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ABSTRACT: Autonomous shape transformation is key in
developing high-performance soft robotics technology; the search
for pronounced actuation mechanisms is an ongoing mission. Here,
we present the programmable shape morphing of a threedimensional (3D) curved gel structure by harnessing multimode
mechanical instabilities during free swelling. First of all, the
coupling of buckling and creasing occurs at the dedicated region of
the gel structure, which is attributed to the edge and surface
instabilities resulted from structure-deﬁned spatial nonuniformity
of swelling. The subsequent developments of post-buckling
morphologies and crease patterns collaboratively drive the
structural transformation of the gel part from the “open” state to the “closed” state, thus realizing the function of gripping. By
utilizing the multi-stimuli-responsive nature of the hydrogel, we recover the swollen gel structure to its initial state, enabling
reproducible and cyclic shape evolution. The described soft gel structure capable of shape transformation brings a variety of
advantages, such as easy to fabricate, large strain transformation, eﬃcient actuation, and high strength-to-weight ratio, and is
anticipated to provide guidance for future applications in soft robotics, ﬂexible electronics, oﬀshore engineering, and healthcare
products.
KEYWORDS: hydrogel, swelling, creasing, buckling, shape transformation
Palleau et al.25 created soft hydrogel tweezers through
electrically assisted ionoprinting and demonstrated the
gripping/releasing of small objects. Using a 3D printing
technique, Xu and co-workers26 fabricated an airplane-like
swimming gel robot that could remotely control diﬀerent
motions under near-infrared light. Yuk et al.20 exploited the
hydraulic actuation of hydrogels to develop soft robotics,
which is capable of optical and sonic camouﬂage in water.
While the above attempts provide advancements in exploring
the novel actuating mechanism, the overall fabrication,
assembly, and actuation of these devices heavily rely on the
support from instruments and infrastructure, which will
considerably limit the application/commercialization of hydrogel actuators at the scale-up level.
Mechanical instabilities including wrinkling,27−33 creasing,34−37 folding,38−40 ridging,41−44 buckling,45,46 and bending47 have brought a unique approach to realize programmable

1. INTRODUCTION
Soft matter-based biosystems widely exist in nature to support
lives such as octopus, starﬁsh, caterpillars, etc., by fulﬁlling
adaptive shape changes and responsive motions to allow them
to survive in complex environments.1−5 Inspired by these
features, a number of soft actuator concepts6−11 have been
developed to mimic dedicated actuations/motions, e.g., soft
grippers actuated by inﬂation of a pneumatic network to
manipulate fragile and irregular objects,12 a humidity- and
light-driven liquid crystal network actuator13 to mimic selfshape morphing of ﬂowers, and bellow-like actuators14 with
origami structures enabled various motions. The discovery of
superior bio-inspired robotic structure/mechanisms with
desired working capacity, eﬃcient actuation, high strength-toweight ratio, on-demand shape programmability, and low cost
is highly desired for frontier engineering applications.
Responsive hydrogel-based conﬁgurable structures can
undergo shape transformation and perform complicated
pattern generation spontaneously and reversibly in the
presence of external stimuli, such as temperature, ionic
strength, pH, light, solvent, and electric ﬁeld.15−19 Together
with its soft, biodegradable, and biocompatible properties, a
hydrogel has been seen as an ideal candidate to build soft
robotics,20 soft actuators,21,22 and soft electronics.23,24 Notably,
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Figure 1. Swelling-induced multimode elastic instabilities. (a) Illustration of the isotropic swelling of a homogeneous gel unit and the swellinginduced instabilities in a multilayer gel structure. (b) The schematic of buckling on the edge of a gel cylinder shell. (c) Schematic illustration of the
fabricating gel structure by injecting the presolution into a 3D printed “semi-cylindrical shell” mold, the molecular structure of the hydrogel, and the
deﬁnitions of geometrical factors. The observations of morphologies at various time intervals on the axial edges of the gel structure under (d) an
optical microscope and (e) a laser scanning confocal ﬂuorescence microscope (LSCM), and on the circumferential outer surface with (f) the optical
microscope and (g) the LSCM on the selective zone in the optical image (scale bar = 1 mm). (h) The illustration of stress states for the edge and
back areas at the designated time. Images (d−f) are formatted with the same scale bar of 5 mm.

instabilities on a 3D curved gel structure with the shape of a
“semi-cylindrical shell”. Under freestanding swelling, instabilities are ﬁrst initialized at dedicated areas with buckling
occurring on the axial edges and creasing on the circumferential outer surface. Subsequently, the developments of
post-buckling geometries and crease patterns enable the
directional releasing of strain energy, thus drive the shape
transformation of the gel structure from the “open” state to the
“closed” state, and realize the function of gripping. By
optimizing the inputs from the gel composition and geometrical design, we achieve swelling-driven programmable
shape morphing and demonstrate the potential application as
an autonomous gripper.

shape transformations of soft tissues. When the hydrogel is
under isotropic swelling, it cannot cause instability to induce
structural deformation, only a uniform increase in volume is
induced (Figure 1a). Therefore, substantial eﬀorts have been
devoted to developing a planar structure with a multilayer,48,49
diﬀerent responsiveness,50 or density gradient51,52 to improve
the controllability and eﬃciency of instability-induced 3D
shape transformations or preparing homogeneous hydrogel
structures upon constrained swelling53 (Figure 1a,b). Especially, Gong et al. studied the formation of surface creasing and
bulk bending of a piece of the hydrogel with a cuboid shape or
disc shape induced by free swelling.54,55 Recently, researchers
have been exploring the generation of instabilities on curved
structures,53,56 where the structural anisotropy-guided formation of nonuniform stresses could create instabilities in a
designable and eﬃcient fashion to induce the shape transformations, as being discussed by non-Euclidean shell
theory.57,58 However, the actuation of shape transformation
by modulating and coordinating multimode instabilities
induced by free swelling in a 3D curved gel structure has
been rarely exploited.
In this work, we propose a novel actuation technology by
introducing locally conﬁned development of mechanical

2. RESULTS AND DISCUSSION
A 3D curved gel structure with the shape of a “semi-cylindrical
shell” is designed and fabricated by synthesizing the poly(acrylamide-co-sodium acrylate) hydrogel (PAAm-co-NaAc) in
a 3D printed mold, as shown in Figure 1c (more details are
given in the Experimental Section). The preliminary reason to
choose the curved shell design is to utilize the strain growth in
the circumferential direction to achieve a “closed” state (see
Figure S1). The obtained hydrogel structure is subsequently
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Figure 2. Geometrical analysis on multimode instabilities and their collaborative eﬀect on the transformation of the gel structure. The observations
of swelling-induced morphological developments at 8 min for the axial edges with (a) an optical microscope, a ﬂuorescence microscope, and a
reconstructed 3D image from the LSCM based on the selected area in the optical image, and for the circumferential outer surface with (b) the
optical microscope, LSCM, and cross sections along the axial and circumferential directions from the LSCM based on the selected area in the
optical image. The analytical plots of time-dependent evolutions of structure deformation during swelling: (c) wavelength (λ) and amplitude (A) of
buckling and (d) surface crease depths (μH and μV) and crease spacings (χH and χV). (e) The experimental observation and the ﬁnite element
simulation of the post-buckling development. (f) G/L versus H/H0. Green area: I-closing regime; pink area: II-holding regime; and purple area: IIIreopening regime.

at around 30 s (Figure 1g), which means that the region
undergoes circumferential compression. The overall stress
evolutions as per location are illustrated in Figure 1h with
uniaxial stress localizing (σxx) on the edge section. However, a
translational biaxial stress state (σxx and σyy, σyy represents the
stress in the circumferential direction) is presented for the back
area where an equibiaxial stress state (σxx = σyy) appears to
occur soon as the hydrogel swells, by generating a biaxial
“grid”-type creasing at around 1 min and such biaxial creasing
explicitly grows till 12 min with the aspect ratio of a single unit
of the “grid” (see the red dash box in Figure 1g) being
reasonably maintained. When the gel structure swells from 12
to 30 min, the neighboring axial creasing separates from each
other faster than the circumferential creases, leading to the
vanish of axial creasing lines at 30 min (see the red and yellow
arrows in Figure 1g). The circumferential creases rule the place
thereafter, till reaching the global isotropic swelling state (see
Figure S2) after 4 h. The transdirectional development of the
creasing pattern from axial creasing lines to the biaxial “grid”
and then to circumferential creases represents the self-

immersed in deionized (DI) water to introduce freestanding
swelling. An exempliﬁed design is selected to show the
swelling-induced morphological developments, with an outer
diameter of Dout = 10 mm, an inner diameter of Din = 5 mm, an
initial thickness of H0 = (Dout − Din)/2 = 2.5 mm, an initial
axial length of L0 = 10 mm, and an open angle of θ = 180°.
After swelling, morphological developments are observed on
the speciﬁc locations: buckling (Figure 1d,e) occurs at the axial
edges and reticulated creases (Figure 1f,g) appear on the
circumferential outer surface. The geometrical characteristic of
this designed structure enabled the coexistence of buckling and
creasing with clear preferences on the location, unveiling an
interesting energy distribution throughout the designed gel
structure, which has not been reported elsewhere.
The buckling at the axial edges shows an early onset (<30 s,
Figure 1d), and then post-buckling development is observed
with a reduction in buckling numbers but an increase in
wavelength (λ, Figure 1e). Another interesting event taking
place at the circumferential outer surface is the initiation of
axial creasing lines, whose length aligns with the axial direction
36363
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Figure 3. Time-dependent shape morphing analysis by varying geometrical factors. (a) Diﬀerent initial thicknesses (H0), Dout = L0 = 10 mm, and θ
= 180°. (b) Diﬀerent initial lengths (L0), Dout = 10 mm, H0 = 2.5 mm, and θ = 180°. (c) Diﬀerent initial angles (θ), Dout = L0 = 10 mm, and H0 =
2.5 mm. (d) The eﬀects of geometry factors on shape transformation times. (e) The normalized thickness follows an apparently diﬀusive scaling at
short times (slope of the dashed line). (f) Phase diagram by plotting the bending angle diﬀerence Δα and normalized length L̅ . The shaded area
represents the fully closed region (i.e., G/L = 0) and the unshaded part is the partial closed region (i.e., G/L > 0).

patterns are observed both on the circumferential inner
(Figure S3) and outer (Figure 2b) surfaces initially, but the
full sequence transition (from axial creasing lines to the biaxial
creasing “grid” and then to circumferential creasing lines) only
occurs at the circumferential outer surface, where the
transdirectional regulation on strain energy leads to the
releasing of strain energy along the circumferential direction
and eﬀectively drives the shape morphing. It is worth noting
that hydrogel parts in the “hemispherical shell” shape are also
fabricated, and the observations of morphologies at various
time intervals of the hydrogel part are summarized in Figure
S4, where a similar shape transformation from “open” to
“closed” is found by swelling the part. However, the underlying
mechanics seems much more complicated as the strain
development on the hemispherical shell is arbitrary. Therefore,
we defer the research of this structure in the future work.
To trace the morphological evolutions, we plot the
wavelength (λ) and amplitude (A) of buckling in Figure 2c
and the crease spacing and depth (χ, μ) in Figure 2d as a
function of swelling time (t). When swelling progresses, the
coalescence of adjacent buckling is observed. When the gel
structure transforms from the “open” state (green area) into
the “closed” state (pink area), the wavelength keeps growing,
while the amplitude increases to the peak value at the closure
and then decreases to 0 (Figure 2c). In Figure 2d, the crease
depths (μH and μV) ﬁrst achieve maximum values and then
start to fade. The evolution trend of the average crease spacing
(χH and χV) follows a linear relationship with the square root
of swelling time, which agrees well with the theory.59,60
We next investigate how buckling contributes to the global
“closure” of the soft structure. The degree of swelling is deﬁned

regulation of strain energy and then the release of the strain
energy in the circumferential direction.
Macroscopically, we observe the global transformation of the
gel structure from “open” to “closed” and then returning to the
“open” state (Figure 1d,e). The post-buckling development
and evolution of the creasing pattern collaboratively drive the
gel structure to close from 4 to 15 min. The geometrical
developments at the axial edges make a direct eﬀort to allow
the edges to physically contact each other; on the other hand,
the release of energy in the circumferential direction regulated
by the creasing pattern supports these buckling developments
to accelerate structure closing. Beyond that, adaptive structural
harmonization starts from 30 min, by developing a single
buckling pattern at each axial edge toward λ > L (L refers to
the axial length after the gel structure swells). The gel structure
stays at the “closed” conﬁguration until 60 min and then
gradually reopens. Once reaching the end of the morphing
process, all surfaces of the gel structure resume to the smooth
state with the instability patterns completely disappeared
(Figure S2). An isotropically swollen “semi-cylindrical shell”shaped gel structure is presented (Dout = 29.2 mm, H = 7.2
mm, and L = 28 mm).
Once the gel structure swells, water molecules diﬀuse into
the surface to create a thin gradient layer with swelling-induced
strain, therefore leading to a multilayer conﬁguration in a ﬁnite
depth with generating spatially nonuniform stress in the thin
gradient layer. Wavy buckling patterns are found on both the
axial (Figure 2a) and circumferential edges (Figure S3).
However, the post-buckling phenomenon on the axial edges
with strong out-of-plane morphological development directly
contributes to the “closing” of the gel structure. The crease
36364
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Figure 4. Reproducibility and demonstration of the hydrogel structure. (a) Schematic illustration of a loop of open−close−recovery cycle and (b)
cyclic testing with open−close for the gel structure. Time-lapsed gripping motion captures for the hydrogel gripper with (c) sharp ﬁnger design and
(d) ﬂat ﬁnger design. (e) A demonstration of gripping strength using the designed hydrogel gripper (four ﬁngers, Dout = 10 mm, Din = 5 mm, L0 = 3
mm, θ = 180°) to pick up a magnetic stirrer from water. The scale bar is 5 mm.

an extended period. The gel structure with an L0 of 3 mm does
not close completely, and the reason could be the insuﬃcient
axial length, which does not allow the buckling proﬁle to
evolve. In Figure 3c, without changing Dout, L0, and H0 (Dout =
L0 = 10 mm, H0 = 2.5 mm), both San and Scy increase as θ
increases. The gel structure with bigger θ needs less time to
close, and those with smaller θ (e.g., 120 and 150°) are unable
to reach a full closure. With the decrease of θ, extra
circumferential distance is needed for the gel structure to
reach the “closed” state, which brings more challenges to fulﬁll
this conﬁguration change.
Apparently, the “closed” state is easier to be achieved for the
gel structure with larger Scy and smaller San, where the
geometrical landscape is energetically favored by the postbuckling development. Longer opening time and recovery time
are needed once the volume of gel structure increases, i.e.,
thickness/length/angle increases (see Figure 3d), providing
better control to morph the structure. In Figure 3e, we map the
swelling kinetics by plotting the change in the thickness of the
gel structure normalized by its initial thickness, (H − H0)/H0,
as a function of √t/H0. After transforming from the “open”
state into the “closed” state (regime I, green area) and then the
“holding” stage (regime II, pink area), the gel structure
recovers (regime III, purple area) to the “semi-cylindrical shell”
shape and regain the homogeneity. Even at this time, the gel
structure is not fully swollen, and it continues to swell
isotropically (regime IV, orange area) to the ﬁnal state (regime
V, yellow area) in which the hydrogel could no longer absorb
water. By the linear ﬁtting of the initial slope of data in Figure
3e, a diﬀusion coeﬃcient constant of D = 6.93 × 10−11 m2 s−1
is estimated from the “open” state to the end of the “holding”
stage, which is in the similar magnitude to that for the
polyacrylamide hydrogel in previous reports.16,61,62
We next numerically scale the “closed” state by utilizing
Euler−Bernoulli curved beam theory and considering the

as H/H0, where H is the thickness of the swollen structure at a
certain swelling time. The development of the wavy buckling
proﬁle on the axial edges can be evidenced by merging
neighboring waves into a big one (see the yellow and red
arrows in Figure 2e and Movies S1). A diagram (Figure 2f) is
created by plotting the normalized closing factor of G/L, where
G refers to the gap distance between edges (see Figure 2e).
Figure 2f presents three regimes for the morphing of the gel
structure: I-closing regime with G/L decreasing from 1 to 0
and close at G/L = 0 (green area), the swelling time when G/L
= 0 is deﬁned as the closing time; II-holding regime with G/L
remaining at 0 (pink area); III-reopening regime with G/L
gradually increasing from 0 to ∼1 (purple area), the opening
time is the time when G/L starts increasing from 0, and the
recovery time is the time when G/L returns to ∼1. The results
of ﬁnite element analysis (full simulation in Movies S2 and
Figure 2e,f) show a good agreement with the experiment
results.
We then explore the eﬃciency of shape transformation by
tuning the geometrical variables with diﬀerent initial
thicknesses (H0) in Figure 3a, initial axial lengths (L0) in
Figure 3b, and open angles (θ) in Figure 3c. In Figure 3a, we
ﬁx the values of the outer diameter (Dout = 10 mm), angle (θ =
180°), and length (L0 = 10 mm); thus, the area of the
circumferential outer surface (Scy = πDoutL0θ/360°) remains
unchanged, while the annulus surface area (San = 0.25 π(D2out −
D2in)θ/360°) increases with the increase of thickness. It is
found that the gel structure with smaller H0 reaches the full
closure earlier. The gel structure with H0 = 5 mm (Din = 0)
cannot close completely because the bending stiﬀness resists
the closing. In Figure 3b, San remains unchanged, while Scy
decreases as L0 decreases when the values of the outer
diameter (Dout = 10 mm), angle (θ = 180°), and thickness (H0
= 2.5 mm) are constant. We discover that the gel structure
with a longer axial length is likely to hold the “closing” stage for
36365
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swelling competition between the circumferential outer surface
and annulus surfaces (see the Experimental Section for the
details). We deﬁne Δα > 0 and L̅ > L̅ c with the bending angle
diﬀerence Δα = ac(H/H0 − 1)θ′ − (2π − θ′) and the
normalized length L̅ = L0/H0, where a is the parameter
associated with the geometric parameters of the sample and a
= Dout ln(Dout/Din)/(Dout ln(Dout/Din) − 2H0), θ′ = πθ/360°,
and H/H0 is the swelling ratio after regime III, at which the gel
structure starts to swell isotropically. The two parameters c and
L̅ c generally depend on the diﬀusion kinetics and the
mechanical behavior of the hydrogel. Currently, there is no
explicit mathematical expression to calculate their exact values.
Here, we estimate the values of the two parameter by our
experiments, i.e., choosing the values that can satisfy the most
experimental data. Therefore, c = 0.19 and L̅ c = 1.5 are taken
for the best ﬁt of the current experiments. A phase diagram (in
terms of Δα and L̅ , Figure 3f) can be therefore created to show
the threshold of closure by applying the above deﬁnitions and
experimental inputs. Overall, a good quantitative agreement
has been reached between theoretical predictions and
experimental results, with one exceptional data (pointed out
by the red arrow in Figure 3f) from a gel structure with a
bigger thickness (H0 = 4 mm). Since Euler−Bernoulli theory is
only applicable to thin beams, its estimation on the shift of the
bending angle for a thick gel structure might be less accurate;
therefore, we decide to extend the research on modeling the
shape morphing in the thick structure in the future work.
The swelling behavior of the gel structure (Dout = L0 = 10
mm, Din = 5 mm, and θ = 180°) is assessed with diﬀerent
BisAA contents in Figure S5a. For the gel structures with
higher BisAA concentrations (e.g., 37.4 and 44.2 mM in Figure
S5a), they are hard to reach a full closure. For those gel
structures with lower BisAA concentrations (e.g., between 3.4
and 13.6 mM in Figure S5c), their closing times are almost
identical, while the automatic opening time and the full
recovery time decrease as BisAA content increases. The
swelling behavior of the gel structure is also studied for
swelling at various concentrations of the phosphate-buﬀered
saline solution (PBS). Our hydrogel has an ionic strength of
168 mM, which is similar to the ionic strength in 0.01 M PBS
(156.6 mM); thus, the gel structure achieves limited swelling
when immersed into 0.01 M PBS (Figure S5d). As shown in
Figure S5b, with the lower concentration of PBS, the gel
structure closes more rapidly. While these results show some
interesting phenomena, we unfortunately have not obtained a
systematic clue from these results. We will keep exploring this
part of research in our future work plan to create complicated
swelling gradients in the soft gel structure.
We perform the cyclic actuation (Figure 4a) by deswelling
the “reopened” gel structure through a conventional air-drying
process and then saturating in 0.01 M PBS for 10 min till
reaching the original shape, from which a new swelling cycle
starts (Figure S6). Afterward, we assess the reproducibility of
the shape morphing of the gel structure with Dout = L0 = 10
mm, Din = 5 mm, and θ = 180°. The gel structure presents
good reproducibility for 30 cycles (Figure 4b). After 30 cycles,
the sample cannot recover completely, which could be
attributed to trivial structure degeneration (fatigue) during
the experiments. We further design gel grippers with four
ﬁngers to demonstrate their eﬃciencies of autonomous
gripping. Both hydrogel grippers can be actuated in DI water
within 3 min to reach full closure and 20 min to fully reopen in
DI water, as shown in Figure 4c,d. These four-ﬁnger designs

optimize the shape morphing by dramatically reducing the
closing time. There are no signiﬁcant diﬀerences in actuation
performance for the devices between the designs of the sharp
ﬁnger and the ﬂat ﬁnger. A demonstration of weight lifting is
performed for the gripper (with about 0.14 g weight), using it
to pick up a small magnetic stirrer (weight is about 2 g) from
water (Figure 4e and Movie S3), which is 15 times the weight
of the gripper. This gripping strength could be potentially
applied in soft robotics for oﬀshore/marine engineering.

Research Article

3. CONCLUSIONS
We describe an autonomous shape transformation of a 3D
curved gel structure by harnessing swelling-induced multimode
mechanical instabilities. The initiation and programmable
developments of multimode instabilities including buckling at
axial edges and creasing at the circumferential outer surface
have been realized in the dedicated regions. The coexistence
and the regional developments of buckling and creases
collaboratively drive the global shape morphing of the gel
structure from the “open” state to the “closed” state. Numerical
analysis creates a phase diagram to understand the eﬀects of
the geometries and swelling ratio on the “gripping” eﬃciency.
We successfully demonstrate the actuations of several
conceptual designs with good reproducibility by tailoring the
structure and tuning the swelling. This mechanics-enabled
shape transformation of the 3D curved gel structure brings a
valuable approach to design and develop soft robotics with
desired eﬃciency and integrability, which can be applied in
future healthcare devices, human−machine interfaces, wearable
electronics, etc.
4. EXPERIMENTAL SECTION
4.1. 3D Printing Mold. To fabricate the 3D curved gel structure
with the shape of a “semi-cylindrical shell”, molds were created via
Stratasys Objet 24 3D printing system (Z Resolution: 28 μm). The
molds were designed by Solidworks software before printing. The
printed parts were cleaned and rinsed with isopropanol (IPA), before
being annealed on a hot plate at 100 °C for 15 min to allow the
printed parts to be fully matured. The assembly of a gelation chamber
was constructed by the printed male and female parts and wax-based
sealants to prevent any possible leaking.
4.2. Synthesis of Hydrogels. The polyacrylamide hydrogel was
synthesized by free-radical polymerization using ammonium persulfate as an initiator. One milliliter of an aqueous pre-gel solution
containing 1173.3 mM acrylamide (monomer), 168.6 mM sodium
acrylate (NaAc, charged monomer), and 6.8 mM N,N′-methylenebisacrylamide (BisAA, cross-linker) was prepared and degassed under 1
mTorr for 10 min after mixing and dissolving suﬃciently. After that,
this pre-gel solution mixed with 1.5 μL of N,N,N′,N′-tetramethylethylenediamine (TEMED, accelerator) and 5 μL of a 10 wt %
aqueous ammonium persulfate solution (APS) was rapidly loaded into
a 3D printing mold. The mold was treated with 1H,1H,2H,2Hperﬂuorooctyltrichlorosilane from the vapor phase at room temperature (23 °C) for 2 h to facilitate the release of the hydrogel structure
after 30 min gelation process. All chemicals were used as received
from Sigma-Aldrich.
4.3. Characterization. To monitor the formation and evolution
of surface/structure morphologies, a trace amount of the rhodamine-B
monomer was added into the pre-gel solution to enhance the visual
contrast and allow the high-resolution imaging with a camera. The asfabricated hydrogel was submerged into DI water to swell. During the
swelling process, the hydrogel was gently taken out from DI water to
observe under an optical microscope (Nikon LV100) at regular time
intervals. A small amount of ﬂuorescein isothiocyanate-dextran (∼1
mg) was added into the pre-gel mixture to label the gel structure and
facilitate imaging under an LSCM (Nikon A1R).
36366
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4.4. Finite Element Simulations. Finite element simulations
were conducted using a commercial software (Abaqus). The gel was
modeled as an incompressible Neo-Hookean material. Based on the
analogy between heat transfer and solvent diﬀusion, thermal
expansion was used here to simulate swelling, and the corresponding
coupled temperature−displacement analysis was conducted. It is
noted that the simulations focused on the global structure
deformations, while the local surface creases caused by surface
instability were neglected considering the numerical convergence. The
explicit dynamic solver was used in the simulations, and the static
results were obtained after the kinetic energy was dissipated.
4.5. Numerical Approach for the Fully Closed State. The
“semi-cylindrical shell”-shaped gel structure could be regarded as an
initially curved beam with the cross section of L0 × H0. θ′ = πθ/360°
was introduced for convenience. By Euler−Bernoulli beam theory and
scaling analysis, the bending angle of the beam due to the tension at
the outer surface could be roughly estimated as
α = aε0θ′
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with Δα = ac(H/H0 − 1)θ′ − (2π − θ′).
We also need to consider the swelling competition between the
circumferential outer surface and annulus surfaces. If the fabricated gel
structure was too short (i.e., small length), the water molecules would
quickly enter through the annulus surfaces and mainly diﬀuse along
the gel length. In this case, the inner core beneath the circumferential
outer surface would be in the partially swollen state, and the tension
induced by the swelling mismatch between the circumferential outer
surface and the inner core would not be large enough to induce
bending. To assess this eﬀect, the following requirement of the
structure length is proposed

L̅ > Lc̅

(4)

with normalized length L̅ = L0/H0. L̅ c is the critical normalized length
for full closure. By combining eqs 3 and 4, we establish the criterion
for the appearance of the full closure state, based on the geometries
and swelling of the gel structure.

■

AUTHOR INFORMATION

Haibao Lu − Science and Technology on Advanced Composites
in Special Environments Laboratory, Harbin Institute of
Technology, Harbin, Heilongjiang 150080, China;
orcid.org/0000-0003-2744-8828; Email: luhb@
hit.edu.cn
Ben Zhong Tang − Department of Chemistry, The Hong
Kong Branch of Chinese National Engineering Research
Center for Tissue Restoration and Reconstruction and
Institute for Advanced Study, The Hong Kong University of
Science and Technology, Kowloon, Hong Kong 999077,
China; orcid.org/0000-0002-0293-964X;
Email: tangbenz@ust.hk
Ben Bin Xu − Smart Materials and Surfaces Laboratory,
Faculty of Engineering and Environment, Northumbria
University, Newcastle upon Tyne NE1 8ST, U.K.;
orcid.org/0000-0002-6747-2016; Email: ben.xu@
northumbria.ac.uk

To reach the fully closed state, the gel structure must bend/rotate at a
minimum angle of (2π − θ′). Then, from eq 2, we obtain the
following requirement of the bending angle

Δα > 0

Development of the wavy buckling proﬁle on the axial
edges by an optical microscope (Movie S1) (MP4)
Finite element analysis results (Movie S2) (MP4)
Demonstration of gripping strength using a designed
hydrogel gripper to pick up a magnetic stirrer from water
(Movie S3) (MP4)
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where a = Dout ln(Dout/Din)/(Dout ln(Dout/Din) − 2H0), ε0 is the
tensile strain on the outer surface, and ε0 is related to the swelling
strain (H/H0 − 1), with H/H0 being the swelling ratio for the gel
structure swelling after regime III, at which the gel structure started to
swell homogeneously. The explicit expression of ε0 as a function of
(H/H0 − 1) depends on the diﬀusion kinetics and the mechanical
behavior of the hydrogel. Here, for simplicity, we take ε0 = c(H/H0 −
1), with c being a constant parameter. Then, eq 1 could be rewritten
as
α = ac(H /H0 − 1)θ′
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