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This communication describes a novel strategy to achieve

programmable shape transformation of hybrid hydrogel direction in response to stimuli. This is frequently achieved by
sheets by modulating both the in-plane and out-of-plane s utilizing bilayer or gradient structures along the thickness
10 mismatches in mechanical properties. Both our experimental direction. Programming soft materials to attain complex 3D shape
and computational results demonstrate that the shape transformations was not explored until recently. Commonly-used
transformation of hybrid hydrogel sheets show rich features strategies usually involve the multi-step folding of isotropic,

stimuli-responsive polymer bilayers to fabricate complex 3D
structures like pyramidal cones, multi-arm stars and tubular
constructs.> & 16 1% 2832 Thege methods are based on a hinge-like
mechanism and are not capable of creating complex structures
with well-defined curvatures.”® Recently, themodulation of local
in-plane stress (without differential volume change along
thickness) within sheets has been proven to be a powerful
methodology of programming the formation of highly complex
shapes.'” ¥ These structures are not attainable by conventional
approaches based on bilayer or gradient structures. However,
relatively small differentiation in in-plane stresses results in
limited driving forces to induce shape transformation at large
amplitudes. Our hypothesis is that the combination of two
strategies, i.e., internal stress modulation and bilayer structure
(Figure la), would be sufficient to create unique shape-
transforming hydrogels that would be otherwise impossible to
create using each strategy individually. In this case, the bilayer
morphology of the hydrogel provides a sufficiently large driving
force to transform as-made 2D hydrogel sheets into 3D, while the
compositional patterns enable small-scale modulation of internal
stress, which in turn renders programmable tunability of the
75 shape transformation.

(e.g., rolling direction, axis, chirality, etc.) and versatile
tunability (e.g., via various external stimuli, material
properties, and pattern geometry, etc.). This work can
provide guidance for designing soft materials that are able to
undergo more precise and complex shape transformation.
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Shape-transforming phenomena are ubiquitous in living things
such as plants. For example, the Venus flytrap can open and close
20 the terminal portion of its leaves, and awns of wild oats rearrange
into helices upon desiccation. Such phenomena have inspired the
synthesis and design of artificial “smart” systems that can sense
changes and adjust their shapes in response to the environment,
much as in living organisms.' The tremendous interest in self-
shaping materials stems from their wide range of potential
applications, ranging from biomedical devices to optoelectronics.
Particularly, shape-transforming hydrogels are attractive because
of their tunable responsiveness to stimuli such as temperature,
humidity, ionic strength variation, pH, electric current, and
light.”*° These materials have numerous potential applications in
soft robotics,'? as self-healing materials,”" * in drug delivery,”
reactors,”* actuators,”® and in three-dimensional (3D) cell
culture.?

The modulation of sheet-like soft materials (e.g., hydrogels) to
induce simple bending and twisting has been widely explored
since the early report by Hu et al?’ Bending of gel sheets
primarily relies on the inhomogeneity in the volumetric variation
(namely, swelling or shrinking) along the sheet thickness BG
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Figure 1. Shape transformations predicted by FEM. (a)
Schematic of an as-made bilayer hybrid hydrogel sheet. The blue
colour represents the laponite-crosslinked gels (LGs), while the
white colour indicates the N,N'-methylene-bis-acrylamide (BIS)-
crosslinked gels (BGs). (b-d) Modelling of shape transformation
of hybrid hydrogel sheets with a normalized nominal density of
polymer chains of BG of Nv =0.0015 (b), 0,0007 (c) and 0.0001
(d). Here N is the nominal density of polymer chains of BG and v
is the volume of one water molecule. The resulting shape of
hybrid hydrogel sheets submerged in 25°C or 40°C water can be
categorized into four modes (denoted as Modes 1, 2, 3 and 4),
based on the rolling direction and orientation of the rolling axis.

Without an external mechanical load or geometric constraints,
a homogeneous hydrogel network equilibrates with the
surrounding solvent by a homogenous and isotropic deformation.
Such free swelling can be analytically studied using a
thermodynamic framework. However, free swelling of hydrogels
rarely occurs in nature. In real scenarios, an anisotropic or
inhomogeneous state of deformation occurs in response to an
external mechanical load or geometric constraint. To elucidate
such inhomogeneous deformation, finite element modeling
(FEM) has been implemented recently to study hydrogel
deformation under various stimuli and constraints.*

Herein, we report the FEM-assisted design of 2D hydrogel
sheets with programmable capability to undergo specific shape
transformations. The hybrid hydrogel sheets fabricated by multi-
step photolithography comprise laponite-crosslinked gels (LGs)
and N,N'-methylene-bis-acrylamide (BIS)-crosslinked gels (BGs)
(see details of fabrication in SI).*” The LGs are made from
poly(N-isopropyl acrylamide) (PNIPAm) cross-linked using
nanoparticles of a synthetic clay called laponite.® The
crosslinking of PNIPAm by laponite proceeds by a free-radical
polymerization, while the bonds between laponite and PNIPAm
chains are suggested to be non-covalent (polar or ionic).**** The
BGs are PNIPAm gels covalently cross-linked by a conventional
multifucntional crosslinker, BIS (see detailed recipes in SI). The
PNIPAm gel shows a Lower Critical Solution Temperature
(LCST) of ~32°C, above which it dehydrates and shrinks. The
LGs and BGs show significant difference in elastic modulus and
volumetric change in response to external stimuli (e.g.,
temperature, salt, or solvent).** * The LGs are softer and
swell/shrink more than the BGs. The planar hydrogel sheets
comprise two layers: the top layer consists of alternating slender
strips of LGs and BGs, and the bottom layer is pure LG (Figure
la). These hybrid hydrogel sheets undergo a unique shape
transformation that is beyond the capability of conventional
strategies. We demonstrate that the hybrid hydrogel sheets
transform between left-handed and right-handed helices, between
tubes with top or bottom sheet surface selectively hidden inside,
or between tubular states with different rolling axes in both
experiments and simulations. Our study provides a mechanistic
understanding on the parameters that govern these shape
transformations. We are thus able to offer guidelines to further
explore the opportunities afforded by our design strategy.

We started with continuum modeling to investigate the shape
transformation of the hybrid hydrogel sheets (Figure 1b-d). In all
simulations, the BG strips are perpendicular to the long axis of
the hydrogel sheet (Figure 1a). The material properties of the BG
and LG are characterized by the nominal density of polymer
chains and the enthalpy of mixing. Here, the nominal density of
polymer chains describes the number of polymer chains divided
by the volume of dry polymer, and the enthalpy of mixing is a
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measure of the strength of pairwise interactions between

s polymers and solvent (see details in SI). Our simulations suggest

that these two parameters play a critical role in the shape
transformation of the hybrid hydrogel sheets. Variation in
nominal density of polymer chains or enthalpy of mixing may
significantly affect the response (e.g. volume change, etc.) of LG
and BG to external stimuli, thus resulting in different
morphologies of hybrid hydrogel sheets (Figure 1b-d).

To demonstrate different possible morphologies, we studied
hybrid hydrogel sheets with three representative nominal
densities of polymer chains in the BG while all other material
properties of BGs and LGs are taken to be the same in these three
cases (listed in Table S1). Figure 1b illustrates shape
transformation of hybrid hydrogel sheets with Nv=0.0015, where
N is the nominal density of polymer chains of BG and v
represents the volume of one water molecule. Nv is normalized
nominal density of polymer chains and is defined as a
dimensionless measurement of the polymer chain density.
Submerged in pure water at 25°C, LG absorbs more water and
hence swells more than BG does, resulting in the rolling up of the
2D hydrogel sheet into a tubular structure with the BG strips
hidden inside the tube (denoted as Mode 1). When the water
temperature is switched to 40°C, beyond the LCST of the
constituent PNIPAm gels, both LG and BG dehydrate and shrink
in volume, with the LG shrinking more than the BG. As a result,
the tubular hybrid hydrogel sheet in Mode 1 first opens up and
flattens, then further rolls into a tubular structure with the BG
strips exposed outside (denoted as Mode 2). Moreover, the shape
transition between Mode 1 and Mode 2 is fully reversible and
repeatable. The rolling direction (so that BG strips are exposed
outside or hidden inside) is mainly determined by the difference
between the volumetric swelling of BG and LG, Av = Avpg —
Avi g, where Avgg and Avy g can, in principle, be fully specified by
the material properties of PNIPAm gels and the solvent
environment. Negative Av results in morphologies with the BG
strips hidden inside, while positive Av renders morphologies with
the BG strips exposed outside. Besides the rolling direction, the
final shape of a hybrid hydrogel sheet is also characterized by the
rolling axis, which is perpendicular to the BG strips in both Mode
1 and Mode 2.

Shape transformation of hybrid hydrogel sheets with Nv=
0.0007 of BG is shown in Figure 1c. While submerging the sheet
into 40°C water results in a tubular structure with BG strips
exposed outside and a rolling axis perpendicular to BG strips (i.e.,
Mode 2 as in Figure 1b), decreasing water temperature to 25°C
first leads to the flattening of the tubular structure in Mode 2,
followed by further rolling about an axis parallel to the BG strips
into another tubular structure with BG strips hidden inside
(denoted as Mode 3). The transition between Mode 2 and Mode 3
is also fully reversible and repeatable. When the normalized
nominal density of polymer chains of BG is taken to be 0.0001
(Figure 1d), the hybrid hydrogel sheet rolls up along an axis
parallel to the BG strips into a tubular structure with BG strips
hidden inside when submerged in 25°C water (i.e., Mode 3 as in
Figure 1c), but with BG strips exposed outside when submerged
in 40°C water (denoted as Mode 4). The transition between Mode

1203 and Mode 4 here is also fully reversible and repeatable.

Characteristics of the abovementioned four modes of 3D shape
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transformation from the as-made 2D hybrid hydrogel sheets are
summarized in Table S2. The modeling study shown in Figure 1
indicates that the change of nominal density of polymer chains of
BG can lead to the switching of rolling axis of the hybrid
hydrogel sheets. In addition, the enthalpy of mixing and geometry
of BG/LG strips may also have influence on the rolling axis,
which requires further systematic numerical studies beyond the

2 in the simulations (Figure 1b). We thus see a good agreement
between the simulation results and the experimental observations,
including in the fine features such as the overall fusiform shape
with BG strips wrapped inside in Mode 1 (Figure 2b) and the
surface undulation morphology with BGs at peaks and LGs at
troughs in Mode 2 (Figure 2c). It is worth noting that the
formation of the fusiform shape in Mode 1 results from the

scope of this paper and will be presented elsewhere. 5

(a) )

m @ strips dominates the deformation of the hybrid hydrogel sheet;
. — but the sheet also tends to roll up along axis parallel to the BG
) ss strips, especially at its four free corners (Figure 1b). This
1“ combined deformation led to the overall fusiform shape, which
proves the existence of the two rolling axes predicted by
simulations. Further placement of the tubular hydrogel sheet in
Mode 2 into water at 25°C made the sheets recover its original
0 tubular structure in Mode 1 (see both experimental and
computational time-dependent transformation in SI). This
indicates that the entire shape-transformation is reversible and
repeatable. Shape transformations of the hybrid hydrogel sheets
can also be achieved by tuning the ionic strength of water or the
composition of solvents (e.g., the addition of ethanol, see details
in SI). Both simulations and experiments suggest that, the
differential volume change in a hydrogel bilayer induces strong
and localized internal stresses and determines the rolling direction
of the hydrogel sheets, while the asymmetric spatial arrangement
70 of the gel strips serves as the geometric origin of its preferential

rolling axis.

bending of sheets along two competing axes as aforementioned:
the axis parallel to and that perpendicular to the BG strips. In
Mode 1, the bending along the rolling axis normal to the BG

=]

(25 °C)
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Figure 2. demonstration of the

Experimental
transformation of hybrid hydrogel sheets. (a) Reversible and
repeatable transition between Modes 1 and 2, as predicted by 24

shape

1s simulations. Excellent agreement is seen between the shapes 3
predicted by simulation and those observed experimentally, £ 2.0
including in fine details such as: (b) overall fusiform shape in :;
Mode 1; (c) surface undulation morphology in Mode 2. The scale §° 16 1
bars are 1 cm. 5

20 "’3 1.2

Instructed by the findings from simulations, we have explored N
the shape transformation of hybrid hydrogel sheets with designed 084
LG/BG strips. The sheets were fabricated as described in the SI.
0.4

The shape transformation was triggered by placing the sheet in 0 20 10 00 30

»s water at controlled temperatures. We started with hybrid os Time (min)
hydrogels with low crosslinking density of BGs (Cgjs < 5 mol%). _ a0 © : £ © -m
In this case, the stiffness of BGs is comparable to that of LGs. g ﬁ@ T=40°C =28 C
The as-fabricated sheets remained flat on the substrate at room = 06 %
temperature (25°C). When the sheets were immersed in water at ;2

30 25°C, the LG portions expand more than the BG portions. To "o 0.4
accommodate the volume mismatch, the hybrid BG/LG sheets 3
bent towards the BG-strip (top) side about an axis perpendicular n
to the BG strips, thus leading to the formation of a tubular = 024 N\ (b)
structure with the BG strips hidden in the interior of the tube (left oy @

35 panel in Figure 2a), as predicted by Mode 1 in the simulations 0.0 @ 1

0 20 40 60 80
Time (min)

Figure 3. (a) Variation in the BG strip width Wps (red) and LG

strip width W, (dark), and (b) the difference between W;; and

75 Wy of the hybrid hydrogel sheet, as a function of time after a

tubular hydrogel sheet in Mode 1 is first immersed in 40°C water

(Figure 1b). When the resulting tubular structure was moved to
water having an elevated temperature of 40°C, both the LG and
BG portions shrunk and expelled water, with the LGs shrinking
more than the BGs. During this process, the tubes first opened up
40 and became flat, and then continuously bent towards the all-LG

side, leading to another tubular structure with the BG strips
exposed outside (right panel in Figure 2a), as predicted by Mode

and then in 25°C water. The data points are obtained by
measuring the dimensions of hydrogel sheets. Computational
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images in (b) show the reversible transition from Mode 1 to
Mode 2 and back to Mode 1.

To quantitatively understand the shape transformation
mechanism, we examined the variation in the width of the BG
(Wee) and LG (W) strips during shape transformation as a
function of time after a tubular hydrogel sheet in Mode 1 was first
immersed in 40°C water and then in 25°C water (Figure 3, Figure
S6). In 40°C water, both LG and BG shrank, but W, decreased
faster than Wpge, as indicated by the steeper slope of the black
curve in Figure 3a. Meanwhile, the tubular sheet first unfolded
and became flat, and then bent further in the opposite direction to
form another tubular structure in Mode 2 (Figure 3b) in ~ 40 min.
When this Mode 2 tubular structure was then immersed in 25°C
water, both BG and LG swelled, but W, increased faster than
Wegs. While swelling, the Mode 2 tubular structure flattened first
and then bent further to recover into a tubular structure in Mode 1
in ~ 40 min. This clearly demonstrates the reversible transition
between different shapes. The plot of f= W, cWsg as a function
of time (Figure 3b) reveals that tubular structures were formed at
peak values of £, while the sheet was flat when f'is at its minima.
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Figure 4. The elastic modulus in shear of the BG, Gps as a
function of the concentration of BIS crosslinker. The elastic
modulus of the LG is constant (G, ~425 Pa). Corresponding
BG/LG hybrid gels attain shapes depending on the relative values
of Gpg and Gy, as shown by the photographs in the insets.

The simulations demonstrate that the normalized nominal
density of polymer chains in BGs strongly affects the shape
transformation of the hybrid hydrogel sheets. It is noted that the
nominal density of polymer chains N depends on the crosslink
density of the hydrogels. Inspired by these simulation findings,
we then varied the crosslink densities of the constituent hydrogels
and studied the resultant effects on the shape transformation of
the hybrid hydrogel sheets. For this, we varied the elastic
modulus (under shear) of the BGs (Gpg) by varying the
concentration of crosslinker (BIS) and hence the crosslinking
density of the gels. At the same time, we maintained the elastic
modulus of the LGs (G ) at ~ 425 Pa. Figure 4 shows that as the
concentration of BIS, Cgig was increased from 3 to 7 mol%, Gps
increased from ~1,000 to ~20,000 Pa. When hybrid hydrogel
sheets with various BG/LG stiffness ratios were immersed in
25°C water, we found that there is a threshold value of Cgs (5
mol%), below which the sheets rolled along an axis perpendicular
to the BG strips (Mode 1) while above which the sheets rolled
along an axis parallel to the BG strips (Mode 3). The competition
between two rolling axes can be explained by the following

50
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energetics: the free energy of the hydrogels is composed of the
energy due to the stretching of the polymeric network (i.e., the
elastic energy) and the energy due to the mixing of the gel with
the solvent. The elastic energy of the hydrogel sheets scales with
the stiffness of the BG and LG strips. As Cgg increases, the BG
strips become stiffer. Above a threshold value of BG stiffness,
rolling along an axis perpendicular to the BG strips becomes
energetically unfavorable, thus gives way to rolling along an axis
parallel to the BG strips which results in minimal deformation of
the stiffer BG strips. Nonetheless, comprehensive understanding
of the competition between rolling axes and its quantitative
dependence on the material properties of the BG and LG still
requires further systematic investigation.

(40 °C)

Figure 5. Experimental demonstration of the reversible switching
of a hybrid hydrogel sheet from a right-handed helix at 25°C to a
left-handed helix at 40°C. Here, the slender strips of BG are at an
angle of 45° relative to the long axis of the LG sheet. Scale bars
are 1 cm.

Lastly, we demonstrate the reversible switching of hydrogel
sheets between states of different chirality. To obtain helical
shapes, the hybrid hydrogel sheet was cut along a slant so that the
slender strips made an angle of ~45° with respect to the long axis
of the sheet (see Figure S3). The immersion of such a hydrogel
sheet in 25°C water led to a right-handed helical structure, by
bending along the direction parallel to the BG strips (Figure 5a).
When the right-handed helix was placed in 40°C water, the helix
flattened and then further rolled into a similar helical structure but
with opposite chirality, i.e., a left-handed helix (Figure 5b). This
transformation was also repeatable and reversible. Such a
transition may find potential applications in programming the
optical and electronic properties of soft materials and devices.

In summary, we have developed a novel strategy to achieve
programmable shape transformation of hybrid hydrogel sheets by
modulating both the in-plane and out-of-plane mismatches in
mechanical properties. Both our experimental and computational
results demonstrate rich features (e.g., rolling direction, axis,
chirality, etc.) and versatile tunability (e.g., via various external
stimuli, material properties, and pattern geometry, etc.). The
general principle emerging from the present study can be applied
to design soft materials that are able to undergo more precise and
complex shape transformation and thus may find potential
applications in drug delivery, actuators, sensors, tissue
engineering, and optical and electronic devices.

Supporting Information
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The synthetic recipe and experimental details, simulation process,
and shape transformation of this hybrid hydrogel response to
tmperature and ion concentration. This material is available at

http://pubs.rsc.org.
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