
Journal of Colloid and Interface Science 599 (2021) 119–129
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier .com/locate / jc is
Regular Article
Reversible embroidered ball-like antireflective structure arrays inspired
by leafhopper wings
https://doi.org/10.1016/j.jcis.2021.04.079
0021-9797/� 2021 Elsevier Inc. All rights reserved.

⇑ Corresponding author.
E-mail address: hyang@dragon.nchu.edu.tw (H. Yang).
Pei-Chun Li, Huei-Yin Chen, Kuan-Ting Chiang, Hongta Yang ⇑
Department of Chemical Engineering, National Chung Hsing University, 145 Xingda Road, Taichung City 40227, Taiwan

g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 27 January 2021
Revised 13 April 2021
Accepted 16 April 2021
Available online 19 April 2021

Keywords:
Antireflective structures
Self-assembly
Shape memory polymers
Broadband omnidirectional antireflection
Reversibility
a b s t r a c t

Highly transparent leafhopper (Thaia rubiginosa) wings are self-decorated with embroidered ball-shaped
proteinaceous brochosmoes as distinct anti-predator defenses. The non-sticky brochosomal coating
serves as antireflective structures for camouflage in vegetated environments. Inspired by the leafhopper
wings, this study reports a new type of reversible antireflection coating enabled by integrating self-
assembly methodologies using a shape memory polymer. The resulting embroidered ball-like structure
array establishes a refractive index transition on surface, and thereby behaves omnidirectional antireflec-
tive characteristics in a broadband visible light region. Interestingly, the highly transparent appearance
can be instantly erased and recovered by submerging in common liquids, such as water and ethanol,
or by applying contact pressures at ambient conditions. Furthermore, the reversibility and structure-
shape effect on the antireflective characteristics are systematically evaluated in this study.

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

Owing to a refractive index mismatch, Fresnel reflection
appears as light propagates through two different media [1]. The
stray light reflection at the media interface, accompanied by
energy loss, results in veil glare, low visible transmittance, and
deteriorated contrast on optical instruments and devices. To elim-
inate the vision impairments, a variety of polymer films have been
extensively employed to render destructive interferences [2–4].
Unfortunately, single-layer antireflection coatings suffer from rare
choices of low-refractive-index polymers, and are limited by nar-
rowband antireflection performance. Even though appropriately
designed multilayer antireflection coatings can minimize light
reflection over a broad wavelength region, there are challenges
associated with poor thermal stability and mechanical properties
between foreign polymers [5–7]. To address the issues, a wide
spectrum of inorganic materials are employed to introduce poros-
ity in antireflection coatings through stacking inorganic particles,
integration of voids using inorganic hollow particles, and
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multilayer depositions of high and low refractive index inorganic
materials [8–10]. For uniformly dense inorganic particles, the
porosity can be controlled to reduce the apparent refractive index
by changing the packing arrangement and the particle diameter
[11]. Nevertheless, there is a practical limit on particle diameter
for the reason that large particles scatter visible light. Although
the same concept is evident on porous antireflection coatings con-
sisting of inorganic hollow particles, large-scale processes for fab-
ricating the hollow particles are rare [12]. Most processes
developed to date are multistep, and require large amounts of sur-
factants, which leads to poor mechanical properties. Compared
with that, mechanically robust multilayer antireflection coatings
allow reduction of optical reflection even for a broad wavelength
region [13]. However, multiple depositions of inorganic materials
increase the fabrication costs, and therefore the coating are solely
applied in high end markets.

Living creatures on earth, such as moths, long-tail glasswing
butterflies, and cicadas, have created graded refractive indices over
sufficient heights on compound eyes or wing surfaces for suppress-
ing optical reflection and light scattering [14–16]. Taking the sur-
face architectures of nature as prototypes, booming researches
have attempted to emulate the intricate antireflective structures
over four billion years of evolution. In recent years, numerous
submicrometer-scale structure arrays, including but not limited
to dome-shaped structure arrays, conical structure arrays,
pyramid-like structure arrays, and nipple-shaped structure arrays,
are developed to serve as antireflection structures [17–23]. How-
ever, most structures with high aspect ratios are established by
exploiting lithography-based fabrication technologies, which are
restricted to low-resolution features and dedicated instruments
along with complicated processing steps. On the contrary, self-
assembly methodologies render a simple and inexpensive alterna-
tive to develop submicrometer-scale colloidal crystals, hole arrays,
and so on [24–26]. Nevertheless, the self-assembled structures suf-
fer from insufficient depths and abrupt refractive index transitions,
resulting in less prominent antireflection performances, especially
at large incidence angles [27–28]. Unlike the early discovery of nat-
ural antireflective architectures, small yellow leafhoppers secrete
non-sticky proteinaceous brochosomes on wings to camouflage
themselves without extensive coloration [29,30]. These embroi-
dered ball-shaped brochosomes create a refractive index transition
on the wing surfaces to prevent them from being reflective. The
astonishing nearly invisible appearance allows the leafhoppers to
vanish into their surroundings, and to protect against predators.
Unfortunately, current micro/nanomanufacturing technologies to
engineer submicrometer-scale embroidered ball-like structures of
various geometries have been rare [31]. Although the artificial bro-
chosomes fabricated through electrochemical deposition of metals
on double-layer colloidal crystal templates greatly enhance omni-
directional antireflection performance, the metal brochosome-
covered substrate becomes dark in color.

To date, reversible antireflection coatings have realized growing
performance demands of numerous applications in architectural
partitions, vehicle windows, display screens, and optical lenses
[32–34]. The antireflective structures can be deformed and recon-
structed under specific environmental conditions, making it possi-
ble to completely reverse the antireflective characteristics.
Nevertheless, studies focused on fabricating the intelligent coat-
ings have been rare [35,36]. Additionally, the adopted solvent-
induced phase transformations of polyelectrolyte multilayers and
copolymers are incompatible with environments, and limited by
short-term applications. In recent years, prosperous inventions of
shape memory polymers, which are capable of altering polymer
chain configurations in response to various external stimuli, have
been exploited to modulate biomimetic structural color materials
[37–41]. The conventional shape memory polymers are divided
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into chemical-stimuli-responsive polymers and physical-stimuli-
responsive polymers. Permanent structures of either polymers
can be mechanically deformed above glass transition tempera-
tures, and then frozen after cooling below the temperatures. The
temporary configurations are finally recovered to their permanent
structures through increasing polymer chain mobility, triggered by
applying external chemical stimuli or physical stimuli. Thanks to
the progressive inventions, integration of the promising shape
memory polymers and structure arrays may provide a platform
for implementing prospective intelligent antireflection coatings.
However, the heat-demanding structure transformations
employed by the existing shape memory polymers greatly impede
the ultimate performances for meeting broad application require-
ments [42]. Moreover, chemical-stimuli-responsive structural
recoveries generally make use of particular organic solutions,
which corrode other device elements and possess adverse effects
on human health [43]. On the contrary, physical stimuli, including
heat, ultraviolet radiations, electromagnetic fields, and mechanical
forces, can also be exploited to overcome resistances of the shape
memory polymers against externally applied deformations [44–
46]. Unfortunately, physical-stimuli-responsive structural recover-
ies are hindered by longer recovery periods, which are not suitable
to numerous applications that desire rapid responses.

Herein, a novel variety of shape memory polymer is presented
in this work. The material configuration is capable of instanta-
neously switching between a permanent and temporary state at
ambient conditions. Integration of the shape memory polymer
and embroidered ball-like structure arrays, inspired by
leafhopper-generated brochosomal coatings, enables the develop-
ment of deformable antireflective structures. The structures can
be reversibly transformed by applying contact pressures and expo-
sure to low surface tension solvents even after removing the stim-
uli, resulting in a reversible antireflective characteristic over wide
viewing angles. Importantly, the non-lithography-based fabrica-
tion approach allows the preparation of large-area intelligent opti-
cal applications.
2. Experimental section

2.1. Materials and reagents

Small yellow leafhopper (Thaia rubiginosa) specimens are pro-
vided by Taiwan Insect Museum, and analyzed without any further
treatment. The reagents applied for StÖber silica colloid synthesis
consist of 200 proof anhydrous ethanol (Echochemical Corpora-
tion), ammonium hydroxide (Sigma-Aldrich), tetraethyl orthosili-
cate (Sigma-Aldrich), and ultrapure deionized water (Milli-Q
system). The materials include ethoxylated trimethylolpropane tri-
acrylate (ETPTA) monomer (Sartomer Company Corporation), 2-h
ydroxy-2-methyl-1-phenyl-1-propanone (HMPP) (BASF Corpora-
tion), perfluoropolyether methacrylate (PFPE-MAA) monomer
(Exfluor Research Corporation), and ethylene glycol diacrylate
(EGDA) monomer (Sartomer Company Corporation), are intro-
duced to engineer polymeric templates and structure arrays.
Hydrofluoric acid aqueous solution is purchased from Sigma-
Aldrich. Glass microscope slides acquired from Thermo Fisher Sci-
entific are rinsed with a mixture of anhydrous ethanol and ultra-
pure deionized water before use.
2.2. Self-assembly of close-packed hole arrays

Well-established StÖber process is employed to synthesize
monodispersed spherical silica colloids with tunable diameters
(90, 300, 450, and 600 nm) [47]. As indicated in previous work,
the silica colloids are dispersed in PEPE-MMA monomers, in which
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the colloid volume fraction of the suspension can be adjusted from
20 vol% to 40 vol% [48]. A modified Langmuir-Blodgett technology
is developed to self-assemble hole arrays. In the self-assembly pro-
cess, a rinsed glass microscope slide adhered to a KD Scientific syr-
inge pump is immersed in ultrapure deionized water. The PFPE-
MAA monomer/silica colloidal suspension is dripped on the water
surface, during which the PFPE-MAA monomer-covered colloids
speedily spread and spontaneously assemble into a close-packed
monolayer. The floating colloidal monolayer is then continuously
deposited on the glass slide by withdrawing that with a constant
velocity of 3 mm/sec using the syringe pump. The monomers are
capable of flowing and filling the voids between the colloid crystals
and the glass slide. After UV-polymerizing the monomers for a few
seconds in OPAS XLiteTM 500 UV curing systems, the silica colloids
embedded in poly(PFPE-MAA) matrices are wet-etched using a
hydrofluoric acid aqueous solution (1 vol%) to pattern a close-
packed hole array.

2.3. Templating fabrication of embroidered ball-like structure arrays

Nanometer-scale silica colloids are dispersed in ETPTA mono-
mers consisting of HMPP (1 vol%) to prepare an ETPTA monomer/
silica colloidal suspension, in which the colloid volume fraction is
controlled to be 20 vol%. The ETPTA monomer-covered colloids
are self-assembled using the above-mentioned Langmuir-
Blodgett technology, and then transferred onto the as-patterned
hole array. After UV-polymerization of the ETPTA monomers, the
nanometer-scale silica colloid-coated hole array can serve as a
second-generation template. In the templating fabrication proce-
dure, a mixture of ETPTA monomer (25 vol%), EGDA monomer
(74 vol%), and HMPP (1 vol%) is poured onto the template and
degassed for 10 min to eliminate any trapped air. The monomer
mixture is then UV-polymerized, allowing it to be peeled off from
the hole array. The embedded nanometer-scale silica colloids are
subsequently removed to engineer an embroidered ball-like struc-
ture array.

2.4. Characterization

Photographic images and surface morphologies of specimens
are carried out by a Carnon SX740 digital camera and a JEOL
6335F scanning electron microscopy (SEM), respectively. Prior to
SEM imaging, the specimens are sputter-coated with a platinum
layer. Reflectance and transmittance spectra in the visible spectral
range are conducted by an Ocean Optics HR4000 UV–visible-NIR
spectrometer using a halogen tungsten light source.
3. Results and discussion

Highly transparent small yellow leafhopper (Thaia rubiginosa)
wings exhibit low reflectance (ca. 7%) and high transmittance (ca.
91%) in the whole visible spectral range at normal incidence
(Fig. 1 (a) and 1 (b)). The low reflectivity originates from
leafhopper-produced secretory brochosomal coatings (Fig. 1 (c)).
The embroidered ball-like brochosomes create a gradual refractive
index transition on the wing surface for greatly suppressing inci-
dent light reflection in a broadband visible wavelength range. It
is worth to mention that the wings are mainly composed of chitin,
which do not absorb visible light [49,50]. The energy loss (2%) is
attributed to the presence of light scattering. In comparison with
that, the average reflectance and average transmittance of the
leafhopper wings are increased by ca. 8% and decreased by ca.
11%, respectively, after rubbing out the non-sticky brochosomes
under bath-type ultrasonication (400 Watts) for 10 min (Fig. 1
(d)). It is worthwhile to note that the difference between increased
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average reflectance and decreased average transmittance is attrib-
uted to light scattering and light absorption by the uncovered
wings. The findings further demonstrate the antireflective charac-
teristics of the embroidered ball-like brochosomes.

Inspired by the small yellow leafhopper wings, artificial brocho-
some arrays are engineered through integrating a modified
Langmuir-Blodgett technology and a templating method. As illus-
trated in Fig. 2, submicrometer-scale PFPE-MAA monomer-
covered silica colloids are self-assembled into a close-packed
monolayer on water surface, induced by large surface tension dif-
ference between PFPE-MAA monomer and water, and then trans-
ferred onto a glass substrate. The monomers are capable of
flowing and filling the voids between the silica colloid crystals
and the glass substrate, caused by capillary actions and gravita-
tional forces. After UV-polymerization, the silica colloids embed-
ded in the poly(PFPE-MAA) matrix are wet-etched to pattern a
close-packed hole array. The roll-to-roll compatible Langmuir-
Blodgett technology is ready for scale-up to deposit self-
assembled colloid crystals of several hundred square centimeters
[51,52]. Afterward, monolayer nanometer-scale ETPTA monomer-
covered silica colloid crystals are deposited on the as-patterned
hole array using the above-mentioned methodology (Fig. S1). By
repeating the self-assembly procedure, multilayer silica colloid
crystals can be created, while the ETPTA monomer functions as
an adhesive in the procedure. A mixture of ETPTA monomer, EGDA
monomer, and HMPP with appropriate amount is subsequently
poured onto the silica colloidal crystal-deposited hole array, fol-
lowing by polymerization under UV radiation. The silica/polymer
composite can be easily peeled off from the hole array, and the
embedded nanometer-scale silica colloids are removed to bring
out an embroidered ball-like structure array.

To biomimic the size and shape of embroidered ball-like bro-
chosomes, 450 nm silica colloidal suspensions with various colloid
volume fractions are applied in the self-assembly process. The as-
assembled close-packed monolayer silica colloidal crystals are par-
tially embedded in the poly(PFPE-MAA) matrices (Fig. S2). It is
worthwhile to note that the usage of suspensions with higher col-
loid volume fractions brings about less poly(PFPE-MAA)-embedded
silica colloidal crystals. Importantly, the resulting hexagonally
ordered poly(PFPE-MAA) hole arrays are well-retained after
removing the templating silica colloids (Fig. S3). It is evident that
the opening size increases with the colloid volume fraction of sus-
pension. As the colloid volume fraction reaches 35 vol%, a maxi-
mum opening size can be achieved. Self-assembled 90 nm silica
colloidal crystals are then deposited on the close-packed holes
(ca. 450 nm in diameter of opening) (Fig. 3), followed by casting
an ETPTA monomer/EGDA monomer mixture. After polymeriza-
tion, the silica/polymer composites can be easily peeled off from
the hole arrays to create close-packed raspberry-like structure
arrays (Fig. 4), owing to low surface energy of poly(PFPE-MAA).
The average diameters of monolayer 90 nm silica colloidal
crystal-imbedded raspberry-like structures and multilayer 90 nm
silica colloidal crystal-imbedded raspberry-like structures are ca.
450 nm, indicating that the structures are well preserved during
the templating process. The embedded 90 nm silica colloids are
finally wet-etched to design and build a close-packed artificial bro-
chosome array. In comparison to featureless bumps (Fig. 5 (a) and
(b)) templated from bare holes, bumps covered with nanometer-
scale holes (Fig. 5 (c) and (d)) and embroidered ball-like structures
(Fig. 5 (e) and (f)) are template from monolayer silica colloid
crystal-deposited holes and multilayer silica colloid crystal-
deposited holes, respectively. Although a few defects are noticed
in Fig. 5, it is evident that the structure arrays are hexagonal
close-packed. Importantly, various-sized/shaped hierarchical
structures can be further developed by applying varied-sized col-
loids in the self-assembly procedure.



Fig. 1. (a) Photograph of a small yellow leafhopper under natural light illumination. (b) Reflectance and transmittance spectra in the visible spectral range at normal
incidence acquired from the leafhopper wings. (c) Top-view SEM images of the leafhopper wings in (a). The insert shows a magnified SEM image. (d) Reflectance and
transmittance spectra in the visible spectral range at normal incidence acquired from the leafhopper wings after removing the secretory brochosomes. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Schematic illustration of the fabrication procedures for engineering embroidered ball-like antireflective structure arrays.
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To investigate optical properties of the brochosome-inspired
hierarchical structure arrays, reflectance and transmittance spectra
of a bare poly(ETPTA)/poly(EGDA) film and the hierarchical
122
structure-coated poly(ETPTA)/poly(EGDA) films are evaluated.
The bare polymer film (black curves) displays an average reflec-
tance of 12% (Fig. 6 (a)) and an average transmittance of 85%



Fig. 3. Top-view SEM images of (a), (b) monolayer 90 nm silica colloidal crystals, and (c), (d) multilayer 90 nm silica colloidal crystals self-assembled onto close-packed hole
arrays. The average hole depths are ca. 225 nm.

Fig. 4. Top-view SEM images of (a) close-packed raspberry-like structure arrays with monolayer 90 nm silica colloidal crystals embedded, and (b) close-packed raspberry-like
structure arrays with multilayer 90 nm silica colloidal crystals embedded. The average structural heights are ca. 225 nm.
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(Fig. 6 (b)) in visible spectra range, resulted from discontinue
refractive index transition at the air/polymer interface. In compar-
ison with that, the bump array-coated specimen (red curves) only
exhibits a slightly lower reflectance and a slightly higher transmit-
tance. Even though a gradual refractive index transition is estab-
lished on the film surface, the bumps with ca. 225 nm in heights
and ca. 450 nm in widths bring about light reflection and light
refraction within the structures. It is worth noting that the light
reflection and light refraction can be suppressed by introducing
nanometer-scale holes (orange curves). Importantly, the average
reflectance in visible spectra range of embroidered ball-like struc-
ture (ca. 225 nm in height) array-coated specimen reaches 6%,
123
while the average transmittance achieves 92% (red curves). The
low reflectivity can be further comprehended by computing effec-
tive refractive index changes across the templated structure arrays
using an effective medium theory (Fig. 6 (c)). On account of a lower
average effective refractive index and a smoother effective refrac-
tive index transition, specular reflectance is reduced efficiently
on the embroidered ball-like structure array-coated surface. Most
importantly, the optical reflectances and transmittances of the
aforementioned coatings present similar tendencies at various
incident angles from 15�, 30�, 45�, 60� to 75� (Fig. S4). The broad-
band (visible) omnidirectional antireflective capability of the
embroidered ball-like structures is even competitive with that of



Fig. 5. Top-view SEM images of (a), (b) close-packed bump arrays, (c), (d) close-packed bump arrays covered with 90 nm holes, and (e), (f) close-packed embroidered ball-like
structure arrays. The average structural heights are ca. 225 nm.
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the brochosomes on leafhopper wings (Fig. S5). Moreover, pho-
tographs of a poly(ETPTA)/poly(EGDA) film with a square area
coated with the embroidered ball-like structure array are carried
out at various viewing angles (Fig. 6 (d), (e), and (f)). In contrast
to the appearance of featureless area, the square area is uniform
and highly transparent under white light illumination. The photo-
graphic images demonstrate once more that omnidirectional
antireflective characteristics are improved by engineering embroi-
dered ball-like structure arrays on surfaces.

Toward a better understanding of the antireflective structure-
effect on antireflective characteristics at various incident angles,
hierarchical structures are also templated from 300 nm hole arrays
(Figs. S6, S7, and S8) and 450 nm hole arrays (Figs. S9, S10, and
S11), respectively, following the fabrication procedures as reported
previously. It is clear that the as-engineered hierarchical structures
are hexagonally arranged (Figs. S12 and S13), though a few defects
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are observed. Interestingly, average depth of the 300 nm hole
arrays is ca. 150 nm (Fig. S8), thereby only single 90 nm silica col-
loid is available to be deposited on the hole in the first deposition
procedure. The single colloid-deposited hole array can then serve
as a template to create a single-hole-covered bump array
(Fig. S12 (c) and (d)).

Average reflectances and average transmittances in visible spec-
tral range of all the specimensmentioned above are evaluated from
0� to75�, andsummarized inFig. 7. It is evident that light reflectionat
various incident angles can be suppressed by introducing the struc-
ture arrays. In addition, higher structure arrays bring about
smoother effective refractive index transitions, resulting in lower
average reflectances and higher average transmittances. It is worth-
while to notice that the structureswith ca. 300 nm in heights and ca.
600nm inwidths exhibit strong light scattering andbroadband light
absorption (Fig. S14), leading to lowest average reflectances and



Fig. 6. (a) Reflectance and (b) transmittance spectra in visible spectral range at normal incidence acquired from a bare polymer substrate and polymer substrates coated with
close-packed bump arrays, close-packed hole-covered bump arrays, and close-packed embroidered ball-like structure arrays. The average structural heights are ca. 225 nm.
(c) The changes of computed effective refractive indexes from the bottom (height = 0 nm) to the top (height = 225 nm) of templated structure arrays. Photographs of a
polymer substrate with a square area coated with the close-packed embroidered ball-like structure array at various viewing angles. (d) 0�, (e) 30�, and (f) 75�.
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average transmittances (blue curves). Importantly, in comparison to
the reflectance spectra and transmittance spectra of bump arrays
and hole-covered bump arrays, low-reflectivitywithin a wide range
of incident angles (+/-45�) can be achieved by establishing embroi-
dered ball-like structure arrays. The visible light reflection on the
embroidered ball-like structure (ca. 225 nm in height) array-
coated specimen can be reduced by ca. 6% at 0� and ca. 20% at 75�,
while the average transmittances of that are enhanced by ca. 7% at
0� and ca. 17% at 75� (orange curves).

The poly(ETPTA)/poly(EGDA) copolymer utilized in this research
iswith a glass transition temperature of about�42 �C, and possesses
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shape memory characteristics at room temperature [53]. Owing to
the unique feature, the embroidered ball-like structure (ca.
225 nm in height) array can be deformed after submerging inwater,
followed by drying out of water in ambient environment (Fig. 8 (a)).
During water evaporation, the high capillary pressure induced by
water surface tension is capableof overcoming intermolecular inter-
actionswithin the shapememory copolymer, and therefore squeez-
ing the templated embroidered ball-like structures. The resulting
light scattering and light reflection from the squeezed structures
lead to low transmittances at various incidenceangles. Interestingly,
the temporarily deformed structures are recovered by exposing the



Fig. 7. Average reflectances and average transmittances in visible spectral range at various incidence angles acquired from a bare polymer substrate and polymer substrates
coated with (a), (b) close-packed bump arrays, (c), (d) close-packed hole-covered bump arrays, and (e), (f) close-packed embroidered ball-like structure arrays.
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specimen to low surface tension liquids such as ethanol, which can
swell the copolymer (Fig. 8 (b)). The low surface tensions lead to
lowcapillary forcesduringdrying,whicharenot asmuchas required
to squeeze the structures. Associatedwith the structural transitions,
broadband (visible) antireflective characteristicsof the embroidered
ball-like structure array can be accurately triggered in seconds by
applying demanded solvent drying procedures (Fig. 8 (c) and (d)).
Another distinct behavior of the shape-memory-enabled antireflec-
tive structures is that thehighly transparentappearance is reversible
by repeating the water drying and ethanol drying procedures. The
average transmittanceatnormal incidencecanbe switchedbetween
126
92% and 84% even after repeated 25 capillary force-induced deform-
ing/recovering cycles (Fig. 8 (e)). It is apparent that the deformed
structure array-coated specimen (left half) exhibits a pale white
appearance, while the recovered structure array-coated specimen
(right half) is highly transparent after 25 deforming/recovering
cycles (Fig. 8 (f)). The results further demonstrate that the shape
memory effect presented by the embroidered ball-like structure
array is well-preserved during the cyclic operations at room
temperature.

More interestingly, temporarily deformed structures can also be
recovered into inherent ordered structures instantaneously by



Fig. 8. Top-view SEM images of (a) deformed and (b) recovered close-packed embroidered ball-like structure arrays. The intrinsic average structural heights are ca. 225 nm.
(c) Average reflectances and (d) average transmittances in visible spectral range at various incidence angles acquired from deformed close-packed embroidered ball-like
structure arrays after applying an ethanol drying procedure. (e) Reversible antireflection functionality of the close-packed embroidered ball-like structure arrays enabled by
applying an ethanol drying procedure. (f) Photograph of a polymer substrate with left half coated with deformed structure arrays and right half coated with recovered
structure arrays after 25 deforming/recovering cycles.

Pei-Chun Li, Huei-Yin Chen, Kuan-Ting Chiang et al. Journal of Colloid and Interface Science 599 (2021) 119–129
applying contact pressures. To verify that, demanded standard cal-
ibration weights are placed on the squeezed structures in a
selected area, on which is covered with a piece of cover glass. After
gently lifting up the weights, the squeezed structures are recov-
ered, which is attributed to attractive van der Waals forces
between the cover glass and the structures. The recovered struc-
tures after applying various contact pressures are presented in
Fig. S15. It is evident that applying of a higher contact pressure
leads to a further recovery of demanded structures, and the
127
embroidered ball-like structure array can be fully recovered as
the contact pressure reaches 2.94 N/cm2. To evaluate the corre-
sponding antireflective characteristics of the deformed structure
arrays after applying various contact pressures, average reflec-
tances and average transmittances in visible spectral range of the
specimens are acquired at various incidence angles (Fig. 9 (a) and
(b)). It is found that the deformed structure array under higher
contact pressure exhibits an improved antireflection performance.
Furthermore, the reflectance and transmittance of the fully-



Fig. 9. (a) Average reflectances and (b) average transmittances in visible spectral range at various incidence angles acquired from deformed close-packed embroidered ball-
like structure arrays after applying various pressures. The intrinsic average structural heights are ca. 225 nm. (c) Photograph of a polymer substrate with left half coated with
deformed structure arrays and right half coated with recovered structure arrays. (d) Reversible antireflection functionality of the close-packed embroidered ball-like structure
arrays enabled by applying pressure.
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recovered structure array (2.94 N/cm2 contact pressure) agree well
with those of the undamaged structure array. The results indicate
that the broadband (visible) antireflective capability of the as-
engineered shape-memory embroidered ball-like structure array
can be restored by applying a contact pressure of 2.94 N/cm2.

As confirmed earlier, the restored antireflective characteristics
can be erased once again by introducing capillary forces in a water
drying procedure (Fig. 9 (c)). The contact pressure-induced cyclic
shape memory operations are reversible for more than 25 cycles
(Fig. 9 (d)). Importantly, varying degrees of antireflection perfor-
mances can also be reversibly triggered by applying various con-
tact pressures (Fig. S16).
4. Conclusions

To conclude, stimuli-responsive antireflective structures are
engineered through combining a modified Langmuir-Blodgett
technique and a templating method. The resulting close-packed
embroidered-ball like hierarchical structure array, inspired by
leafhopper-generated brochosomes, is capable of suppressing visi-
ble light reflection for wide incidence angles. Importantly, the
broadband (visible) low-reflectivity within a wide range of inci-
dent angles can be erased by temporally squeezing the structures
utilizing capillary forces induced by water evaporation. Owing to
the shape memory behaviors, the structures can be recovered by
drying out of ethanol or by applying required contact pressures
128
under ambient conditions for regenerating highly transparent
appearances. The reversible omnidirectional antireflective charac-
teristics, associated with repeatable structure deforming/recover-
ing cycles, provide a platform in developing various smart optical
devices.
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