Nanoelectronics and Its
New Materials -
A NEW ERA OF NANOSCIENCE

Nanoelectronics and Its New Materials —

A NEW ERA OF
NANOSCIENCE

W WILEY
Seei

Seeing beyond

Nanotechnology has become the driving
force behind breakthroughs in engineering,
materials science, physics, chemistry, and
biological sciences. In this compendium, we
delve into a wide range of novel
applications that highlight recent advances
in electronics research and fundamental
nanoscience. From surface analysis and
defect detection to tailored optical
functionality and transparent nanowire
electrodes, this eBook covers key topics that
will revolutionize the future of electronics.

To get your hands on this valuable resource
and unleash the power of nanotechnology,
simply download the eBook now. Stay
ahead of the curve and embrace the future
of electronics with nanoscience as your
guide.

WILEY



https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A080bd665-5b59-49eb-aab6-6033f4f17216&url=https%3A%2F%2Fcontent.knowledgehub.wiley.com%2Fnanoelectronics-and-its-new-materials-a-new-era-of-nanoscience%2F&pubDoi=10.1002/smll.202005461&viewOrigin=offlinePdf

FULL PAPER

'.) Check for updates

small

www.small-journal.com

Actuating Supramolecular Shape Memorized Hydrogel
Toward Programmable Shape Deformation

Huanhuan Lu, Baoyi Wu, Xuxu Yang, Jiawei Zhang,* Yukun Jian, Huizhen Yan,

Dachuan Zhang, Qunji Xue, and Tao Chen*

Inspired by nature, diverse biomimetic hydrogel actuators are fabricated

and become one of the most essential components of bionics research.
Usually, the anisotropic structure of a hydrogel actuator is generated at the
early fabrication process, only a specific shape transformation behavior can
be produced under external stimuli, and thus has limited the development
of hydrogel actuators toward the biomimetic shape deformation behavior.
Herein, a novel bilayer hydrogel having a thermoresponsive actuating layer
and a metal ion-responsive memorizing layer is proposed, therefore, a 2D
hydrogel film can be fixed into various 3D shapes via supramolecular metal-
ligand coordination, with further realizing programmable 4D shape defor-
mation under the stimulus of temperature. By manipulating the temporary
shapes via shape memory behavior, various temporary anisotropic structures
can be obtained via the bilayer hydrogel, thus producing diverse reversible
shape deformation performances, which is expected to promote the develop-

materials in the rising area of intelligent
research,l®/l have aroused increasing
interest and shown promising applica-
tions in the fields of soft robotics,®! bio-
medical engineering,'>'? and biomimetic
manufacturing.® In the past decade,
simple bending, folding, and complex
shape deformations have been achieved
by inducing anisotropic structure such as
gradient,] bilayer,'®"] patterned,'8-2%
or orient structurel?'?? in hydrogel. For
example, Wu et al. have proposed a novel
strategy to achieve planar-to-helical 3D
shape deformation by patterning on the
surface of hydrogel sheet.?3] Recently,
Hsia et al. proved that hydrogel actua-
tors with different original shapes (aspect

ment of intelligent polymeric materials.

1. Introduction

Nature is considered as the common source of inspira-
tion in both designing and fabricating of intelligent mate-
rials.'! Smart hydrogel actuators, one of the most anticipated
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ratios or shape) may produce different

deformations.”¥ In order to better con-

trol the anisotropic structure of hydrogel
actuators, biomimetic 4D printing was introduced as a new con-
cept to realize complex shape transformation.[”>-3% However,
both the anisotropic structure and original shape of hydrogel
actuators are normally determined at the early fabrication pro-
cess and cannot be changed afterward, therefore, a hydrogel
actuator usually could only produce a specific shape deforma-
tion behavior.

In addition to the above method, to achieve various shape
deformation from one hydrogel actuator, another promising
intelligent polymeric materials, supramolecular shape memory
hydrogels®-33 have been considered because they could be sta-
bilized into various temporary shapes via reversible molecular
switches including hydrogen bonds,?*** host-guest interac-
tion,3®) metal-ligand coordination,’”) and so on. It can be antici-
pated that if a memorizing system is introduced into hydrogel
actuator, the anisotropic structure of hydrogel could be altered
optionally through the shape fixation process, and the tempo-
rary anisotropic structure could be erased during the shape
recovery process, therefore various shape deformation perfor-
mances could be generated by one specific hydrogel actuator.

Herein, we present a bilayer hydrogel that is composed of
a thermoresponsive actuating layer and a metal ion-responsive
memorizing layer to achieve programmable 4D shape defor-
mation. In this system, a 2D hydrogel film can be fixed into
various 3D shapes via supramolecular metal-ligand coordina-
tion, with further realizing programmable 4D shape deforma-
tion under the stimulus of temperature. By manipulating the
temporary shapes via shape memory behavior, various tempo-
rary anisotropic structures could be obtained via actuating the

© 2020 Wiley-VCH GmbH
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bilayer hydrogel, thus producing diverse reversible shape defor-
mation performances.

The bilayer hydrogel was prepared by two-step photo-
polymerization. An alginate/polyacrylamide (Alg/PAAm) semi-
interpenetrating hydrogel was polymerized first under UV
irradiation as the shape memorizing layer, then a thermore-
sponsive poly(N-isopropylacrylamid) (PNIPAm) actuating layer
was fabricated on the top of the memorizing layer (Scheme S1,
Supporting Information). The morphology of the Alg/PAAm-
PNIPAm bilayer hydrogel was explored by scanning electronic
microscopy (SEM). As shown in Figure S1, Supporting Infor-
mation and Figure 1b1I, two porous layers are firmly connected
by a dense interfacial layer with a width of about 30 uwm, which
is probably because PNIPAm solution would penetrate into the
top of the Alg/PAAm layer before the formation of the PNIPAm
layer. In traditional actuating process, a bilayer hydrogel would
transform from sheet to spherical or from straight to arc under
the trigger of heat because of the shrinkage of the PNIPAm
layer (Figure 1a,b[; Figures S2 and S3, Supporting Information).
Due to the interactions between metal ions and alginate chains,
when the wings of butterfly shaped bilayer hydrogel were
deformed into a curved shape and exposed to metal ions, the
metal ion-Alg interactions would form and serve as temporary
crosslinks to stabilize the deformed shape (Figure 1a,bIII). The
shape fixity ratio was explored to determine the shape memory
function of bilayer hydrogel, and the shape fixity ratio gener-
ated by trivalent metal ions is generally higher than that gen-
erated by divalent metal ions (Figure 1bIV), which is because
of the binding constants between alginate and trivalent metal
ions are usually larger than that with divalent metal ions, 383

(@)

Traditional actuating
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and the shape fixity ratio can reach 100% if the bilayer hydrogel
was treated by Fe**. Then when the temperature exceeds
the phase transition temperature of the PNIPAm layer, the
PNIPAm layer would shrink and the wings of butterfly-shaped
bilayer hydrogel would transform starting from the tempo-
rary shape into soaring shaped (Figure 1la). Besides, both
the memorizing and actuating processes were reversible, the
soaring shaped hydrogel would transform into curved shape
in cold water, and the temporary anisotropic structure could be
erased by EDTA and the hydrogel would return to its original
shape (Figure la). By integrating shape memory function into
hydrogel actuator, we present a general approach to fabricate
hydrogel actuators with diverse complex shape transformation
behaviors, which would inspire the design and fabrication of
novel intelligent polymeric materials.

2. Results and Discussion

The shape memory function of the bilayer hydrogels was
explored at first. A bilayer hydrogel strip is manually bent
toward the memorizing layer, and then immersed into the solu-
tion of metal ions, metal ions would diffuse into the hydrogel
and crosslink the alginate chains in the memorizing layer, the
metal ion-Alg coordination would serve as reversible molecular
switches to fix the deformed shape (Figure 2a). The shape fixity
ratio was calculated according to previous reports.*) In order
to investigate the variation of shape fixity ratio as a function of
immersing time, Ca" and Fe3* were chosen as two model metal
ions. The shape fixity ratio increases with immersing time as

Innovative actuating
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Figure 1. a) Schematic illustration of traditional actuating process triggered by temperature, and programmable shape deformation generated by the
combination of shape memory and actuating functions, the wings of butterfly-shaped bilayer hydrogel is first fixed into curved shape by metal ion-Alg
interactions, and then the wings would deform from the into a curved shape to soaring shaped under the stimulus of heat. b) Schematic illustration
of mechanism of shape memory and actuating process: I) mechanism of the volume phase transition of PNIPAm chains. Il) The cross-section SEM
images of bilayer hydrogel. I1) Schematic illustration of metal coordination between Alg chains and ions. 1V) Variation of shape fixity ratios of the Alg/
PAAmM-PNIPAM hydrogel stabilized by different metal ions (0.1 m) with immersing time of 2 min.
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expected. If the deformed shape is stabilized by Fe*', the shape
fixity ratio reaches 100% in 20 s, while it takes about 240 s to
achieves a constant fixity ratio of about 60% if the deformed
hydrogel is fixed by Ca?* (Figure 2b). Since the memorizing
layer plays a leading role in the shape fixing process, the shape
memory behavior is influenced by the thickness ratio between
the memorizing layer and the actuating layer. As shown in
Figure 2c, when the thickness of the memorizing layer and
the actuating layer is 1:0.5 (unit:mm), both of the shape fixity
ratios in the presence of Ca?* and Fe3* can reach about 100%,
while the shape fixity ratios are much lower with a small thick-
ness ratio of 0.5:1 (unit:mm). These results indicate that the
deformed shape can be well fixed by a thick memorizing layer.
While when the thickness ratio is consistent, the shape fixity
ratio of a bilayer hydrogel with two thin layers (0.5 mm:0.5 mm)
is higher than that with two thick layers (1 mm:1 mm), and
there is an obvious difference between the shape fixity ratios
caused by Ca?" and Fe*', therefore hydrogel with two thin layers
was selected for further experiment. After the shape fixing pro-
cess, the bilayer hydrogel with a circular temporary shape was
immersed into warm water of 60 °C, which is higher than the
lower critical solution temperature of PNIPAm, the PNIPAm
network would change from hydrophilic to hydrophobic and
release part of the bound water, the actuating layer would
shrink as a result, and the hydrogel would deform starting from
a temporary shape (Figure 2a). The bending angles are calcu-
lated and bending toward the memorizing layer was marked
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as a negative angle, as shown in Figure 2d, when the tempo-
rary shape is stabilized by Ca?*, the shrinkage of the actuating
layer would drive the bilayer hydrogel to turn to straight first
and then bend to the actuating layer, while only a straight final
shape is observed when the temporary shape is fixed by Fe’.
In order to explore the influence of shape memory on actu-
ating behavior, the moduli and mechanical properties of the
memorizing layer in the absence and presence of metal ions
were investigated by frequency-sweep rheological and tensile
tests, respectively. As shown in Figure S4, Supporting Infor-
mation, the storage modulus (G) and loss modulus (G”) of
the Ca?* treated memorizing layer are higher than that of the
untreated sample, and G” and G” of the two samples are lower
than that of the Fe* treated sample. It is indicated that the
hydrogel would become tougher when treated by Ca?* and Fe’",
respectively. The same conclusion can be drawn through ten-
sile tests that the stress of Ca?" treated sample is higher than
the untreated sample but lower than the Fe* treated sample
(Figure S5, Supporting Information). It can be deduced that a
firm memorizing layer is difficult to be driven by the actuating
layer, which results in different actuating degrees. Besides, the
actuating velocity is also different when treated with different
metal ions (Figure S6, Supporting Information). Furthermore,
the shape memory layer would become tougher with increasing
shape fixing time (Figure S7, Supporting Information), and
the actuating velocity would become slower both in Ca?*
treated sample and Fe’" treated sample (Figure S8, Supporting
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Figure 2. a) Schematic illustration of the shape deformation behavior of a bilayer hydrogel strip. The hydrogel strip is first fixed into a temporary cir-
cular shape via the coordination between metal ions and alginate, and then deforms in warm water (60 °C) based on the contraction of the PNIPAM
actuating layer. b) Variation of shape fixity ratios of the Alg/PAAm-PNIPAM hydrogel in CaCl, or FeCl; solution as a function of immersing time.
c) Variation of shape fixity ratios of the Alg/PAAm-PNIPAM hydrogel as a function of thickness ratio between memorizing layer and actuating layer
in CaCl, or FeCl; solution. d) Variation of bending angles of the hydrogel strip with a fixed temporary shape by Ca?" or Fe** in warm water (60 °C).
e) The step wisely shape deformation process of the biomimetic hydrogel flower (the untreated hydrogel layer is stained with congo red, the Ca?* treated
hydrogel is stained with rhodamine B, the Fe** treated hydrogel is stained with methyl violet). Scale bar: 1 cm.
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Information). Therefore, a biomimetic hydrogel flower was
prepared to integrate fast actuating (no treated), middle actu-
ating (Ca®* treated), slow actuating (Fe** treated) performances
in one system, as shown Figure 2e, upon the treating of warm
water, the hydrogel sequence could close in sequence, realize
step wisely shape deformation behavior.

Taking advantage of the shape memory function, a simple
hydrogel strip can be fixed into various temporary shapes,
and accomplishing diverse shape transformation behaviors
under the stimulus of heat. As shown in Figure S8, Sup-
porting Information, a hydrogel strip with a size of 40 mm
X 2 mm X (0.5 + 0.5) mm was patterning treated by Fe*', the
modulus of the treated parts would increase due to the coor-
dination between Fe3* and alginate chains, then the hydrogel
strip was transferred into warm water (60 °C), the untreated
part is easy to be deformed, and the straight hydrogel strip
would form 2D shapes such as “6,” “triangle,” and “U.” In
addition, when the hydrogel strips were given a 2D temporary
shape by Fe*, such as V-shaped, crutch-shaped (Figure S10,
Supporting Information). It is necessary to note that the
V-type has two forms with the memorizing layer inside and
outside, respectively. Similarly, when the hydrogel strip with
2D temporary shapes are placed in warm water, they would
transform into heart, musical note, and “3” shapes, respec-
tively, and the shape transformation is fully reversible if the
hydrogel is treated in cold water (Figure S11, Supporting
Information).
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In general, a straight bilayer hydrogel strip will bend under
stimulus due to the shrinkage of one layer, so it can only
change from 1D to 2D. By integrating shape memory and actu-
ating, complex shape deformation behaviors can be realized. As
shown in Figure 3a and Figure S12, Supporting Information, a
1D hydrogel strip was twisted to the clockwise (top to bottom
view) and the shape was fixed after immersing in 0.1 m Ca?*
solution for 5 min. With increasing temperature, the twisted
hydrogel strip can magically transform from clockwise twisted
shape (1D) to right-handed spiral shape (3D) directly, which has
never been reported before. Similarly, if the hydrogel strip was
fixed into a counterclockwise twist shape, it will actuate into
left-handed spiral shape. Besides the hydrogel could be restored
from 3D spiral state to 1D twist state in cold water at 15 °C,
and it would finally restore to the 1D straight state after being
treated with 0.1 M EDTA, thereby the transformation from 1D
to 3D to 1D is realized (Figure S13, Supporting Information).

In order to better elaborate the process of the shape defor-
mation, the head of the twisted hydrogel strip was anchored
while the tail was marked. The shape deformation process
was observed from both horizontal and vertical directions,
and the motion track of the tail of twisted hydrogel strip was
recorded (Figure 3b). It is indicated when the straight hydrogel
strip was fixed into twisted shape, the hydrogel exhibited ani-
sotropic structure both in horizontal and vertical direction
while the original hydrogel only exhibited anisotropic in hori-
zontal direction. Therefore, the horizontal and vertical shrink
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Figure 3. a) lllustration and images showing the deformation of hydrogel strip from 1D straight state to 1D twisted state by shape memory, and then
transform to 3D spiral state by actuation. b) Schematic representation and polar pot showing the trajectory and trend of the hydrogel during the actu-
ating process. c) Finite element modeling of the shape transformation from clockwise twist to right-handed spiral. d) The shape deformation behav-
jors of a bilayer hydrogel strip after being fixed into right helix with different twisted angle. e) Illustration and images showing the biomimetic shape
transformation of a hydrogel orchid (type I: the hydrogel strip was twisted left with 180" and transform into a left spiral, type II: the hydrogel strip was
twisted left with 360° and transform into a left spiral, type I1I: the hydrogel strip was twisted right with 180" and transform into a right spiral, type IV:
the hydrogel sheet is bent after deformation). Scale bar: T cm.
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Figure 4. a) Schematic representation and b) digital and images showing the process of 3D shapes transition of a rectangular bilayer hydrogel sheet.
c) Finite element modeling of the actuating process of a rectangular bilayer hydrogel sheet. 3D shape transition images of d) circular and e) flower

shape hydrogel sheet. Scale bar: 1 cm.

process synergistically leads the shape deformation from strip
to spiral. The shape deformation behavior was simulated
by finite element modeling and the results are highly con-
sistent with the experimental results (Figure 3c). Due to the
programmable shape memory function, various temporary
anisotropic structure could be generated such as clockwise-
counterclockwise twist shape, different twist degree shape with
180°, 360°, 540°, 720", leading to diverse corresponding complex
shape deformation behaviors (Figure 3d and Figure S14, Sup-
porting Information). The reprogrammable actuating behav-
iors encourage us to explore the biomimetic performances of
the bilayer hydrogel, as shown in Figure 3e, we have imitated
the complex shape deformation of orchid Dendrobium helix
by the assisting of shape memory property. A hydrogel orchid
has been fabricated, and the petals were twisted and stabilized
with metal ions, and the hydrogel orchid could deform in warm
water and resemble the 3D morphology of orchid and exhibits
three types of shape transformation (right-handed spiral, left-
handed spiral, and bending).

Besides bilayer hydrogel strip, fascinating shape transforma-
tion behaviors could be realized by bilayer hydrogel sheet due
to the synergy between shape memory and actuation perfor-
mances. As shown in Figure 4a, a rectangular hydrogel sheet
was fixed into a temporary tubular structure toward the mem-
orizing side along the x-axis by Fe**, when placed into warm
water, the hydrogel sheet first unrolled to form a flat interme-
diate state and then bent toward the actuating side along the
y-axis due to the shrinkage of the actuating layer. During this
process, the x-axis of hydrogel tube cannot bend at the begin-
ning because of the restriction of the 3D fixed shape. So, the
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contraction of the actuating side first generated stress to unfold
the hydrogel sheet. With the transformation from cylinder to
flat, the x-axis constraint force caused by the cylindrical struc-
ture was eliminated, then the cumulative contraction stress
along the x-axis can be released and drove the hydrogel sheet
turn into an arched structure in the opposite direction along the
y-axis. The bending angle of the y-axis decreases about from 90°
to 40° first, then the bending angle of the x-axis increases from
about 0" to 120° (Figure 4b). The shape deformation behavior
is highly consistent with the deformation process predicted by
Finite element modeling (Figure 4c). Similar actuating behav-
iors have been witnessed by the above hydrogel sheet which
was memorized along the x-axis, a circular hydrogel sheet, and
a triangular hydrogel sheet (Figure 4d; Figures S15 and S16,
Supporting Information). Finally, a hydrogel flower with three
petals was constructed, and the petals were bent to the lower
side (memorizing side) and fixed at first, upon immersed in
warm water, the petals turned to flat and then bent to the upper
side (actuating side) to form a blooming flower (Figure 4e).
With the assistance of kirigami, complex shape transfor-
mation behaviors could be achieved. As shown in Figure 5a,
a square bilayer hydrogel sheet was cut deliberated, then the
hydrogel sheet was rolled into cylinders and both ends of it
were treated by Fe’', and the cylinder shape was thus fixed
(Figure 5by,b,). When the hydrogel cylinder was immersing
into warm water, the central part of it would deform, and the
hydrogel cylinder could evolve into a lantern (Figure 5b;,by).
Moreover, the lantern shape could be accomplished from an
entirely different way (Figure 5c). The 2D hydrogel sheet could
be deformed and fixed into an arched shape by treating the

© 2020 Wiley-VCH GmbH
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Figure 5. a) With the assistance of kirigami, a bilayer hydrogels sheet with cut patterns can be first fixed into a b) cylinder or c) an arched shape, and
both of them could evolve into lantern shapes by immersing into warm water (60 °C). The inset orange patterns of by, bs, ¢;, and c; represent these

areas are treated by Fe3*. Scale bar: 1 cm.

arched part with Fe* (Figure 5¢;,c,), both ends of the arched
shape could actuate into a circle with increasing temperature,
and a lantern shape was thus achieved (Figure 5¢3,c,).

3. Conclusion

In conclusion, a bilayer hydrogel which is composed of Alg/
PAAm as the memorizing layer and PNIPAm as the thermore-
sponsive actuating layer has been fabricated. Various tempo-
rary shapes can be stabilized through the coordination between
alginate and metal ions, then the hydrogel could reversibly
actuate from the programmable temporary shape caused by the
shrinkage of PNIPAm layer under the trigger of heat. Both the
shape fixity ratio and actuating behaviors could be regulated
by choosing different metal ions to realize sequentially shape
deformation behavior. Taking advantage of shape memory func-
tion, diverse anisotropic structures could be formed from one
initial hydrogel, and achieving various complex shape defor-
mation behaviors. Moreover, complex shape transformation
behaviors could be accomplished with the assistance of kiri-
gami. In conclusion, the strategy of actuating supramolecular
shape memorized hydrogel could be used to achieve program-
mable shape deformation for a better biomimetic of actuation
behavior in nature. We believe our strategy would provide inno-
vative ideas for the design and fabrication of bioactuators.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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