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Programmable Reversible Shape Transformation of
Hydrogels Based on Transient Structural Anisotropy

Kangkang Liu, Yue Zhang, Heqing Cao, Haonan Liu, Yuhui Geng, Wenhua Yuan,
Jian Zhou, Zi Liang Wu, Guorong Shan, Yongzhong Bao, Qian Zhao,* Tao Xie,

and Pengju Pan*

Stimuli-responsive shape-transforming hydrogels have shown great potential
toward various engineering applications including soft robotics and micro-
fluidics. Despite significant progress in designing hydrogels with ever more
sophisticated shape-morphing behaviors, an ultimate goal yet to be fulfilled is
programmable reversible shape transformation. It is reported here that tran-
sient structural anisotropy can be programmed into copolymer hydrogels of
N-isopropylacrylamide and stearyl acrylate. Structural anisotropy arises from
the deformed hydrophobic domains of the stearyl groups after thermome-
chanical programming, which serves as a template for the reversible globule-
to-coil transition of the poly(N-isopropylacrylamide) chains. The structural
anisotropy is transient and can be erased upon cooling. This allows repeated
programming for reversible shape transformation, an unknown feature for the
current hydrogels. The programmable reversible transformation is expected
to greatly extend the technical scope for hydrogel-based devices.

can only exhibit simple shape changes,
such as isotropic volume shrinkage/expan-
sion. More complex shape morphing, such
as bending, twisting, buckling, and even
snapping(’®1®l can be realized by intro-
ducing the spatial heterogeneity including
chemical composition, crosslinking den-
sity, and filler orientation.”-?2l The above
shape morphing behaviors are generally
reversible but nonprogrammable, that is,
the shape morphing pathways cannot be
altered once the material fabrication pro-
cess is completed.

Shape-memory hydrogels exhibit an
opposite set of behavior.?>?4 They can be
fixed into arbitrary temporary shapes and
revert to the original shape on demand.

Stimuli-responsive shape changing polymers have shown
significant potential in diverse applications, such as soft actu-
ators,"™% biomedical devices,"® and flexible electronics.”)
Composed of a crosslinked water-swollen network, stimuli-
responsive hydrogels exhibit excellent biocompatibility and
unique transport property similar to biological tissues. General
mechanism for shape transformation of the hydrogels relies on
the variation of affinity between water molecules and polymer
chains.”! Responsive hydrogels with homogeneous structures
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This is defined as programmable shape

shifting since the shifting pathway can be

defined and altered via the programming
procedure. The molecular mechanisms that allow locking and
release of the shapes include melting transition,[?>?! reversible
molecular interactions (or molecular switches),?%2l and hydro-
phobic interactions.’% For this type of behavior, a permanent
shape does not revert back to the temporary shape unless an
external force is imposed in a reprogramming step. Corre-
spondingly, this is a programmable but not reversible shape
shifting behavior. Hydrogels enabling programmable reversible
shape transformation are still absent.

Solid polymers that can undergo programmable reversible
shape shifting (i.e., two-way shape memory) have been recently
revealed.l”*3! Most typically, such materials possess two sepa-
rated (or a broad) crystalline melting transitions.??-4 The
high-melting-transition phase is utilized to introduce network
anisotropy for programming, whereas heating and cooling
across the low-melting-transition results in reversible shape
transformation by way of crystallization-induced elongation and
melting-induced contraction. As attractive as this shape shifting
behavior is, the underlying mechanism is unfortunately not
applicable for hydrogels which are composed of mostly water.

In this work, we have realized programmable revers-
ible shape transformation of hydrogels, which was based on
a previously unknown mechanism called transient struc-
tural anisotropy. These hydrogels are based on copolymers of
N-isopropylacrylamide (NIPAM), stearyl acrylate (SA), and
N,N’-methylenebisacrylamide (MBA) (Figure 1a). Herein, MBA
serves as a crosslinker and is fixed at 2.5 mol% of total NIPAM
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Figure 1. Synthesis, properties, and reversible shape transformation of P(NIPAM-co-SA) hydrogels. a) Schematics for the synthesis and thermosensi-
tive transition of hydrogels. b) WAXS profiles, c) water content at 15 °C, and d) mechanical properties of the hydrogels with various Fsa. €) Images
showing reversible shape transformation of the SA-0.08 hydrogel with a flat strip in 15 °C water and an “Q” shape in 45 °C water. Scale bar: T cm.
f) Reversible angle change of the SA-0.08 hydrogel in 15 and 45 °C water. Scale bar: 0.5 cm. g) Actuation angle of the hydrogels with various Fga.
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and SA monomers. For simplicity, the hydrogels are denoted
as SA-Fsp with Fg, being the feed molar fraction of SA in the
monomer mixture. Detailed synthetic procedures are presented
in the Supporting Information. Two features are noteworthy in
these hydrogels: 1) the melting transition of stearyl segments;
2) the thermoresponsiveness of the poly(N-isopropylacrylamide)
(PNIPAM) chains which corresponds to the volume phase tran-
sition (VPT) of the hydrogels. We note that these two features
are individually well known for imparting shape-memory func-
tions into hydrogels. The melting transition is the basis for the
cooling-induced shape fixing and heating-induced recovery.l?’!
The VPT, which coincides with its lower critical solution tran-
sition (LCST), forms an opposite shape-memory behavior,
namely heating-induced shape fixing and cooling-induced
recovery.3%3% Of importance in the current context is that both
these shape-memory behaviors are irreversible. Nevertheless,
combination of these two common structural features/transi-
tions in the same hydrogel is quite unusual. We illustrate here-
after that the synergetic interplay between these two transitions
allows manipulating the molecular conformation of the hydro-
gels in an unusual manner to enable a highly versatile shape
shifting behavior.

Microstructures of swollen hydrogels were first analyzed
by wide- and small-angle X-ray scattering (WAXS, SAXS). In
the WAXS profiles (Figure 1b), all the hydrogels show a broad
scattering of water at g = 19.7 nm™. A characteristic peak
appears at q = 15.3 nm™ (lattice spacing, d = 27/q = 0.41 nm)
and intensifies with higher Fg,, suggesting that it originates
from the hydrophobic domains of stearyl groups.’®! SAXS
profiles of all the hydrogels display a notable scattering peak
at g = 1.2-1.3 nm™ (Figure S1, Supporting Information), indi-
cating the formation of stearyl layers with the thickness of
5.0-5.2 nm (27/q) in the hydrophobic domains.’®! The shift
of the scattering peak verifies that the stearyl layers become
more compact with the increase of Fg,. Physical properties
of the hydrogels are influenced by Fs,. The SA-0.02 hydrogel
was transparent, yet hydrogels with higher Fs5 became opaque
(Figure S2, Supporting Information). As Fs, increases from
0.04 to 0.16, the water content at 15 °C decreases from 81% to
74% (Figure 1c). The increase in Fgy also led to the enhance-
ment of mechanical strength (Figure 1d), presumably due to
the denser physical crosslinking.

The VPT temperature of SA-0.08 hydrogels is around 30 °C
(Figure S3, Supporting Information), slightly lower than that of
the common PNIPAM hydrogels (=34 °C) due to the presence
of hydrophobic stearyl moieties.”! PNIPAM chains are hydro-
philic and adopt the random coil conformation at a low temper-
ature, due to the hydration of isopropyl groups. This hydration
state is destroyed as the temperature exceeds VPT temperature,
resulting in the coil-to-globule transition of chain conformation
(Figure 1a).13")

We proceed to explore the shape morphing behaviors of
the hydrogels. A rectangular sample of SA-0.08 hydrogel was
deformed at 15 °C and fixed into a temporary “Q” shape at
45 °C (Figure 1e). This temporary shape recovered into the orig-
inal rectangular shape after being reimmersed in 15 °C water
for 2 h. This above shape-memory behavior is fully expected
with the LCST serving as the switching mechanism. What is
surprising and totally unexpected is the following. When the
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recovered rectangular shape was immersed to the 45 °C water
again, it returned to the “Q” shape in 2 min (Movie S1, Sup-
porting Information). Repeated switching between 45 and
15 °C allows reversible shape transformation between these two
shapes for at least ten cycles (Figure S4, Supporting Informa-
tion), showing a robust programmable and reversible shape
shifting behavior.

Two experimental phenomena are worth noting here.
First, the stearyl domains were at a crystalline state under
the programming temperature (45 °C), as proved by WAXS
data (Figure S5a, Supporting Information). Intriguingly, the
reversible actuation worked well as long as the programming
temperature is higher than the VPT temperature of hydrogel,
regardless of the crystalline or melting state of stearyl domains.
Good reversible actuation was also achieved when the pro-
graming temperature (e.g., 70 °C) was much higher than the
melting temperature of stearyl domains (Figure S6, Supporting
Information), because the stearyl domains still existed in the
melt state (Figure S5b, Supporting Information). Second,
the reversible actuation was also workable upon heating and
cooling the hydrogel in silicone oil, under which conditions the
absorption or release of water did not happen (Figure S7, Sup-
porting Information). This is a strong evidence that the confor-
mational change of PNIPAM chains, rather than the volume
change of hydrogel, was the primary mechanism behind the
reversible actuation.

To understand the role of stearyl domains in the shape trans-
formation, the shape changing capability of hydrogels with
various Fg, was quantitatively characterized using a bending
deformation mode. Hydrogel strips were programmed via
folding in the middle. All the hydrogels with various Fgy's
showed good one-way shape-memory capability with the high
fixity ratios (R¢> 84%) and recovery ratios (R, > 85%) (Figure S8,
Supporting Information). However, only the hydrogels with
medium Fg, (0.02-0.08) displayed the good reversible actuation
performance. Figure 1f shows that the programmed hydrogel
strip (SA-0.08) possesses a reversible angle change of =140°, the
extent of this reversible actuation is significantly superior to
existing two-way shape-memory polymers.?24 Good reversible
actuation was not observed for the hydrogels without stearyl
groups (SA-0) or with too much stearyl groups (e.g., SA-0.12)
(Figure 1g). Unless otherwise noted, we hereafter focus on
the SA-0.08 hydrogel to further probe the reversible actuation
performance.

Figure 2a shows the reversible actuation kinetics of the
SA-0.08 hydrogel, corresponding to the experiment in Figure 1f.
The bending angle changed from 160° to nearly zero in 45 °C
water for 2 min and then gradually recovered to 160° in 15 °C
water for 30-60 min. The actuation is reversible upon multicy-
cling with some cycle to cycle upshifting in the bending angle
at 45 °C (Figure 2b). The water content altered only slightly
between 78% at 15 °C and 72% at 45 °C during the repeated
cycles (Figure 2c). We emphasize that the shape morphing of
hydrogel was much faster than the deswelling equilibrium at
45 °C. The shape morphing took only 2 min but the equilib-
rium of deswelling needed =2 h at 45 °C (Figure S9, Supporting
Information). This is consistent with our experiments con-
ducted in silicone oil, with both suggesting that the reversible
actuation is independent of the swelling/deswelling process.
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Figure 2. Reversible shape transformation of the SA-0.08 hydrogel in 15 and 45 °C water. a) Actuation kinetics in one bending cycle. Insets are the
images taken during the actuation process. b,c) Bending angle and water content during repeated cycles when the hydrogel was switched between
15 °C water for 2 h and 45 °C water for 2 min. d—g) Images showing diversified shape transformation of hydrogel sheets (origami star, kirigami array,
and randomly kneaded sheet). Scale bar: 1 cm.

The programmability allows the hydrogels to reversibly shift
between various shapes (Figure 2d—g; and Movies S2-S4, Sup-
porting Information). The origami star in Figure 2d can be
regarded as locally programming since only the folded areas are
programmed. Notably, this easy access to diverse and complex
transformation via mechanical programming is not offered
by any previous hydrogel systems. Intriguingly, the revers-
ible actuation can be completely erased when a programmed
hydrogel was immersed in 15 °C water for a long time

Adv. Mater. 2020, 32, 2001693
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(e.g., 30 h) (Figure S10, Supporting Information). This estab-
lishes the basis for reprogramming. As shown in Figure 3a, the
reversible shape changing of hydrogel between an “Q” shape
and a flat strip could be erased and then reprogrammed into
the transformation between helix and flat shapes. The hydro-
gels could be reprogrammed for more than 10 times without
damage and the reversible shape transformation still worked
well after 10 times of erasing processes. The same principle can
be applied to reversibly manipulate the surface microstructures.
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Figure 3. Reprogramming of reversible shape transformation of the SA-0.08 hydrogel. a) Reprogrammability of macroscopic shapes from an “Q” shape
to a helix shape. b) Reprogrammability of surface patterns from “ZJU” characters (route a) to a grating pattern (route b). The hydrogel was dyed by

crystal violet for better visualization. Scale bar: 1 cm.

A pattern of “ZJU” characters was embossed and temporarily
fixed at 45 °C (route a of Figure 3b). The pattern became invis-
ible after recovery for 2 h in 15 °C water. The “ZJU” pattern
emerged again upon heating without external force, showing
a reversible actuation nature. This reversible pattern transfor-
mation could be completely erased via long-time relaxation in
cool water (Figure S11, Supporting Information). Afterward,
new patterns (e.g., gratings) could be encoded and transformed
reversibly in the thermal cycles (route b of Figure 3b).

To understand the underlying mechanism, we investigate
how the recovery time in 15 °C cold water affects the shape
transformation behavior of hydrogels. Long-time equilibration

Adv. Mater. 2020, 32, 2001693
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(212 h) led to fully angle recovery (Figure S12, Supporting
Information) but eliminated the reversible actuation ability of
hydrogel at high temperature (Figure 4a). X-ray scattering char-
acterizations also verified the slow structural relaxation and
transition in cold water. Figure 4b shows that the scattering of
water (q =19.7 nm™) intensified gradually after the temperature
changed from 45 to 15 °C and the microstructure of hydrogel
recovered to the initial state after holding in cold water for
nearly 30 h. As shown in Figure 4c, the original hydrogel varied
from the isotropic to orientated structure after being stretched
and fixed into a programmed shape at 45 °C. Structural ori-
entation weakened but persisted after recovering at 15 °C for
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SAXS images showing the microstructural evolution of the SA-0.08 hydrogel during the shape transformation process. The hydrogel was programmed
by stretching to 200% strain in 45 °C water for 3 min. Scale bar of g: 0.1 nm™. d) Schematic representation showing a proposed mechanism for the

reversible shape transformation.

2 h, which completely disappeared after the long-time recovery
(e.g., 30 h). Accordingly, we can conclude that the hydrogel did
not recovery to the original (or equilibrated) state but in the
transient state after immersing in cold water for 2 h. This con-
clusion is consistent with our finding that the shapes of hydro-
gels are different after recovering in cold water for different
times (e.g., 2 and 30 h) (Figure 1f).

Based on the abovementioned results, we propose a mecha-
nism (Figure 4d) for the reversible actuation of hydrogel. For
the starting hydrogel (shape 1, original shape) in cold water,
PNIPAM chains are in the relaxed random coil state and the
network is isotropic. During programming in hot water, the
hydrophobic stearyl domains became stretched and the col-
lapsed PNIPAM in their globular state would aggregate around
the stearyl domains due to the hydrophobic interactions. This
enables the temporary fixation of the deformed stearyl domains
and the macroscopic shape (shape 2, programmed shape). At
this state, PNIPAM globules also exhibit anisotropy due to
the chain stretching and water molecules are excluded by the
PNIPAM hydrophobic globules to form surrounding water-
rich domains. Upon cooling, the PNIPAM globules absorb
more water and relax slowly to the hydrophilic coils, together
with the disorientation of PNIPAM chains. The transition
cannot be completed within a short recovery time (e.g., 2 h),
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which is most likely because the presence of the hydrophobic
stearyl domains decelerates this conformational transition.
Consequently, a transient state exists in which the orientation
of residual PNIPAM globules and stearyl domains are kineti-
cally trapped, corresponding to shape 3. When the kinetically-
trapped transient hydrogel is immersed in hot water again,
the coil-to-globule transition of PNIPAM chains tends to occur
along the orientated direction of the residual PNIPAM glob-
ules. Accordingly, the hydrogel changes anisotropically toward
the programmed shape (shape 4), displaying an overall pro-
grammable reversible actuation. However, if the material is
exposed to cold water for a sufficiently long time (e.g., 30 h),
it reaches the equilibrium state with the isotropic and fully
relax chain structure. This would erase the previously encoded
reversible actuation and enable reprogrammability. Notably, the
role of crystalline or melted hydrophobic stearyl domains is to
guide the orientation of the surrounding PNIPAM chains in
the cooling-induced globule-to-coil transition. In other words,
the reversible actuation is mainly caused by the thermorespon-
sive conformation change of PNIPAM chains, with the stearyl
domains providing a transient template for programming.

In conclusion, we devised the materials/processes that allow
realization of programmable reversible shape transformation
in thermoresponsive hydrogels with hydrophobically associated
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domains. The programmable nature results in easy access to
diversified transformation of macroscopic shapes, extending
the scope beyond current hydrogel systems. This versatile
shape shifting behavior hinges heavily on the chemical com-
position of the hydrogels, with the content of the hydrophobic
stearyl groups playing a critical role. Insufficient or excessive
amount of stearyl groups depresses or even eliminates the
reversible actuation. The reversible actuation of hydrogel can be
erased via long-time relaxation in cold water, which establishes
the basis for reprogrammability. Mechanistically, the revers-
ible shape transformation relies on the oriented globule-to-coil
transition of PNIPAM chains along the deformed hydrophobic
domains induced via programming. The programmable revers-
ible actuation of hydrogels expands significantly the scope for
designing future smart hydrogel-based devices.

Supporting Information

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