The φ is defined as V

V
v

B
, in

which Vv is the void volume, and VB is the bulk volume of the
structured material. As illustrated in Figure S6, the Vv and VB per
volume element of the bioinspired sandwich structures are given
by
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where d, Tupper, hcolumn, and Tlower denote the interstructure
distance, the thickness of the upper layer (500 nm), the height of
column-shaped structures (1 μm), and the thickness of the lower
layer (500 nm), respectively. On that account, an increase in the
interstructure distance (d) creates a larger porosity (φ), and thus
leads to a reduced Young’s modulus (E). As verified in Table 1,
the estimated porosity increases from 0.04 to 0.27 as the
interstructure distance varies from 1.0 D to 1.4 D, while the
theoretical Young’s modulus decreases from 3.41 to 2.62 GPa. It
is worthy to mention that these theoretical values are greater
than the experimental ones, though both of them exhibit similar
tendencies in their reductions of Young’s moduli. This
distinguishable discrepancy is attributed to the presence of
nonuniformly distributed interspaces within the sandwich

Table 1. Values of Young’s Modulus, Hardness, and Dissipation Energy for the Taiwan Rhinoceros Beetle-Inspired Impact-
Resistant Structuresa

aThe inter-structure distances are controlled to be 1.4 D, 1.2 D, and 1 D, respectively, where D denotes the diameter of silica spheres (500 nm).
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structures. Crucially, the reduced Young’s modulus accompany-
ing the increased interstructure distance facilitates the
deformation of column-shaped structures under external

stresses. This further generates a larger projected contact area
between the nanoindenter tip and the sandwich structure in a
nanoindentation analysis. The resulting indentation hardness

Figure 5. (a) Photograph of a glass substrate, which is sequentially spin-coated with a PETPTA/PEGDA (20:1) layer, a PETPTA/PEGDA (1:3) layer,
a PETPTA/PEGDA (1:3) layer, and a nonclose-packed colloidal monolayer of 300 nm silica spheres. The average interparticle distance is controlled to
be 1.4D, whereD denotes the diameter of silica spheres. (b) Top-view SEM image of the sample in (a). (c) Tilted-view SEM image and (d) magnified
cross-sectional SEM image of the king oyster mushroom-like structure array templated from the silica colloidal crystals by reactive ion etching (Ar (40
SCCM)). (e) Tilted-view SEM image of the corresponding column-shaped structure array. (f) Cross-sectional SEM image of the as-fabricated impact-
resistant structures.

Table 2. Values of Young’s Modulus, Hardness, and Dissipation Energy for the Taiwan Rhinoceros Beetle-Inspired Impact-
Resistant Structures Templated from Non-Close-Packed 500 nm Silica Colloidal Crystals and Non-Close-Packed 300 nm Silica
Colloidal Crystals, Respectivelya

aThe inter-structure distances are adjusted to be 1.4 D, where D denotes the diameter of silica spheres.
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( )H F
A
max= , therefore, decreases with the increase of inter-

structure distance.45 By contrast, the corresponding dissipation
energy is increased from 6.59 ± 0.47 to 9.31 ± 0.15 pJ as the
interstructure distance varies from 1.0D to 1.4D. Most of all, the
amount of dissipation energy can even be increased by

approximate 55.4%, in comparison with that of a triple-layer
PETPTA/PEGDA coating. The results disclose that the
introduction of larger porosity brings in a reduced Young’s
modulus, and allows the sandwich structures to dissipate impact
energies more efficiently.

Figure 6. (a) Tilted-view SEM image and (b) magnified cross-sectional SEM image of the king oyster mushroom-like structure array templated from a
nonclose-packed colloidal monolayer of 500 nm silica spheres by reactive ion etching (Ar (40 SCCM)). The thickness ratio of each polymer layer is
adjusted to be 1:1:1, while the average interparticle distance is controlled to be 1.4 D, where D denotes the diameter of silica spheres. (c) Tilted-view
SEM image of the corresponding column-shaped structure array. (d) Cross-sectional SEM image of the as-fabricated impact-resistant structures. (e)
Tilted-view SEM image and (f) magnified cross-sectional SEM image of the king oyster mushroom-like structure array templated from the nonclose-
packed silica colloidal crystals by reactive ion etching (Ar (40 SCCM)). The thickness ratio of each polymer layer is adjusted to be 1:3:1. (g) Tilted-
view SEM image of the corresponding column-shaped structure array. (h) Cross-sectional SEM image of the as-fabricated impact-resistant structures.
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The structural geometry effect on the impact-resistant
capability is also investigated in this research. Instead of 500
nm silica spheres, 300 nm silica spheres are shear-aligned into a
nonclose-packed arrangement, and then utilized as structural
templates to build a bioinspired sandwich structure (Figures S7
and 5). The as-constructed sandwich structure consists of a 500
nm-thick PETPTA/PEGDA (20:1) upper layer, hexagonally
arranged 1 μm-high PETPTA/PEGDA (1:3) column-shaped
structures, and a 500 nm-thick PETPTA/PEGDA (20:1) lower
layer. Noteworthily, the average distance between the column-
shaped structures is found to be 1.4 D, where D equals 300 nm.
Compared with the mechanical behaviors of the sandwich
structure templated from 500 nm silica colloidal crystals (1.4D),
it is explicit that the one templated from 300 nm silica colloidal
crystals (1.4 D) exhibits a lower Young’s modulus (2.09 ± 0.02
GPa) and a decreased indentation hardness (0.07 ± 0.01 GPa)
under a maximum indentation load of 100 μN (Figure S8 and
Table 2). In spite of the fact that both of the sandwich structures
have the same porosity of 0.27, the one supported by slenderer
column-shaped structures can be contorted more easily. As a
result, more impact energy (9.78 ± 0.36 pJ) is dissipated once a
stress is applied onto this structure. Themechanical behaviors of
Taiwan rhinoceros beetle-inspired sandwich structures with
varied heights of column-shaped structural supports are
evaluated as well (Figure S9). These structural supports are
templated from nonclose-packed 500 nm silica colloidal
monolayers (1.4 D) using Ar reactive ions (40 SCCM) for
different RIE durations. It is evidenced that the application of
longer anisotropic RIE treatments results in the constitution of
higher column-shaped structural supports (Figure 6). Perspic-
uously, all of the as-fabricated sandwich structures comprise a
500 nm-thick PETPTA/PEGDA (20:1) upper layer and a 500
nm-thick PETPTA/PEGDA (20:1) lower layer, while the height
of their structural supports is varied from 500 nm to 1.5 μm.
Accordingly, the thickness ratio of each structural layer is
adjusted to be 1:1:1, 1:2:1 (Figure 3), and 1:3:1, respectively. As
anticipated, the presence of higher structural supports creates a
larger porosity within the sandwich structures, and hence
provides more space to dissipate impact energies (Figure S10
and Table 3). The resulting dissipation energy can therefore be
increased from 7.00 ± 0.44 (1:1:1), to 9.31 ± 0.15 (1:2:1), to
10.18 ± 0.88 pJ (1:3:1).

To gain a deeper understanding, sandwich structures with
different shapes of structural supports have been developed
(Figure S11(a)). In addition to the column-shaped structure
array, frustum-shaped and cone-shaped structure arrays are
fabricated using the nonclose-packed 500 nm silica colloidal
crystals (1.4D) as lithographic masks, while the etching gas (Ar/
O2) flow rates are varied from 10 SCCM/15 SCCM to 10
SCCM/30 SCCM. In the colloidal lithography process, the
integration of anisotropic Ar RIE and isotropic O2 RIE leads to
the formation of king oyster mushroom-like structures,
consisting of spherical silica caps and frustum-shaped
PETPTA/PEGDA stems (Figure 7). Importantly, the applica-
tion of a higher O2 flow rate makes the stems become even
sharper, primarily owing to the enhancement of isotropic
etching. On account of this, hexagonally arranged frustum-
shaped and cone-shaped structures can be realized after wet-
etching the silica caps. These structure arrays are subsequently
employed as structural supports to erect sandwich structures
following the above-mentioned fabrication procedures. It is
worth noting that the tops of these structures are embedded
within the upper layers of the sandwich structures, and thus
create frustum-shaped structural supports (Figure S9(b)).
Apparently, the average top diameter (∼200 nm) of the
structural supports templated from the cone-shaped structure
array is smaller than that (∼350 nm) templated from the
frustum-shaped structure array, whereas either of them has an
average base diameter of 500 nm. The sandwich structure
supported by the sharper structure array renders a larger
porosity (0.35), which brings about an even lower Young’s
modulus (1.50 ± 0.14 GPa) and a decreased indentation
hardness (0.06 ± 0.01GPa) (Figure S12 andTable 4). Crucially,
these sharper structures can be contorted more severely in
response to external stresses. The employment of sharp
structural supports, therefore, facilitates the structural deforma-
tion of sandwich structures, and allows impact energies (12.71 ±
1.04 pJ) to be dissipated more effectively (Figure S13).

Load−displacement curves with maximum loads of 100 and
500 μN for a triple-layer PETPTA/PEGDA coating and a
Taiwan rhinoceros beetle-inspired sandwich structure are
further compared in Figure S14 to ascertain the effect of the
applied load on the impact resistance of sandwich structures.
Here, the thickness of each triple-layer PETPTA/PEGDA

Table 3. Values of Young’s Modulus, Hardness, and Dissipation Energy for the Taiwan Rhinoceros Beetle-Inspired Impact-
Resistant Structures with Varied Polymer Layer Thickness Ratiosa

aThe inter-structure distances are adjusted to be 1.4 D, where D denotes the diameter of silica spheres (500 nm).
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coating layer is controlled to be 500 nm, 1 μm, and 500 nm,
respectively. On the other hand, the sandwich structure is
comprised of a 500 nm-thick PETPTA/PEGDA (20:1) upper
layer, a 1 μm-high PETPTA/PEGDA (1:3) column-shaped
structure array, and a 500 nm-thick PETPTA/PEGDA (20:1)

lower layer. These structural supports are templated from
nonclose-packed 500 nm silica colloidal crystals (1.4 D). As one
would expect, the application of larger loads (500 μN) causes
both specimens to be deformed more seriously, thereby
dissipating much more impact energies. It is evident that the

Figure 7. (a) Tilted-view SEM image and (b) magnified cross-sectional SEM image of the king oyster mushroom-like structure array templated from a
nonclose-packed colloidal monolayer of 500 nm silica spheres by reactive ion etching (Ar/O2 (10 SCCM/15 SCCM)). The average interparticle
distance is controlled to be 1.4 D, where D denotes the diameter of silica spheres. (c) Tilted-view SEM image of the corresponding frustum-shaped
structure array. (d) Cross-sectional SEM image of the as-fabricated impact-resistant structures. (e) Tilted-view SEM image and (f) magnified cross-
sectional SEM image of the king oyster mushroom-like structure array templated from the nonclose-packed silica colloidal crystals by reactive ion
etching (Ar/O2 (10 SCCM/30 SCCM)). (g) Tilted-view SEM image of the corresponding cone-shaped structure array. (h) Cross-sectional SEM
image of the as-fabricated impact-resistant structures.
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Table 4. Values of Young’s Modulus, Hardness, and Dissipation Energy for the Taiwan Rhinoceros Beetle-Inspired Impact-
Resistant Structures with Varied Structure Shapes1

1The inter-structure distances are adjusted to be 1.4 D, where D denotes the diameter of silica spheres (500 nm).

Figure 8. (a) Illustration of the reversibly recoverable Taiwan rhinoceros beetle-inspired impact-resistant structures. Cross-sectional SEM images of
the (b) deformed and (c) recovered impact-resistant structures. The impact-resistant structures are templated from nonclose-packed 500 nm silica
colloidal crystals by reactive ion etching (Ar (40 SCCM)). The interstructure distance is controlled to be 1.4D, whereD denotes the diameter of silica
spheres. (d) Load−displacement curves with maximum loads of 100 μN for the temporarily deformed and recovered impact-resistant structures after
the 1st and 20th deformation/recovery cycles. (e) Values of dissipation energy for the temporarily deformed and recovered impact-resistant structures
after 20 deformation/recovery cycles.
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evaluated dissipation energy of the triple-layer PETPTA/
PEGDA coating is considerably increased from 5.71 ± 0.14 to
120.83 ± 7.10 pJ once the maximum load changes from 100 to
500 μN (Table S3). In comparison, a dissipation energy of
173.48 ± 10.86 pJ can be achieved as a load of 500 μN is applied
to the bioinspired sandwich structures. The results reveal that
the impact-resistant capability of sandwich structures can even
be enhanced under larger loads.

Critically, the PETPTA/PEGDA (1:3) behaves with room-
temperature shape memory characteristics, which enable
structural transitions between temporarily deformed and
permanent states in response to external stimuli under ambient
conditions (Figure 8(a)). As displayed in Figure 8(b), the
PETPTA/PEGDA (1:3) column-shaped structural supports are
distorted in shape dramatically once the bioinspired sandwich
structure is physically compressed by the nanoindenter tip with a
maximum load of 100 μN. The structural deformation assuredly
brings about a reduction in porosity within this squeezed
sandwich structure and a diminished impact-resistant capability.
Beyond that, the appearance of the deformed structure-coated
glass substrate turns into a whitish color due to the light
scattering from deformed structures (Figure S15). Importantly,
these temporarily deformed structural supports can recover their
permanent configurations in a few seconds by drying out of low-
surface-tension liquids, such as ethanol, at room temperature.
After being rinsed with ethanol, the PETPTA/PEGDA (1:3)
network undergoes a substantial swelling, which relaxes the
stretched copolymer chains and enhances their mobilities. The
contorted sandwich structure, therefore, gradually reverts to its
original conformation by an evaporation-induced capillary force
during ethanol evaporation (Figure 8(c)). The resulting shape
recovery further allows the sandwich structure to restore its
inherent appearance and impact resistance. As verified in Figure
8(d) and Table S4, the corresponding dissipation energy has
been increased from 6.99 ± 0.25 to 9.05 ± 0.25 pJ, which is even
consistent with that of an undeformed sandwich structure (9.31
± 0.15 pJ). Although the restored impact-resistant capabilities
are slightly reduced over 20 deformation/recovery cycles
(Figure 8 (d),(e)), it is validated that the sandwich structure
can be reversibly deformed and recovered through drying out of
ethanol. To put it simply, the presence of shape memory
polymer-based structural supports provides a facile strategy to
realize recoverable impact-resistant structures (Figure S16). In
sharp contrast, the impact resistance of the sandwich structure
supported by frustum-shaped structural supports is diminished
significantly after a few deformation/recovery cycles (Figure
S17). Despite the fact that those frustum-shaped structures can
be deformed more easily to dissipate more impact energies, it is
found that the highly impaired sandwich structure cannot be
fully recovered, which greatly impedes its ultimate performance
and practical applications.

■ CONCLUSIONS
To conclude, Taiwan rhinoceros beetle-inspired sandwich
structures, supported by nonclose-packed shape memory
polymer-based structure arrays, have been engineered by
integrating a scalable colloidal self-assembly methodology and
a colloidal lithographic approach. Upon applying external
stresses onto the bioinspired sandwich structures, the structural
supports can be contorted easily to dissipate impact energies
effectively. In addition, it is evidenced that the introduction of
larger porosity within the sandwich structure brings about a
reduced Young’s modulus, allowing the structure to dissipate

impact energy more efficiently. Critically, these temporarily
deformed structural supports can further recover their
permanent shapes through drying out of ethanol, and the
corresponding impact resistance is therefore restored. Although
the size of spin-coating equipment still restricts the scale of the
as-engineered impact-resistant structures, the stimuli-responsive
structural transitions associated with the reversibly recoverable
impact-resistant capabilities undoubtedly create novel dimen-
sions for a range of practical applications inminiaturized devices.
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