
Self-Assembly of Hemimyzon Formosanus-Inspired Crescent-
Shaped Nanosucker Arrays for Reversible Adhesion
Jung-Hsuan Hsu,† Nien-Ting Tang,† Ting-Fang Hsu, Shin-Hua Lin, Cai-Yin Fang, Yun-Wen Huang,
and Hongta Yang*

Cite This: ACS Appl. Mater. Interfaces 2023, 15, 56203−56212 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Hemimyzon formosanus, a species of ray-finned
fish, makes use of crescent-shaped abdominal suckers for adhering
to irregular, rough, and slippery gravel in fast-flowing headwaters
and minor tributaries. Bioinspired by the adhesion characteristics,
two-dimensional non-close-packed colloidal crystals are self-
assembled and serve as templates to pattern crescent-shaped
shape memory polymer-based nanostructure arrays. By the
manipulation of the configuration of nanosuckers through applying
common solvent stimulations, the corresponding adhesion
performances on glass, sandpaper, or even porcine kidney surfaces can be switched instantaneously and reversibly under ambient
conditions. The biomimetic nanostructures indicate possible solutions to a variety of challenges, such as wound nursing, and so on.
KEYWORDS: Hemimyzon formosanus, adhesion, self-assembly, crescent-shaped nanosucker arrays, shape memory polymer

■ INTRODUCTION
Over 3.6 billion years of natural selection and evolution, living
creatures have developed versatile strategies to address diverse
survival challenges. By way of illustration, insects and spiders
use curved grapnel-like claws and dense tufts of fine bristles on
cuticular surfaces to climb and promote attachments through
interlocking with rough surfaces.1−3 Instead of microharis, the
hierarchical structures of setae and spatulae on gecko feet
generate van der Waals forces as they are in intimate contact
with a target.4,5 By applying anisotropic directional stresses
onto their spatulae, geckos can rapidly switch and control their
adhesion strengths for locomotion onto vertical or even
inverted surfaces. In sharp contrast to the dry adhesion
mechanism, mussels secrete specialized proteins, known as
catecholic amino 3, 4-dihydroxyl-L-phenylalanine (DOPA), for
clinging to wet surfaces.6,7 The DOPA and its derivatives have
demonstrated extraordinarily strong interfacial adhesions as a
natural adhesive. Inspired by these biological adhesion
mechanisms, numerous artificial architectures and adhesive
materials with switchable adhesion performances have been
reported.8−14 The biomimetic materials have potential
applications in smart-printing systems, industrial assembly
and manipulation systems, and medical adhesives. However, it
remains an enormous challenge to allow the insect-inspired
microstructures to interlock with flat surfaces, while the gecko-
inspired hierarchical structures suffer from complex manufac-
turing processes and poor mechanical properties. In addition,
their adhesion abilities fail in wet environments. Although
mussel-inspired adhesives can address the above-mentioned
issues effectively, the adhesives are limited by low on/off

adhesive strength ratios. Therefore, it is still in high demand to
actively control the adhesion behaviors on both dry and wet
surfaces.

Cephalopod arms are with non-close-packed bowl-like
suckers along their entire ventral surfaces, allowing cephalo-
pods to grasp free-swimming prey, to negotiate coral reefs with
ease, and to anchor themselves on any foreign surface.15,16 The
suckers consist of the infundibulum and acetabulum regions,
all of which are composites of different muscular structures.
Once in contact with a target regardless of the surface
materials, the infundibulum can be bent and conform to the
surface, during which the ridges on the rim facilitate the
formation of a watertight seal. The acetabulum then contracts
radially to reduce the pressure inside the sucker cavity, thereby
generating a pressure differential for suction on the target. The
subambient pressure within the sucker can be maintained
without any muscular activity for a long-term attachment.
During detachment, the contraction of circular muscles in the
infundibulum ruptures the seal, making the internal sucker
pressure equivalent to that of the surrounding environment.
Bioinspired by the adhesion mechanism, numerous artificial
cephalopod suckers have been developed to achieve switchable
adhesion capabilities in dry and underwater environ-
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ments.17−23 Nevertheless, these cephalopod-inspired adhesion
systems can only be applied on flat targets, whereas the
systems cannot form seals on rough surfaces, to say nothing of
attaching to them. The requirement of sufficient power sources
or external mechanical forces in the attachment and detach-
ment processes is another inherent issue that needs to be
addressed.24,25 Moreover, it remains a great challenge to
control their switchable adhesion properties immediately as
required.26,27

Hemimyzon formosanus, a genus of ray-finned fish in the
family Balitoridae, lives in clear and well-oxygenated torrents of
Taiwan’s Central Mountain Range.28,29 Instead of circular
suckers, they have crescent-shaped ventral fins for clinging to
slippery gravels with jumbles of boulders. Although the
crescent-shaped structures allow them to switch the adhesion
behaviors instantly on demand, the related artificial suckers
have rarely been reported.30 Furthermore, there is a practical
difficulty in the formation of crescent-shaped suckers and
maintaining their attachments for a long period of time.

Stimuli-responsive materials, which can reversibly switch
their configurations in response to external stimuli, facilitate
the invention of reconfigurable micro- and nanoscale
features.31,32 Even though the reconfigurable structures provide
a facile strategy to achieve tunable adhesion characteristics,
most of their intermediate structures cannot be preserved
when the driving forces are removed. Over the years, the
discovery of diverse shape memory polymers (SMP) renders a
promising pathway to address this drawback of transient
intermediate states.33,34 The SMP-based structures can turn
into rubbery states and be mechanically deformed above their
glass-transition temperatures. Once the deformed structures
are cooled below the transition temperatures, their temporary
shapes become rigid and are fixed in the glassy states.
Importantly, entropy-driven elastic recoveries occur as external
stimuli, such as electric fields, ultraviolet radiations, and heat,
are introduced to enhance polymer chain mobilities and to
make the temporarily deformable structures to be recon-
structed.35 Unfortunately, most of the physical stimuli-
responsive structural transitions are limited by fairly long
durations, which severely hinder their practical applications. In
comparison, it takes less time for chemical stimuli-induced
structural recoveries.36,37 However, these shape memory cycles
still suffer from short-term operations. Furthermore, the
adoption of specific organic solvents inevitably incurs adverse
health issues and possesses detrimental impacts on other
device components.

In sharp contrast to thermoresponsive SMPs, nontraditional
polymers with all-room-temperature shape memory effects
have been developed in the past years.38,39 Their config-
urations can be immediately switched by controlling the
evaporation of varied household solvents under ambient
conditions. Herein, a room-temperature SMP is synthesized
and introduced to engineer crescent-shaped nanostructure
arrays by integrating a colloidal assembly technology and a
templating fabrication methodology in this study. By character-
izing the adhesion performances of Hemimyzon formosanus-
inspired nanosucker arrays onto a diversity of targets, this
research develops a better understanding of their switchable
adhesion mechanisms. The findings undoubtedly provide a
facile strategy to overcome the aforementioned challenges and
to guide a wealth of emerging intelligent applications.

■ EXPERIMENTAL SECTION
Chemicals and Substrates. The reagents applied for spherical

StÖber silica colloid synthesis, including absolute ethanol (≥99.8%),
tetraethyl orthosilicate (≥99.5%), and ammonium hydroxide
(≥23.8%), are provided by Merck KGaA. Ultrapure water with a
resistivity of 18.2 MΩ·cm is supplied by a MilliporeSigma Milli-Q
Direct 7 water purification system. Ethoxylated trimethylolpropane
triacrylate (ETPTA, SR 454) monomers, ethylene glycol diacrylate
(EGDA, SR 610) monomers, and 2-hydroxy-2-methyl-1-phenyl-1-
propanone (HMPP, Darocur 1173) as an initiator are acquired from
Sartomer and BASF, respectively. Poly(vinyl alcohol) (PVA, Mw
89,000−98,000, ≥ 99.0%) is obtained from Merck KGaA.
(Tridecafluoro-1, 1, 2, 2-tetrahydroocity)trichlorosilane (≥97.0%),
purchased from Alfa Aesar, is used as a surface modifier. All of the
above chemicals are of reagent quality and utilized directly in this
study. Commercial silicon wafers (test grade, n-type (100),
Wafernet), are rinsed with ultrapure water and then primed by 3-
acryloxypropyl trichlorosilane (APTCS, ≥ 96.0%, Gelest) before use.
In the APTCS-priming process, APTCS-overlaid wafers are rinsed
with absolute ethanol at 2000 rpm for 2 min on a WS-400B-6NPP-
Lite spin-coater (Laurell) and baked at 105 °C for 30 s afterward.

Fabrication of Monolayer Non-Close-Packed Colloidal
Crystals. Non-close-packed silica colloidal crystals are self-assembled
according to a well-established spin-coating technology.40,41 Spherical
StÖber silica colloids with an average diameter of 250 nm are purified
in absolute ethanol to remove unreacted chemicals through multiple
centrifugation/redispersion cycles, followed by redispersing in UV-
curable ETPTA monomers with 1 vol % of HMPP as the
photoinitiator.42 The volume fraction of silica colloids with respect
to ETPTA monomers in the colloidal suspension is adjusted to be 1:4.
After any colloid aggregate was eliminated by filtering the suspension
through a 1.2 μm syringe filter, the silica colloidal suspension is
deposited and spread onto an APTCS-primed silicon wafer. The wafer
is then transferred into a standard spin-coater and spun at 1000 rpm
for 2.5 min, 3000 rpm for 2 min, 5000 rpm for 1.5 min, and 7000 rpm
for 3 min, progressively, to shear-align silica colloids. The ETPTA
monomers are finally photopolymerized on exposure to UV-radiation
in an X-Lite-500 UV curing chamber (OPAS).

Preparation of Nanohole Arrays. The embedded silica colloids
are partially released through argon reactive-ion etching (RIE) the as-
assembled non-close-packed silica colloidal crystal/poly(ETPTA)
composite on a Shuttlelock-770 inductively coupled plasma
processing system (Orelikon). The RIE process is performed with
ultrapure argon gas at a flow rate of 40 sccm for 50 s, while the
chamber pressure and power density are kept at 40 mTorr and 100 W,
respectively. Subsequently, a PVA aqueous solution (5 vol %) is
poured onto the plasma-etched composite and then dried at room
temperature. The resulting monolayer silica colloidal crystal-
embedded PVA film can be peeled off from the wafer. Upon
stretching unidirectionally, the PVA matrix is deformed to create a
non-close-packed crescent-shaped nanohole array.

Templating Fabrication of Crescent-Shaped Nanosucker
Arrays. The surface energy of the silica colloidal crystal-embedded
PVA nanohole array is further reduced through surface functionaliza-
tion with fluorosilanes in a chemical vapor deposition process. During
the surface modification, the PVA substrate and a beaker of
(tridecafluoro-1, 1, 2, 2-tetrahydrooctyl)trichlorosilane are placed in
a vacuum oven. The oven can be evacuated with a vacuum pump to
allow volatilized fluorosilanes to react with the hydroxyl groups of
silica colloids and PVA macromolecules at 70 °C. After 45 min, the
PVA substrate is transferred into a vacuum chamber for eliminating
any physically adsorbed fluorosilane. A mixture of ETPTA monomers
(24 vol %), EGDA monomers (75 vol %), and HMPP (1 vol %) is
well-mixed and then poured over the surface-modified PVA nanohole
array gently. After a degassing process, the UV-curable monomer
mixture is photopolymerized under UV-radiation. Afterward, the as-
synthesized poly(ETPTA)/poly(EGDA) copolymer can be peeled off
from the unidirectionally stretched PVA template to bring about a
crescent-shaped nanosucker array.
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Characterization. Photographic and scanning electron micros-
copy (SEM) images are obtained using an EOS R10 digital camera
(Canon) and a 6335F FEG-SEM (JEOL), respectively. The
specimens are sputter-coated with a gold layer on a 108auto sputter
coater (Cressington) prior to SEM imaging. Optical microscopy
images are acquired from a DM4 optical microscope (Leica).
Adhesion force characteristics of the specimens are determined by a
NK-20 mechanical force gauge (Algol Instrument) and an EZ test
table-top universal testing instrument (Shimadzu). The specimens are
pressed against a glass slide, followed by tensile pulling-off from the
glass substrate along the normal direction. The tensile-adhesion
measurements of each specimen are repeated 10 times, and the
average values are reported.

■ RESULTS AND DISCUSSION
Bioinspired by the adhesion characteristics of Hemimyzon
formosanus, crescent-shaped nanosucker arrays are designed
and built through integration of a scalable colloidal self-
assembly technology and a soft-lithography-like process. As
presented in Figure 1, a silica colloidal monolayer/poly-

(ETPTA) composite is spin-coated onto an APTCS-primed
silicon wafer, during which the colloids are self-assembled into
a hexagonally non-close-packed arrangement. On account of
the high RIE selectivity between silica colloids and poly-
(ETPTA) macromolecules, the embedded silica colloidal
crystals are released under an argon plasma etching.
Subsequently, a PVA aqueous solution is cast upon the
plasma-treated composite and then dried under ambient
conditions. The resulting monolayer silica colloidal crystal-
embedded PVA film can be peeled off from the silicon wafer.
Upon stretching unidirectionally, the PVA matrix is deformed
to bring about a non-close-packed crescent-shaped nanohole
array. After surface modification, the PVA templates are cast
with a mixture of ETPTA monomers, EGDA monomers, and
HMPP, followed by a degassing process to eliminate any
trapped air. The UV-curable monomer mixture is finally
photopolymerized and peeled off from the surface-modified
templates to create crescent-shaped poly(ETPTA)/poly-
(EGDA) copolymer nanosuckers. Even though the fabrication
procedures are relatively complicated, the surface-function-
alized PVA templates can be well-preserved after the
templating fabrication process, and reused to bring about
nanosucker arrays.43

Here, a 4 in. wafer-scale 250 nm silica colloidal crystals is
realized through spin-coating a concentrated silica colloidal
suspension onto a silicon wafer. In the shear-aligning process,

the wafer edges possess higher rotational velocities; hence the
silica colloids in the edge region are provided with stronger
shear-moments, and are stripped away earlier from the
wafer.44,45 The resulting vacancies are subsequently filled
with neighboring silica colloids, leading to the formation of
nonuniform shear flows along radial directions and a pressure
gradient exerted normal to the wafer surface. The normal
pressure further squeezes the hexagonally arranged silica
colloidal layers into each other, bringing about the unusual
non-close-packing arrangement. In addition to the silicon
substrate, non-close-packed hexagonal colloidal crystals can be
shear-aligned on various polymer and glass substrates.46,47 The
as-assembled monolayer silica colloidal crystal/poly(ETPTA)
composite displays a distinctive six-arm pattern under white
light illumination (Figure 2a), resulting from the Bragg

diffraction of hexagonally non-close-packed colloidal crystals.48

The long-range crystal lattice is further evidenced from its top-
view SEM image (Figure 2b). Importantly, the embedded silica
colloids can be partially released by performing an argon RIE
treatment (Figure 2c,d), during which the silica colloids serve
as etching masks to prevent the poly(ETPTA) matrix
underneath from being etched. As a result, a non-close-packed
hemispherical silica protrusion array is created. The average
intercolloid distance equals to approximate 2D, where D
refers to the diameter of silica colloids. It is worthy to note that
the intercolloid distance is identical to those of shear-aligned
colloidal crystals composed of submicormeter-sized particles,
evincing a similar self-assembly mechanism for the colloidal
crystallization process.44−49 On account of the hydrogen
bonding between silica colloids and PVA macromolecules,
the silica colloidal crystals can be easily transferred and evenly
embedded onto a PVA substrate (Figure S1). It is clear that
the long-range hexagonal ordering and non-close-packed
arrangement of silica colloids are well-preserved, leading to
the presentation of another six-arm pattern.

The silica colloidal crystal-embedded PVA films can be
stretched unidirectionally to generate crescent-shaped nano-
hole arrays (Figure 3). Apparently, the nanoholes are getting
larger with the increase of the uniaxial elongation ratio. After

Figure 1. Schematic illustration of the experimental procedures for
engineering crescent-shaped nanosucker arrays.

Figure 2. (a) Photographic image and (b) top-view SEM image of a
non-close-packed 250 nm silica colloidal crystal/poly(ETPTA)
composite spin-coated on a silicon wafer. (c) Top-view SEM image
and (d) magnified tilted-view SEM image of the composite treated
with an argon reactive ion etching.
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surface functionalization with fluorosilanes to reduce their
surface energies, the PVA films are utilized as second-
generation templates to pattern poly(ETPTA)/poly(EGDA)
copolymer nanosucker arrays. Interestingly enough, nano-
meter-scale old moon-shaped structures (Figure 4a,b), waxing
crescent-shaped structures (Figure 4c,d), and waxing quarter-
shaped structures (Figure 4e,f) are therefore engineered,
respectively, as the elongation ratio of PVA templates varies
from 10, 20, to 30%. Although the interstructure distances and
long-range hexagonal orderings are well-retained during the
templating process, their structure sizes are slightly reduced by
∼3% than expected. The results are primarily caused by the
volume shrinkage of PVA matrices in the photopolymerization
procedure, during which the entrapped water is evaporated on
exposure to UV-radiation. Importantly, it is evident that non-
close-packed nanoconcaves (dark areas of the SEM images),
surrounded by disconnected nanometer-scale crescent-shaped
structures, are also templated from the embedded silica
colloids.

The combination of nanometer-scale crescent-shaped
structures and nanoconcreta can function as nanosuckers
(Figure 5a). Poly(ETPTA)/poly(EGDA) copolymers exhibit
distinctive shape memory characteristics, which allow their
configurations to be altered in response to external stimuli
under ambient conditions. Upon rinsing with water, the
penetration of water molecules into the shape memory
polymer (SMP) network leads to a volume increase, while
the spacing between crescent-shaped structures is reduced
accordingly. The swollen structure array can conform to a
target of choice for building up enclosed spaces, and then be
deformed to release entrapped air within the enclosures as the
flexible structure array is pressed against the target surface
(Figure S2). It is evidenced that a higher pressure applied onto

the structures leads to the formation of smaller enclosures, and
the structures are fully deformed as the pressure reaches 1 kPa.
Subsequently, the fully deformed structures are dried under
ambient conditions, during which a pressure of 1 kPa is applied

Figure 3. Top-view SEM images of 250 nm silica colloidal crystal-
embedded PVA composite films under varied elongation ratios of (a,
b) 10%, (c, d) 20%, and (e, f) 30%. The PVA films are stretched
unidirectionally.

Figure 4. Top-view SEM images of crescent-shaped poly(ETPTA)/
poly(EGDA) copolymer nanosucker arrays templated from unidirec-
tionally stretched PVA composite films. The elongation ratios of the
PVA composite films are (a, b) 10%, (c, d) 20%, and (e, f) 30%,
respectively.

Figure 5. (a) Schematic illustration of the attachment and
detachment mechanisms. (b) Photographic image of a 4-in. wafer-
scale crescent-shaped SMP nanosucker array illuminated with white
light. The elongation ratio of unidirectionally stretched PVA
templates is controlled to be 20%. (c) Photographic image of the
same specimen as in (b) adhering to a glass substrate.
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to maintain their deformed configurations. After drying out of
water in a few minutes, the deformed enclosures can be well-
preserved to bring about a low-pressure cavity array. The
corresponding pressure difference between surrounding
atmospheric environments and the cavities thereupon
generates an adhesion force to keep the nanosuckers adhered
to the target. Instead of physical forces, the temporarily
deformed crescent-shaped structures recover their permanent
configurations through drying out of ethanol. Once rinsing
with ethanol, the absorbed ethanol molecules can relax the
compressed copolymer chains, and hence enhance their
mobilities. The dominancy of ethanol evaporation-induced
capillary pressure over the copolymer entropy elasticity further
drives the squeezed structures to recover their original
conformations.50,51 In other words, the external energy is
employed to overcome the shape memory activation barrier
and thus to trigger the shape recovery. On account of the
structural recovery, air is permitted to leak back into the
crescent-shaped structures; thereafter, the reduced pressure
difference results in the detachment of nanosuckers. As shown
in Figure 5b, a 4-in. non-close-packed crescent-shaped SMP
nanosucker array, templated from a unidirectionally stretched
silica colloidal crystal-embedded PVA film, exhibits a character-
istic six-arm star pattern under white light illumination. The
adjacent arms form exact 60° angles, indicating the presence of
hexagonally arranged nanosucker array.44,48 This pattern
further shows evidence of its wafer-scale periodic domain
ordering. In comparison with that, the same specimen adhering
to a glass substrate becomes highly transparent in appearance
(Figure 5c). The results disclose that the nanosuckers are fully
deformed, and thereby incident visible light is not diffracted
from them. Even though the color of the diffraction star
changes with its viewing angle, the adhesion behaviors of the
SMP nanosucker array can be sketchily determined by the six-
arm pattern transformation.

The adhesion capacities of crescent-shaped SMP nanosucker
arrays on flat microscope slides are evaluated by using a

tension gauge and a table-top universal testing instrument. As
compared in Figure 6a,b, it is found that a bare SMP film (1
cm2 in size) displays an adhesion force of less than 0.1 N,
which mainly results from the van der Waals forces at the
polymer/glass interface. Surprisingly, the adhesion capability of
the SMP nanosucker array, templated from a unidirectionally
stretched PVA composite film with an elongation ratio of 10%,
is enhanced slightly. It is believed that the old moon-shaped
structures are with slimmer conformations and larger spaces in
between (Figure 4a,b). As a result, the swollen old moon-
shaped structures cannot form seals much less adhere to the
glass slide. In sharp contrast, the average adhesion forces of
waxing crescent-shaped SMP structures (Figure 4c,d) and
waxing quarter-shaped SMP structures (Figure 4e,f), templated
from unidirectionally stretched PVA templates with elongation
ratios of 20 and 30%, can reach 3.5 and 3.2 N per square
centimeter, respectively. Importantly, the nanosuckers can be
deformed and adhere to the target under an extremely low
preload (Figure S3). Compared with that, the recorded force
increases greatly during the structural recovery. An apparent
adhesion force, mainly caused by the pressure difference
between the surrounding atmosphere and the cavities, is
evident in the pull-off process. The further structural
deformation results in more conformal interactions between
the polymers, and thus a larger pull-off force at the break-off
point. Their adhesion capabilities are even competitive with
commercial polymer-based dry adhesives.52−54 To gain a better
understanding, theoretical adhesion forces of the crescent-
shaped SMP nanosucker arrays (1 cm2 in size) are estimated
by the following equation:

= × ×F P A Nadhesion total (1)

where ΔP represents the difference between atmospheric
pressure and the pressure within the nanosuckers; A refers to
the area of attachment for each nanosucker; and Ntotal denotes
the number of nanosuckers in contact with a flat target surface.
Assuming that the air enclosed within the structures is

Figure 6. (a) Adhesion force measurement of a 1 cm2-sized crescent-shaped SMP nanosucker array performed using a tension gauge. The
structures are templated from a unidirectionally stretched PVA composite film with an elongation ratio of 20%. (b) Adhesion forces of a 1 cm2-
sized featureless SMP film and 1 cm2-sized crescent-shaped SMP nanosucker arrays templated from unidirectionally stretched PVA composite films
with varied elongation ratios of 10, 20, and 30%. (c) Illustration of the crescent-shaped SMP nanosucker arrays.
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completely released, ΔP is given by the value of 10.1 N/cm2.
In that case, A equals to D

2

2
, where D is the diameter of

templating silica colloids. As illustrated in Figure 6c, the
internanosucker distance in the stretching direction increases
linearly with the elongation ratio (ε), whereas the distance
remains unchanged in the perpendicular direction. Accord-
ingly, the total number of nanosucker on a 1 cm2 SMP

specimen can be expressed by =
+

N
Dtotal

1 cm
3 (1 )

2

2 . As a result,

Fadhesion, which is much larger than van der Waals forces, is
decreased with the increase of ε (red curve in Figure 6b). It is
worth mentioning that the theoretical adhesion forces and
measured values display similar evolution trends. The results
confirm that the crescent-shaped SMP structures are capable of
sustaining negative pressures.

The adhesion capacity difference between crescent-shaped
and ring-shaped nanosuckers is further investigated in this
study. Instead of unidirectional stretching, the silica colloidal
crystal-embedded PVA film is stretched biaxially to create ring-
shaped nanoholes (Figure S4). Its elongation ratios along both
stretching directions are controlled to be 20%. As shown in
Figure S5, the long-range hexagonally non-close-packed
arrangement of nanoholes is clearly evidenced. After surface
modification, the nanohole array is utilized to pattern a ring-
shaped SMP nanosucker array (Figure 7a,b). Compared with

the adhesion force of crescent-shaped nanosuckers, the ring-
shaped nanosuckers exhibit a similar adhesion capability of 3.0
N per square centimeter on a flat substrate (Figure 7c,d),
which can also be theoretically estimated using eq 1. For a 1
cm2-sized specimen, the total number of nanosucker (Ntotal) is
expressed in terms of

+ D
1 cm

3 (1 )

2

2 2 (Figure 7e), while the area of

attachment for each nanosucker can be appraised as follows.

=A R cos d d
0

2

/2

/2
2

(2)

In the above equation, =
2

, and R sin α = r, where R
and r denote the radii of templating silica colloids and
nanosucker opening, respectively. It is recognized that r ≈ 100
nm (Figure 7b), thereby α (∼53.1°) and φ (∼36.9°) can be
calculated. After the φ and R are inputting into eq 2 to
compute A, the A and Ntotal in eq 1 are substituted to
determine the Fadhesion of the ring-shaped nanosucker array.
Apparently, the theoretical adhesion force (2.9 N per square
centimeter) agrees well with the measured one (3.0 N per
square centimeter). It is worth noting that the adhesion force
difference shall be attributed to van der Waals forces between
the nanostructures and the target surface.

To comprehend their adhesion performances, the adhesion
strengths of a 1 cm2-sized waxing crescent-shaped SMP

Figure 7. (a) Top-view SEM image and (b) magnified tilted-view SEM image of a ring-shaped SMP nanosucker array templated from a biaxially
stretched PVA composite film. The elongation ratio of the PVA composite film is 20%. (c, d) Adhesion force of the ring-shaped SMP nanosucker
array (1 cm2 in size). (e) Illustration of a ring-shaped SMP nanosucker.
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nanosucker array and a 1 cm2-sized ring-shaped SMP
nanosucker array over time are evaluated. It is found that
both SMP nanosucker arrays are capable of maintaining stable
attachments for more than 1 week (Figure 8a). Once rinsing
with ethanol, the temporarily deformed nanosuckers can
gradually recover their original configurations as the ethanol
evaporates in ambient conditions. The resulting shape recovery
allows air to leak back into the nanoconcave, bringing about

decreased pressure differentials and reduced adhesion
strengths with time (Figure 8 b). It is noticed that the
adhesion force of ring-shaped nanosuckers is gradually
diminished within 1 min. In contrast, the adhesion strength
of waxing crescent-shaped nanosuckers is vanished in 2 s,
indicating that the detachment can be realized instantaneously.
To put is simply, the presence of crescent-shaped structures
provides a facile manner to impede the sealings on demand,

Figure 8. (a) Adhesion force changes of a 1 cm2-sized crescent-shaped SMP nanosucker array and a 1 cm2-sized ring-shaped SMP nanosucker array
over time. (b) Adhesion force changes of the SMP nanosucker arrays over time in the detachment process.

Figure 9. Photographic images of crescent-shaped SMP nanosucker arrays adhering to (a) a 1000-grit sandpaper, (b) a 1500-grit sandpaper, and
(c) a 2000-grit sandpaper. The insets show top-view SEM images of the sandpapers. The structure arrays are templated from a unidirectionally
stretched PVA composite film with an elongation ratio of 20%. (d) Adhesion forces of 1 cm2-sized crescent-shaped SMP nanosucker arrays on
varied sandpapers. (e) Photographic image of the nanosucker array adhering to a porcine (pig) kidney. (f) Adhesion forces of the nanosucker arrays
on a glass substrate, a 1000-grit sandpaper, and a porcine kidney after 30 attachment/detachment cycles.
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and thus it takes much shorter for detachment. Importantly,
preloads are not required for the crescent-shaped nanosuckers
during the detaching procedure, which is promising for diverse
advanced materials and technological applications. Although
thermoresponsive shape memory polymers have been utilized
in making tunable three-dimensional structures, which can
realize their shape memory transitions within a few minutes,
the heat-demanding shape memory programming and recovery
steps considerably impede the ultimate performance and
applications.55−58

In addition to flat targets, the Hemimyzon formosanus-
inspired nanosuckers are capable of adhering to microrough
surfaces. To investigate this feasibility, the adhesion perform-
ances of a waxing crescent-shaped nanosucker array on 1000-
grit, 1500-grit, and 2000-grit sandpapers are evaluated. As
displayed in Figure 9a, the appearance of crescent-shaped
nanostructure-patterned SMP film turns transparent once the
specimen adheres to a piece of 1000-grit sandpaper. This
finding discloses that most of the nanosuckers can be fully
deformed and release the entrapped air within the enclosures
onto tens of micrometer-sized abrasive grains on which an
adhesion force is therefore generated. In comparison with that,
the specimen attached to a micrometer-sized abrasive grain-
covered sandpaper presents a blurred six-arm pattern (Figure
9b). Interestingly, the pattern becomes even clearer as a
submicrometer-sized abrasive grain-covered sandpaper serves
as a target (Figure 9c). Although the bioinspired nanosuckers
can attach to both flat and microrough surfaces, less
nanosuckers are in direct contact with smaller abrasive grains,
while relatively poorer sealing properties are performed. As a
result, adhesion strengths are reduced on rougher surfaces
(Figure 9d). To further verify that, their adhesion strengths on
varied sandpaper-roughened glass surfaces are evaluated
(Figure S6). The glass substrates are abraded with 1000-grit,
1500-grit, and 2000-grit sandpapers for 100 cycles of abrasion
under a normal loading of 12.5 kPa. Clearly, the nanosucker
arrays exhibit similar tendencies on both sandpaper and
sandpaper-roughened glass substrates. In spite of that, it is
believed that the adhesion strength can be considerably
enhanced by introducing smaller nanosuckers. The adhesion
performance of waxing crescent-shaped SMP nanosuckers on a
porcine kidney is also presented as a proof-of-concept
demonstration to assess their adhesion capability on wet
surfaces in this study (Figure 9e). Apparently, the specimen
can attach to the wet microrough organ surface and turns
optically transparent under natural light illumination, where
the yellow sutures underneath are clearly observed. The
pellucid film dressings provide a platform for real-time
inspection on wound healing and noncompressible hemostasis.
It is significant to mention that the SMP structures can be
reversibly deformed and recovered in response to external
stimuli, which realizes switchable attachment/detachment
functionalities. As verified in Figure 9f, the Hemimyzon
formosanus-inspired adhesion can be repeatedly applied on
glass, 1000-grit sandpaper, and kidney surfaces for at least 30
attachment/detachment cycles in the ambient environment.
Although the adhesion strengths are slightly reduced over
multiple contact cycles, caused by the deformation of waxing
crescent-shaped structures in the attachment process, most
structures are well-retained after 30 shape memory cycles
(Figure S7).

■ CONCLUSIONS
To conclude, stimuli-responsive shape memory polymer-based
crescent-shaped nanosucker arrays are developed by integrat-
ing a scalable colloidal self-assembly technology and an
uncomplicated templating methodology. The as-engineered
structure arrays can be deformed and generate long-term
adhesion strengths onto flat, microrough, or even biological
surfaces. Instead of physical forces, the temporarily deformed
crescent-shaped structures recover their original configurations
through drying out of ethanol, resulting in vanished adhesion
strengths in a few seconds. The reversible structural transition
realizes switchable attachment/detachment functionalities and
creates novel dimensions for a diversity of household supplies,
medical applications, and semiconductor manufacturing.
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