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ABSTRACT: The deformable diversity of organisms in nature has

inspired the development of bionic hydrogel actuators. However,

the anisotropic structures of hydrogel actuators cannot be altered

after the fabrication process, which restricts hydrogel actuators to , I Sha

provide complex and diverse shape deformations. Herein, we Assembly mamzfy Deformation
propose a dual programming method to generate numerous > > >

anisotropic structures from initial isotropic gelatin-containing

hydrogels; the isotropic hydrogel blocks could be first assembled independent Original Temporary Programmed
. . . p . . iy hydrogel shape shape shape
into anisotropic structures based on the coil-triple helix transition

of gelatin, and then, the assembled hydrogels could further be fixed
into various temporary anisotropies, so that they can produce
complex and diverse deformations under the stimulation of pH. In
addition, the shape programming and deformation behaviors are
reversible. This dual programming method provides more potential for the application of hydrogel actuators in soft robots and
bionics.
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1. INTRODUCTION In order to alter the initial structures of hydrogel actuators,
another promising strategy, supramolecular assembly was
considered because it could weld simple hydrogel blocks into
complex structures.””*® A few hydrogel actuators have been
fabricated by the supramolecular strategy. Xie et al. have utilized
host—guest interactions to assemble hydrogel strips into three-
dimensional hydrogel actuators.”” We have applied dynamic
boronic ester bonds to weld hydrogel blocks into smart actuators

. .50 o .
storage.>'3 In the past decades, hydrogel actuators have been with complex deformations.”™ It could be anticipated that if
able to achieve simple bending, folding, and complex supramolecular assembly and shape memory are employed as

deformation behaviors through the construction of bilayer,M’]5 d.ual shaPe programmmg methods, compared with the. tradi-
gradient,'*™2° patterned,>"*2 or other anisotropic struc- tional anisotropic structure hydrogels, the hydrogels with the

tures.”>”* In order to further manipulate the anisotropic d}lal programming metho.d are e%ble to r.nake reversible and more

. diverse designs from the initial isotropic structures. Meanwhile,
structures of hydrogel actuators, temporary anisotropy has b bini b d sh lex 3D
been developed. For example, Liu et al. have introduced y combining assembly and shape memory, complex 3D-

transient structural anisotropy into hydrogels of N-isopropyla- deformed hydrogels can be obtained.

crylamide and stearyl acrylate, which could produce program- Herem, we present a dual shape programming strategy in
mable thermoresponsive shape transformations.”> In our which assembly is used as the first programming and shape

previous work, we have applied a shape memory strategy to memory is used as the second programming‘. Polyacrylamide./
construct temporary anisotropy on a bilayer hydrogel and have gelatin (AG) hydrogels and poly (acrylamide-co-methacrylic

The biodiversity of nature provides a lot of inspiration for the
development of artificial intelligent materials.'~® Among which,
polymeric hydrogel actuators could produce reversible bio-
mimetic shape transformations;’~ moreover, they are high
water content, are as soft as living tissues, and could have good
biocompatibility, and therefore, they have shown significant
potential in the fields of soft robotics'”'" and information

y

realized a variety of reversible complex deformations.*’ ——
However, the initial structures of these hydrogel actuators are Received: November 12, 2021 e
generally determined by the preparation process, and if the Accepted:  December 27, 2021

initial structures of the hydrogel actuators could also be adjusted Published: January 5, 2022

after the construction, the subsequent deformation behaviors
could be more diversified, which would expand the potential
applications of hydrogel actuators.
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Figure 1. (a) Schematic illustration of formation of a crawler robot obtained through the welding and shape memory of the AG hydrogel and AMG
hydrogel. (b) Schematic illustration of the mechanism of welding, shape memory, and actuating process. (c) SEM images of the AG hydrogel and AMG
hydrogel and the cross section of the bilayer hydrogel. (d) Schematic illustration of the thermoresponsive coil-triple helix transition of gelatin. Scale

bars: 10 ym.

acid)/gelatin (AMG) hydrogels were fabricated first, supra-
molecular assembly could be used as the first programming to
control the initial anisotropy of hydrogels, and then, shape
memory behavior is used as the second programming to
generate temporary anisotropy (Figure 1a,b). Finally, a reptilian
hydrogel can be obtained. A strong interface of AG and AMG
hydrogels can be obtained by welding (Figure 1c) because of the
thermoresponsive coil-triple helix transition of gelatin (Figure
1d). The synergistic effect of the two shape programming
methods could accomplish diverse deformation behaviors from
isotropic hydrogel blocks, which can greatly enrich the
deformation results of actuators.

2. EXPERIMENTAL SECTION

2.1. Materials. Gelatin (>99.5%), N,N'-methylene bis(acrylamide)
(BIS, >99%), methylacrylic acid (MAA, >98%), N,N,N’,N’-tetra-
methyl ethylenediamine (TEMED, >99%), ammonium persulfate
(APS, >98%), and rhodamine B (>99.7%) were purchased from
Aladdin Chemistry Co. Ltd. Acrylamide (AAm, >99.5%) and sodium
hydroxide (NaOH, >99.7%) were purchased from Sinopharm
Chemical Reagent Co. Ltd. All reagents were used as received.

2.2. Instruments. The lyophilizing process was conducted in the
DGJ-10C freeze dryer (Shanghai Boden Biological Science and
Technology Co. Ltd.). The hydrogel modules used for assembly were
obtained by a laser cutter (GY-460 bought from Shandong Liaocheng
Guangyue Laser Equipment Co., Ltd.). The microstructure of the
hydrogel was analyzed by field-emission scanning electron (Hitachi S-
4800) microscopy. The rheological measurement was performed on a
stress-controlled rheometer (TA-dhr2) equipped with a geometry of 25
mm parallel plates. The tensile test was conducted on the Z1 Zwick/
Roell Universal Testing System (Zwick).

2.3. Preparation of AG Hydrogel. 1.6 g of gelatin was dissolved in
8.4 mL of deionized water to get gelatin solution (16 wt %) at 60 °C. 0.7
g of AAm, 0.04 g of BIS, 0.04 g of APS, and S uL of TEMED were
dissolved in the abovementioned solution. The solution was transferred
into a 0.5 mm PDMS mold attached to a piece of glass. Then, the other
piece of glass was covered on the solution under the condition of
insulating air. The hydrogel was obtained after gelation for 12 h at 35
°C.

3552

2.4. Preparation of AMG Hydrogel. 1.6 g of gelatin was dissolved
in 8.4 mL of deionized water to get gelatin solution (16 wt %) at 60 °C.
0.3 g of AAm, 0.7 g of MAA, 0.328 g of NaOH, 0.04 g of BIS, 0.04 g of
APS, and 10 uL of TEMED were dissolved in the abovementioned
solution. The solution was added into a 0.5 mm PDMS mold attached
to a piece of glass. Then, the other piece of glass was covered on the
solution to insulating air. After gelation for 12 h at 35 °C, the AMG
hydrogel was obtained.

2.5. Welding of AG Hydrogel and AMG Hydrogel. The AMG
hydrogel was attached to the AG hydrogel. After heating for 10 min at
50 °C and cooling to room temperature, the bilayer hydrogel was
obtained.

3. RESULTS AND DISCUSSION

The two semi-interpenetrating hydrogels were prepared by free
radical polymerization of monomers in the presence of gelatin.
Because of the coil-triple helix transition of gelatin induced by
temperature,”’ two strips of AG and AMG hydrogels were
pushed together at 50 °C, and they could merge together when
the temperature was decreased to 20 °C due to the
entanglement of gelatin chains at the interface. As shown in
Figure S1, the AG layer and the AMG layer exhibit typical
porous microstructures, and the two layers are joined tightly. In
order to evaluate the connecting strength of the two layers, a
bilayer hydrogel that is partially welded was stretched, and the
fracture did not occur at the connecting area, reflecting a good
welding strength (Figure S2). According to the peeling test, an
AG hydrogel strip and an AMG hydrogel strip were prepared.
Also, half of the two hydrogel strips were assembled, while the
other half were not. Then, one layer of hydrogel was fixed at the
bottom of the Universal Testing System, and the other side of
the unassembled end was clipped on the Universal Testing
System to peel it off. The bilayer hydrogel shows an interfacial
peeling force of about 120 N/m, indicating that the two layers
are bonded stably (Figure 2a). Moreover, according to the
tensile experiment, the AMG hydrogel exhibits a larger
elongation at break and a smaller maximum tensile stress
compared with the AG hydrogel, and the bilayer hydrogel shows
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Figure 2. (a) Curves of the peeling force per width of the hydrogel sheet versus displacement for interface bonding and photographs of the peeling
process. (b) Schematic illustration of the process of welding and deformation of an AG hydrogel strip and an AMG hydrogel strip. (c) Anisotropic
structures constructed by AG hydrogel strips and AMG hydrogel strips and the further deformation behaviors. (d) Assembly of AG and AMG hydrogel
strips deforming into a standing grab structure. (e) Assembly of AG and AMG hydrogels deforming into a lantern structure. (f) Different deformation
behaviors caused by sloping distribution in different degrees of AMG hydrogel strips on an AG hydrogel sheet. (g) Relationship between the length,
width, and height of helical structures and the inclination angle of AMG hydrogel strips. Scale bars: 1 cm.

neutralized tensile properties with an elongation at break
exceeding 200% (Figures S3 and S4).

Because the equilibrium swelling ratios of the AMG hydrogel
increase with the increasing pH value due to the existence of
carboxylic acid groups (Figure SS), the AG/AMG bilayer
hydrogel could deform upon the trigger of pH (Figure 2b). It is
well known that the shape transformation behaviors of hydrogel
actuators are essentially determined by their anisotropic
structures. As shown in Figure 2c, one long AG hydrogel strip
is assembled with four short AMG hydrogel strips and three
different anisotropic structures could be achieved through
changing the distribution of short hydrogel strips on long
hydrogel strips, leading to three different actuating perform-
ances. Furthermore, abundant patterned structures could be
obtained by welding. The cross-shaped structure is assembled
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from hydrogel strip arches in the middle and forms four grippers
under the condition of pH 2 (Figure 2d). The two-dimensional
structure assembled from hydrogel strips and sheets could
deform into a three-dimensional lantern (Figure 2e). Moreover,
for the assembly of hydrogel sheets and hydrogel strips, the
deformation behaviors can be controlled by changing the
distribution angle of the AMG hydrogel strips on the AG
hydrogel sheets. When the angle between the stripe and the
plane increases from 15 to 75°, the deformation results of the
hydrogel also vary greatly (Figure 2f). As the angle increases, the
length of the helix formed by the deformation of the hydrogel
sheets increases and the height and width of the helix slightly
become smaller (Figure 2g). It should be noted that the
assembly process is reversible. As shown in Figure S6, the ends of
an AMG hydrogel strip and an AG hydrogel strip are welded
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Figure 3. (a) Schematic illustration of the process of shape memory and deformation of an AG—AMG bilayer hydrogel strip. (b) Variation of shape
fixity ratios, as the shape memory time is from S to 25 min. (c) Variation of shape fixity ratios, as the shape memory temperature is from 40 to 80 °C. (d)
Variation of shape fixity ratios, as the mass fraction of gelatin in gelatin solution is from 0 to 15%. (e) Deformation of bilayer hydrogel strips after shape
fixation. (f) Deformation of bilayer hydrogel strips after shape fixation into twist to the right or left. Scale bars: 1 cm.

together. Because of the difference of the swelling ratio between
the two hydrogel strips, the bilayer hydrogel will deform into the
shape of an arch bridge. Under the condition of 50 °C and pH
12, the bilayer hydrogel can restore the initial shape and
disassembly. Then, the two hydrogel strips can be assembled
into a bilayer hydrogel and deform into a semicircle under acidic
conditions.

Because both the AG hydrogel and the AMG hydrogel
contain gelatin, the AG-AMG bilayer hydrogel exhibits shape
memory property due to single coil-triple helix transition of
gelatin. The rheological results show that the storage modulus
(G’) and loss modulus (G”) of the AG hydrogel and AMG
hydrogel at 50 °C are less than those at 20 °C (Figure S7), which
indicates the melting of gelatin at relatively high temperature
and gelation of gelatin at low temperature. When a bilayer
hydrogel strip is manually deformed at 50 °C and then
transferred to a cold environment (S °C), the deformed shape
could be fixed because of the random coil of gelatin would
change to tripe helix at low temperature (Figure 3a). The shape
fixity ratio is defined by the following equation

Hm
R; = -2 x 100%
gd

where 0, and 0 are the bending angles of the deformed shape
and memorized shape of hydrogels, respectively (Figure S8).
We have evaluated both the exogenous and endogenous
factors that may affect the shape fixity ratio. As shown in Figure
3b, when the deformation temperature is set at 50 °C, the shape
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fixity ratio only shows a slight increment with the processing
time increasing from S to 25 min, indicating that most of the
gelatin chains inside the hydrogel would turn into the coil state
when the hydrogel is placed at 50 °C, while when the processing
time is set at 10 min, the temperature of shape deformation that
varies from 40 to 80 °C has little effect on the shape fixity ratio
(Figure 3c). However, the shape fixity ratio is highly dependent
on the mass fraction of gelatin in gelatin solution. When the mass
fraction of gelatin in gelatin solution increases from 0 to 15%, the
shape fixity ratio of the hydrogel increases significantly and
reaches the maximum value of 80% when the mass fraction of
gelatin in gelatin solution is 15% (Figure 3d).

After shape fixation, the circular shape hydrogel would
transform when the pH of environment decreases to 2 (Figure
S$9). If a hydrogel strip is bent for one or two times and then the
deformed shapes were fixed, “3” or heart-shaped can be obtained
when the hydrogel further actuates in the pH of 2 (Figure 3e).
Moreover, if a hydrogel strip is programmed by left lateral
torsion or right lateral torsion, the hydrogel strip can be further
transformed from two dimensions (2D) to three dimensions
(3D) to obtain the structures of the left helix and right helix
(Figure 3f). It should be noted that the shape programming
process is reversible, as shown in Figure S10; when a bilayer
hydrogel strip is programed by shape fixation and deforms, it
could restore to the original straight state under the condition of
50 °C and pH of 12, and it could be further memorized into
another shape and actuates in pH 2.
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Figure 4. (a) Illustration and images showing the deformation of a sandwich-shaped hydrogel strip with different temporary shapes. (b) Motion track
of the deformation process of the endpoints of hydrogels. (c) Illustration and images showing the shape fixation and deformation of the assembly of AG
hydrogel sheets and AMG hydrogel strips. (d) Shape fixation and deformation behavior of star-shaped hydrogel assembly. Scale bars: 1 cm.

Therefore, shape memory could be regarded as the second
shape programming strategy, and when combined with the first
shape programming strategy welding, diverse shape trans-
formation behaviors could be achieved. For example, under the
premise that a hydrogel strip is fixed into the torsion structure
through shape memory first and the helical structure could be
obtained by the further shape transformation of the hydrogel
strip, a multihelix coexistence structure can be obtained by
combining shape memory behavior and welding functions. As
shown in Figure 4a, an AG hydrogel strip is first programmed by
attaching one AMG hydrogel strip on both sides in a central
symmetrical way; after the second shape programming, the
hydrogel can produce two temporary structures. The first one is
the upper and lower parts both twisted to the same direction,
and the second is the upper and lower parts belong to different
directions. When the upper part is twisted to the right and the
lower part is twisted to the left, the hydrogel would transform
into a structure with a right helix plus a left helix. When the upper
part and the lower part are both twisted to the right, the
deformation result is two right helix structures.

Furthermore, the motion track of the deformation process
from the temporary anisotropy is described in detail. As shown
in Figure 4b, taking the symmetry center O of the hydrogel as a
reference point to establish the plane right-angle coordinate
system, the horizontal distance between point A and point O is
recorded as X and the vertical distance is recorded as Y. In this
way, the trajectories of the hydrogel ends A and B are described.
When the twist direction of the upper part and the lower part is
opposite, due to the cancellation of the internal stress in the
horizontal direction, point A is less deviated from the Y axis in
the motion process, and it is still on the Y axis after the
deformation is complete. On the contrary, when the twist
direction of the upper part and the lower part is the same, due to
the increase of the internal stress in the horizontal direction,
point B is more deviated from the Y axis in the motion process,
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and it is far away from the Y axis when the deformation is
complete (Figure 4b).

In addition to the programmable deformations of strips and
sheets, hydrogel strips and hydrogel sheets could also be
programmed to achieve a complex shape deformation. As shown
in Figure 4¢, hydrogel strips are welded to a rectangular hydrogel
sheet at a 45° angle, and then, the assembled hydrogel sheet is
fixed into a concave or convex shape. When the hydrogel is
programmed in a concave shape by shape memory, the stress in
the horizontal direction is increased, resulting in a helix shape.
On the contrary, when the hydrogel is fixed in a convex shape,
the stress in the horizontal direction is reduced or even offset and
the hydrogel would turn into an arch shape. In addition, a
hydrogel flower is prepared by assembled hydrogel strips on the
petals at an angle of 45°, if all the petals are fixed in a concave
shape, the hydrogel can deform into a star shape. If all the petals
are fixed in the convex shape, the petals would bent inward, and
the hydrogel can deform into a pentagon (Figure 4d). In order to
explore the effect of shape memory on the deformation of
hydrogels, the deformation results of the asymmetric triangular
hydrogel and hexagonal triangular hydrogel before and after
shape memory are compared. It can be seen that the
deformation results of hydrogels after shape memory vary
greatly compared with that before shape memory, which further
indicates that the second programming can be used to adjust the
deformation results of hydrogels (Figures S11 and S12).

The dual programming shape deformation behaviors
encourage us to investigate the biomimetic shape deformation
behaviors. As shown in Figure 5a, a soft robot is prepared by the
AMG hydrogel and it cannot deform because of the isotropic
structures. When the first programming is introduced, any part
of the soft robot can be welded to form the corresponding
anisotropic structure and produce the expected deformation.
For example, to imitate the process of raising an arm of the
human body, an AG hydrogel strip is welded to the arm of the
soft robot to construct an anisotropic structure. The arm of the
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Figure S. (a) Illustration and (b) digital photographs of the assembly
and leg lifting of a hydrogel robot. (c) Ilustration and (d) digital
photographs of the assembly, clamping the object, raising the waist, and
lifting the object to the front of a hydrogel robot. Scale bars: 1 cm.

hydrogel robot can bend in the pH of 2 due to the different
swelling ratios between the AG hydrogel and the AMG hydrogel
(Figure S13, Movie S1). Similarly, an AG hydrogel strip is
welded to the leg of the hydrogel robot (Figure Sa), and the leg
of the soft robot can gradually lift up to achieve the kick action in
the pH of 2 (Figure Sb, Movie S2). In order to further imitate the
complex movements of the human body, the two programming
methods of welding and shape memory are combined. To
simulate a person bend down to pick up an object on the ground
and lift it up, first of all, AG hydrogels are welded on the outside
of the fingers, arms, and waist of the hydrogel robot to construct
anisotropic structures. Then, torsion is introduced into the arm,
and bending is provided to the body of the soft robot as the
secondary programming (Figure Sc, Movie S3). After shape
memory, the arm of the soft robot is fixed into a spiral shape and
can produce relative motion with the body in the pH of 2 to
simulate the twisting process of the human arm joint. Therefore,
after welding the corresponding parts and fixing the arm in a
torsion shape and the body in a bend posture, the soft robot can
realize the continuous movement of clamping the object, raising
the waist, and lifting the object to the front under the synergistic
action of fingers, arms, and waist (Figure Sd).

4. CONCLUSIONS

In conclusion, a new strategy of dual programming has been
proposed to achieve complex deformation of hydrogels. Using
the reversible coil-triple helix transition of gelatin chains, two
gelatin-containing hydrogels could be assembled, which could
be regarded as the first programming method to modify the
initial anisotropy of hydrogels, and then, shape memory is used
as the second programming method to generate temporary
anisotropy. Therefore, various anisotropic structures could be
achieved starting from several isotropic hydrogel blocks, leading
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to diverse complex shape transformation behaviors. Based on
the synergy of shape memory and welding, multiple parts of the
soft robot could move synchronously to simulate the complex
and coherent in situ motion of the human body. We believe that
our strategy to achieve programmable complex deformation
could provide innovative ideas for the design of biomimetic
hydrogel actuators.
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