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Microphase Separation-Driven Sequential Self-Folding  
of Nanocomposite Hydrogel/Elastomer Actuators

Jiayu Zhao and Jinhye Bae*

Untethered stimuli-responsive soft materials with programmed sequential 
self-folding are of great interest due to their ability to achieve task-specific 
shape transformation with complex final configuration. Here, reversible 
and sequential self-folding soft actuators are demonstrated by utilizing a 
temperature-responsive nanocomposite hydrogel with different folding 
speeds but the same chemical composition. By varying the UV light intensity 
during the photo-crosslinking of the nanocomposite hydrogel, different types 
of microstructures can be realized via phase separation mechanisms, which 
allow to control the folding speeds. The self-folding structures are fabricated 
by integrating two dissimilar materials (i.e., a nanocomposite hydrogel and 
an elastomer) into hinge-based bilayer structures via extrusion-based 3D 
printing. It has been demonstrated that the folding kinetics can be accel-
erated by more than one order of magnitude due to the phase-separated 
microstructure formed by the relatively weaker UV intensity (≈10 mW cm-2) 
compared to the one formed by stronger UV intensity (≈100 mW cm-2). 3D 
structures with sequential self-folding capabilities are realized by prescribing 
actuation speeds and folding angles to specific hinges of the nanocomposite 
hydrogel. Sequential folding box and self-locking latch structures are fabri-
cated to demonstrate the ability to capture and hold objects underwater.
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deformation, complex shapes, and scal-
able sizes, making it appealing in a wide 
range of applications including robotics,[4] 
healthcare,[5] and electronic devices.[6] 
Structural inhomogeneity has been intro-
duced into the material systems to create 
artificial self-folding structures that can 
automatically fold from a 2D sheet to a 3D 
object in response to external stimuli.[7] 
Specifically, origami-based design princi-
ples have been widely employed in various 
material systems such as elastomers,[6] 
shape memory polymers,[8] liquid crystal 
elastomers,[9] and hydrogels to create self-
folding structures on demand by applying 
external stimuli,[10] where active hinges are 
patterned on a passive substrate to localize 
the deformation and lead folding to occur. 
Among these, stimuli-responsive hydro-
gels are of particular interest due to their 
ability to respond to versatile stimuli such 
as light,[11–13] humidity,[14] pH,[15] tempera-
ture.[16] Hydrogels are crosslinked hydro-
philic polymers which allow for absorbing 
large amounts of water. The ability to con-

trol and program these stimuli-responsive hydrogels to morph 
into arbitrary shapes and perform complex tasks is enabled by 
the recent advance in modeling,[17] computation,[18] and manu-
facturing.[19] However, most 3D structures realized by the self-
folding of stimuli-responsive hydrogels either have limited 
structural complexity or are geometrically constrained.[20,21] 
This is attributable to its simultaneous folding which causes 
self-collision problems when the patterns are designed to be 
more complex.[22]

Sequential self-folding has received considerable attention 
since it allows us to achieve the desired complex final config-
urations by designating the folding order of each hinge.[23,24] 
Generally, there are three strategies to create sequential folding. 
The first approach is to chronological move or changes the 
external stimulus, as demonstrated by Dai et al. where sequen-
tial folding is achieved by manually moving the stimulus source 
(i.e., electron irradiation) to locally actuate the structure.[25] 
Felton et al. and Liu et al. reported the sequential folding of 
shape memory polymer sheets due to local shrinkage of the 
shape memory polymer through localized heating in chrono-
logical order by applying the external stimuli (i.e., current and 
light).[24,26,27] Similarly, Kotikian et al. incorporated two dif-
ferent types of liquid crystal elastomers with different nematic-
to-isotropic temperatures into a hinge-based structure that 
can be actuated by changing the environmental temperature 
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1. Introduction

Self-folding in response to environmental cues can be found 
everywhere in nature, with examples found in plant leaves,[1] 
insect wings,[2] and proteins.[3] Folding is capable of large 
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in a prescribed order.[28] Controlled sequential actuation of 
hydrogel has been shown by Baker et al., where ionoprinting 
was employed to pattern iron and vanadium cations into the 
hydrogel, and by applying selective redox reactions, the hinge 
patterned with iron can be unfolded while other hinges with 
vanadium remain fold.[29] The second strategy is to initially use 
different materials with different folding speeds when sub-
jected to the same stimulus. Mao et al. reported sequential self-
folding structures fabricated by shape memory polymers with 
different compositions that possess different thermomechan-
ical behaviors at a certain temperature.[30] Lee et al. achieved 
a controlled folding speed of the polymer sheet by varying the 
chemical composition of hinges that changed the degrees of 
transparency and thus heat absorption.[31] The third strategy is 
to vary the dimensions of the active materials. Liu et al. and 
Iwase et al. reported 3D microstructures by sequential self-
folding enabled by changing the structural parameters (i.e., the 
thickness, length, and width) of the active hinges.[23,32] How-
ever, to our best knowledge, it has not been previously reported 
that sequential self-folding can be enabled by using a single 
active material without changes in chemical composition and 
structural design under a static external stimulus. The achieve-
ment of which could greatly simplify the fabrication processes. 
Therefore, we focused on varying the internal microstructure 
of a stimuli-responsive hydrogel-based active material through 
decomposition mechanisms instead of changing its chemical 
composition to tune its actuation speeds.

Phase separation in mixtures containing a polymer gives rise 
to a polymer-rich phase and a polymer-poor phase, which alter-
natively can be used as a tool to control the microstructure via 
different decomposition mechanisms.[33] This strategy has been 
employed to create versatile advanced materials with desired 
properties such as excellent mechanical properties,[34] and 
improved energy conversion efficiency.[35] In particular, photo-
crosslinking induced phase separation has been explored, in 
which a homogeneous solution composed of reactive mono-
mers or polymers undergoes phase separation induced by the 
increased degree of polymerization and/or crosslinking upon 
irradiation with light. Previous studies demonstrated that a 
wide variety of morphologies can be produced depending on 
the strength and spatial distribution of the competing effect 
of phase separation and photo-crosslinking.[36] Kimura et al. 
showed that phase separation via spinodal decomposition and 
nucleation-and-growth process in the mixture of polystyrene 
(PS) and methyl methacrylate monomer can be induced due 
to the deep and shallow quench resulting from high and low 
light intensity, respectively.[10] Similar light intensity depend-
ence in phase separation also has been found during the photo-
crosslinking process of PS and poly(vinyl methyl ether) mix-
ture.[37] These studies suggest that the microstructure resulting 
from photo-crosslinking driven phase separation can be readily 
controlled by light intensity. Furthermore, phase separation has 
also been found as a promising way to manipulate microstruc-
ture in nanocomposite polymers. Self-assembly and selectively 
dispersion of nanoparticles (NPs) in polymer matrices due to 
the reaction-induced phase separation after polymerization 
and/or crosslinking have been demonstrated before, including 
the colloidal crystal of gold NPs formed in an amphiphilic 
physical gel,[38] and selectively localized graphite nanoplates 

at the interface of two polymer matrices.[39] Despite the recent 
advances, this strategy to control the spatial distribution of NPs 
in the stimuli-responsive hydrogels has not been utilized to 
tune their swelling/de-swelling kinetics thus their shape mor-
phing kinetics.

Herein, we demonstrate the sequential and reversible self-
folding of a hinge-based bilayer structure by controlling the 
microstructures of the active nanocomposite hydrogel hinges, 
consisting of ploy(N-isopropylacrylamide) (PNIPAM) and nano-
clay (NC), via nucleation-and-growth during photo-crosslinking 
by a relatively weaker UV intensity (20 mW cm–2). The forma-
tion of phase-separated microstructures allows us to tune the 
folding speed of the bilayer structures prepared without varia-
tion in chemical composition and structural design. PNIPAM 
is a temperature-responsive hydrogel that is known to possess 
a lower critical solution temperature (LCST) ranging from  
30 to 50 °C.[40] NC is a 2D disc that has ≈25 nm diameter and 
≈1  nm thickness, which serves as a rheological modifier. The 
origami-inspired hinge-based bilayer structure is fabricated by 
integrating the temperature-responsive NC-PNIPAM as active 
hinges and the inert elastomer polydimethylsiloxane (PDMS) 
as passive substrates via extrusion-based 3D printing. UV 
intensity-dependent phase separation is induced during the 
photo-crosslinking of NC-PNIPAM, yielding hydrogels with 
homogenous and heterogeneous microstructures by relatively 
stronger UV intensity (253 mW cm–2, denoted as NC-PNIPAM 
(253)) and weaker UV intensity (20 mW cm–2, denoted as NC-
PNIPAM (20)), respectively. Upon immersion in water after 
curing, the strain-mismatch generated between the swellable 
NC-PNIPAM hinge and non-swellable PDMS substrate leads 
to form self-folding structures. Reversible self-folding is ena-
bled by reversible swelling and de-swelling of the active hinge 
upon cooling and heating, respectively. Full range of folding 
angles is achieved by varying the geometry parameters of the 
hinges. Notably, we demonstrate that controllable folding speed 
can be realized using the NC-PNIPAM hydrogels that possess 
different microstructures yet have the same chemical compo-
sition and hinge dimensions. We further explore the ability 
to actuate the folding structures in sequence by assigning dif-
ferent folding angles and actuation speeds to individual NC-
PNIPAM hinges. We anticipate that this tunable shape mor-
phing kinetics encoded responsive materials will open a new 
avenue for designing and fabricating shape actuation and mor-
phing of nanocomposite hydrogel-based systems that enable 
the next level of complex shapes and tasks.

2. Results and Discussion

The hinge-based bilayer structures are fabricated by extrusion-
based 3D printing. PNIPAM is chosen as a material for tem-
perature-responsive active hinges,[41] and PDMS is used as a 
non-responsive passive substrate owing to its flexibility, inert-
ness, and non-swellable in water.[42] However, it has been chal-
lenging to integrate hydrophilic hydrogels with hydrophobic 
elastomers due to the distinctive differences in their chemical 
nature. Several surface modification strategies have been pro-
posed including treating the PDMS surface with oxygen plasma 
and silane, or photoinitiator (i.e., benzophenone).[43,44] However, 
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these surface treatment strategies are generally not compatible 
with the extrusion-based 3D printing method as additional 
surface treatment steps are required in the interval between 
printing these two materials. Thus, we directly doped the PDMS 
precursor with benzophenone to create covalent bonds at the 
interface of the NC-PNIPAM and the PDMS during UV irradia-
tion (Figure 1a). Benzophenone can be excited to singlet state 
upon absorbing photon, and further convert to triplet state by 
intersystem crossing (ISC). It then relaxes from the triplet state 
by abstracting hydrogen atoms from the C-H bonds on the elas-
tomer chains, creating reactive sites for grafting the PNIPAM 
polymer chain onto the PDMS network (Figure  1b).[45] Thus, 
covalent bonding is formed to provide adhesion that is strong 
enough to maintain the structural integrity during the shape 
deformation of the bilayer structures. To quantify the adhesion 
strength, we carried out 180° peeling test of the NC-PNIPAM/
PDMS bilayer structures. In both NC-PNIPAM (253) and NC-
PNIPAM (20) cases, the samples break due to the hydrogels’ 
failure whereas the bilayer part (i.e., adhered part) remains fully 
intact (Figure S1, Supporting Information). This result indicates 
that the minimum adhesion strength between NC-PNIPAM 
hydrogels and PDMS is higher than the maximum tensile 
stress of NC-PNIPAM hydrogel, which is 14.8 and 17.5 kPa for 
NC-PNIPAM (253) and NC-PNIPAM (20), respectively.

To enable extrusion-based 3D printing, both PNIPAM and 
PDMS precursors are formulated to meet the desired rheo-
logical properties. First, the NC-PNIPAM precursor ink is com-
posed of NIPAM as a monomer, N,N′-methylenebisacrylamide 
(BIS) as a crosslinker, Irgacure 2959 as a photoinitiator, and 

NC as a rheology modifier.[46] The unique “house-of-cards” 
structure of NC readily turns the liquid-like (loss modulus 
G″  > storage modulus G′) non-printable hydrogel precursor 
solution to the paste-like (G′  > G″) printable ink,[47] which 
exhibits shear thinning behavior to facilitate extrusion during 
printing and the yield stress of 200  Pa to hold its shape after 
printing (Figure S2a,b, Video S1, Supporting Information).[48] 
The PDMS precursor ink is composed of PDMS precursor 
(Sylgard 184, consisting of 10 wt% crosslinkers), benzophenone 
as a photoinitiator for creating covalent bonding between NC-
PNIPAM and PDMS, and fumed silica nanoparticles (SiNPs) as 
a rheology modifier. The hydrogen bonding formed within the 
silanol groups on the SiNPs surface creates a network within 
the PDMS precursor, which leads to an increase in the G′ and 
viscosity of the inks.[49] As a result, the addition of SiNPs readily 
transforms the flowable PDMS precursor resin (G″ > G′) into a 
paste-like ink (G′ > G″) with a yield stress of 100 Pa and endows 
the ink with shear-thinning behavior (Figure S2c,d, Supporting 
Information). The as-prepared PDMS precursor ink was loaded 
into the printing barrel then printed into the desired struc-
tures with 10 mm s−1 printing speed using a 20 gauge (0.6 mm 
inner diameter) blunt tip dispensing needle (Figure  1c–i). 
Because vinyl groups in NIPAM inhibit the curing of PDMS 
by binding to the platinum catalyst to prevent the crosslinking 
reaction,[50] PDMS substrates were cured in an oven at 80 °C 
for 30 min before the printing of NC-PNIPAM precursor ink. 
Subsequently, the NC-PNIPAM precursor ink was printed as 
the active hinge on the cured PDMS substrate (Figure  1c-ii) 
and transferred to cure under UV irradiation (365  nm) after 

Figure 1.  a) Schematic of the interface between NC-PNIPAM and PDMS; b) Adhesion mechanism between NC-PNIPAM and PDMS under UV irradia-
tion; c) Schematic of the fabrication process: i, Extrusion-based 3D printing of PDMS substrate with hinge structure, followed by curing at 80 °C for 
30 min in an oven; ii, The NC-PNIPAM hydrogel ink was printed on the cured PDMS substrate at the hinge part; iii, The printed structure was trans-
ferred to UV irradiation to photo-crosslink the NC-PNIPAM as well as create covalent bonding at the interface of PDMS and NC-PNIPAM; d) Schematic 
illustrating the folding/unfolding process of the printed NC-PNIPAM/PDMS bilayer structure with an active NC-PNIPAM hinge. The grey substrate and 
blue hinge represent PDMS and NC-PNIPAM, respectively. w is the hinge width, hE and hH are the thickness of PDMS and NC-PNIPAM, respectively. θ 
is the defined folding angle; e) The real sample in water at 22 °C folds to a certain angle (right) and unfolds to flatten state in a 45 °C water bath (left).
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printing (Figure 1c-iii). Upon immersing the cured hinge-based 
NC-PNIPAM/PDMS bilayer structures in water at 22 °C (i.e., 
below the LCST of PNIPAM), the strain mismatch generated 
between the swellable NC-PNIPAM and the non-swellable 
PDMS leads to folding. We varied the bilayer structure with dif-
ferent hinge width w (1.2 to 3.6 mm) and PDMS thickness hE 
(0.2 to 0.4 mm) to program the folding angle θ in the range of  
0 to 180°, while the NC-PNIPAM thickness hH is fixed to 
0.6  mm (Figure  1d). The folding and unfolding process is 
reversible by the cooling-heating cycle due to the temperature-
responsive characteristic of PNIPAM, in which the polymer 
chains collapse and expel water from its network as the tem-
perature increases above LCST,[51] resulting in a volume 
shrinkage (i.e., decreased hH and w), such that the folded struc-
ture unfolds to the flat state (Figure 1e). We note that the strong 
adhesion rendered by the covalent bonding formed between the 
NC-PNIPAM and PDMS is crucial to the shape morphing. No 
delamination occurs during the folding and unfolding process 
up to ten cycles, and the bilayer structures have been main-
tained their structural integrity for more than eight months so 
far.

Different UV light intensities were used to tune the micro-
structure of NC-PNIPAM via different decomposition mecha-
nisms during the photo-crosslinking process. After printing 
the NC-PNIPAM ink onto the cured PDMS substrate, the 

hinge-based bilayer structures were exposed to UV irradia-
tion to photo-crosslink NC-PNIPAM with the light intensity 
of 20 and 253  mW cm–2 for 30  min and 2  min 22 s, respec-
tively. The UV dose in these two conditions was fixed to 
36 J cm–2. NC-PNIPAM (20) exhibits an obvious phase separa-
tion phenomenon with aligned “white dots” along the printing 
direction (Figure 2a), whereas the NC-PNIPAM (253) is trans-
parent throughout the sample (Figure  2b). The inset image 
of Figure  2b shows a lower magnification image of the same 
NC-PNIPAM (253) sample to highlight its transparency. To 
confirm the phase separation of NC-PNIPAM, we freeze-dried 
NC-PNIPAM (20) and NC-PNIPAM (253) to conduct scanning 
electron microscopic (SEM) imaging. At the interface between 
white dots and transparent part within the NC-PNIPAM (20), 
it is obvious that the transparent part shows a typical hydrogel 
network with porous microstructure result from the water-to-
ice transformation during freezing,[52] whereas the white dots 
exhibit a much denser network (Figure  2c). In contrast, NC-
PNIPAM (253) exhibits a typical hydrogel network with porous 
microstructure distributed in the entire matrix (Figure  2d). 
These SEM results indicate that phase separation was induced 
between PNIPAM and NC during the photo-crosslinking at UV 
intensity of 20  mW cm–2, in which the white dots are domi-
nated by the aggregated NC clusters (Figure 2e–i), whereas the 
transparent part is the PNIPAM-rich domain (Figure  2e-ii). 

Figure 2.  Optical microscope images of a) NC-PNIPAM (20) with the notation of white dots and transparent part, b) NC-PNIPAM (253), inset image 
is the higher magnification image of the same sample; SEM images of c) the interface of NC-rich region (white dots) and PNIPAM-rich region (trans-
parent) in NC-PNIPAM (20) and d) transparent NC-PNIPAM (253) matrix; e) Schematic of the microphase separation of i, NC-rich region ii, PNIPAM-
rich region in NC-PNIPAM (20) and iii, homogeneous microstructure in NC-PNIPAM (253); f) Schematic of shear stress induced alignment of NC 
during extrusion; g) XRD profile of NC/water suspension, NC-PNIPAM (20) and NC-PNIPAM (253), respectively; h) Plot of temperature dependent 
swelling of the NC-rich and PNIPAM-rich region in NC-PNIPAM (20), NC-PNIPAM(20) (as a whole) and NC-PNIPAM(253) (n = 3); Side and top view 
(inset image) of i), NC-PNIPAM (253) and j), NC-PNIPAM (20) at as-prepared state (i.e., before swelling) at 22 °C and after de-swelling at 45 °C, 
respectively. Data are shown as the mean ± SD.
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However, in NC-PNIPAM (253) case, the NC discs were well 
distributed within the NC-PNIPAM (253) matrix (Figure 2e-iii),  
which is responsible for its transparency. To confirm the align-
ment of the NC-rich domain, we cured the solution cast sample 
using the same composition of NC-PNIPAM ink at 20 mW cm–2 
for 30 min. As a result, randomly distributed NC-rich domains 
were generated after photo-crosslinking (Figure S3, Supporting 
Information). Thus, we suspect that the alignment of the NC-
rich domain is induced by the shear stress generated by the ink 
extrusion during the 3D printing process (Figure 2f).[53]

The distinct morphology difference between NC-PNIPAM 
(20) and NC-PNIPAM (253) is the result of the competition 
between phase separation and photo-crosslinking kinetics. The 
light intensity-dependent phase separation has been reported 
in polymer/monomer mixture systems when the monomer is 
selectively polymerized and crosslinked, in which nucleation-
and-growth was observed at low intensity and spinodal decom-
position was observed at high intensity.[10,37] In NC-PNIPAM 
(20) case, the viscosity change during the polymerization and 
crosslinking is relatively slow because of the low UV intensity,[54] 
thus the NC can gradually undergo nucleation-and-growth 
to reach a global-free-energy minimum driven by decreased 
entropy and increased elastic free energy as the network is 
formed.[55–57] In addition, the temperature during polymeriza-
tion and crosslinking reached about 38 °C at 253 mW cm–2, but 
the maximum temperature reached about 26 °C at 20 mW cm–2 
(Figure S4a,b, Supporting Information). We note that not only 
the strong intensity but also the exothermic reaction of photo-
crosslinking contributes to the high temperature (about 38 °C) 
produced at 253  mW cm–2, which is verified by the control 
experiment of measuring the water temperature under the UV 
intensity of 253 and 20  mW cm–2, respectively (Figure S4a,b, 
Supporting Information). Therefore, the spinodal decomposi-
tion is presumably triggered by the UV irradiation at the begin-
ning of polymerization and crosslinking but was suppressed 
and frozen immediately due to the fast crosslinking kinetics at 
high temperature and UV intensity.[37] Moreover, the XRD pro-
files support the abovementioned explanations for the photo-
crosslinking induced microphase separation (Figure  2g). The 
average distance of NC discs decreased from 1.45 to 1.2  nm 
in NC-PNIPAM (20) compared to the same amount of NC  
(10 wt%) in water suspension. However, there is no peak found 
in the XRD profile of NC-PNIPAM (253), indicating NC was 
homogeneously mixed in the PNIPAM matrix.

To further characterize their temperature-responsive behav-
iors, linear swelling/de-swelling ratios (γ) were measured at dif-
ferent temperatures ranging from 22 to 45 °C (Figure  2h). To 
prepare samples for the measurement, the NC-PNIPAM pre-
cursor was 3D printed into a 15 × 15 × 0.6 mm square shape and 
photo-crosslinked at 20 and 253 mW cm–2, respectively. After the 
NC-PNIPAM hydrogels reach their equilibrium state at 22 °C,  
the samples were biopsy-punched to disk shape with a diameter 
of 5  mm (D). γ   were calculated using γ = DT / Do where Do 
is the initial diameter measured before swelling/de-swelling in 
water, and DT is the diameter measured at temperature T. NC-
PNIPAM (253) possesses temperature-responsive size change 
with γ = 1.9 and 1.1 at 22 and 45 °C, respectively. Due to its 
nearly isotropic swelling/de-swelling, the NC-PNIPAM (253) 
remains flat as its as-prepared state after de-swelling at 45 °C  

(Figure  2i). As expected, the NC-rich region in NC-PNIPAM 
(20) serves as a non-swellable component, as the γ is always 
maintained at nearly 1 across the entire temperature range. In 
contrast, the PNIPAM-rich region in NC-PNIPAM (20) has a 
relatively large γ = 2.38 and 0.40 at 22 °C and 45 °C, respec-
tively. Note that the γ of the entire NC-PNIPAM (20) sample is 
about the average value of the NC-rich and the PNIPAM-rich 
regions. Notably, the NC-PNIPAM (20) transforms from a flat 
to a rolled state after de-swelling at 45 °C (Figure  2j). This is 
presumably because of the local gradient in the de-swelling 
ratio between the NC-rich and PNIPAM-rich regions along 
the thickness direction, where NC-rich regions are mostly 
located at the top surface of NC-PNIPAM (20) (left photograph 
of Figure  2j), which serve as a non-deswellable component 
while the PNIPAM-rich region exhibit significant shrinkage at  
45 °C (γ = 0.40), resulted in the rolling of the NC-PNIPAM(20) 
disk. Nanoindentation tests were carried out to further study 
the microscopically localized mechanical properties of NC-
PNIPAM hydrogels. The Young’s modulus of NC-rich and 
PNIPAM-rich regions in NC-PNIPAM (20) is 23.97 ± 8.91 and 
2.07  ± 0.40  kPa, respectively, whereas NC-PNIPAM (253) has 
Young’s modulus of 11.98  ± 2.57  kPa (Table S1, Supporting 
Information). Next, we conducted tensile tests to characterize 
the macroscopic mechanical properties of NC-PNIPAM hydro-
gels. NC-PNIPAM (20) exhibits anisotropic behaviors as the test 
samples printed perpendicular to the stretching direction have 
a smaller Young’s modulus of 23.06 ± 2.37 kPa than the ones 
printed parallel (34.05 ± 2.58 kPa) (Figure S5, Supporting Infor-
mation). On the other hand, NC-PNIPAM (253) shows similar 
stress-strain curves no matter printed parallel or perpendicular 
to the stretching direction, indicating its isotropic behavior. The 
calculated average Young’s moduli are listed in Table S2, Sup-
porting Information, three replicas were tested for each condi-
tion. Moreover, NC-PNIPAM (20) possesses a higher elongation 
at break and toughness than NC-PNIPAM (253) as shown in 
Figure S5, Supporting Information.

We next examine the influence of microphase separation on 
the folding actuation speed. The NC-PNIPAM/PDMS bilayer 
structures were prepared by integrating the PDMS as the pas-
sive substrate and either NC-PNIPAM (20) or NC-PNIPAM 
(253) as the active hinge. Investigations of their unfolding and 
folding kinetics were carried out by measuring the folding 
angles (θ) as a function of time at 50 and 22 °C, respectively.  
The θ of the bilayer sample with a hinge of NC-PNIPAM 
(253) linearly decreased from 180° to 130° in 60 s with an 
unfolding speed of 0.8° s–1 (Figure 3a). Eventually, the NC-
PNIPAM (253)/PDMS bilayer sample takes around 60  min to  
be fully flattened. In contrast, the unfolding speed of the bilayer 
sample with a hinge of NC-PNIPAM (20) exhibits two different 
regimes. First, the θ drastically decreases from 180° to 40° 
within 10 s with an unfolding speed of 14 ° s–1, which is more 
than one order of magnitude faster than the bilayer structure 
with NC-PNIPAM (253). Then, the θ reached nearly 0° in 50 s. 
The corresponding photographs and video visually demonstrate 
the different de-swelling kinetics of bilayer sample with NC-
PNIPAM (20) (left) and NC-PNIPAM (253) (right) (Figure  3b 
and Video S2, Supporting Information). Similarly, the bilayer 
sample with NC-PNIPAM (20) also shows a faster folding speed 
than NC-PNIPAM (253) at 22 °C (Figure 3c). Within 60 s, the 
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bilayer sample with NC-PNIPAM (20) folds from 28° to 180°, 
whereas the bilayer sample with NC-PNIPAM (253) has a negli-
gible θ change from 19° to 29° as shown in Figure 3d. We note 
that the structural parameters (i.e., hE, hH, and w) could also 
influence the folding/unfolding kinetics. For instance, the data 
shown in Figure 3 are based on hE = 0.2 mm, hH = 0.6 mm, and 
w = 3.6 mm, but increasing hE and hH lead to slower folding/
unfolding speeds.

The water diffusion in NC-PNIPAM determines the rate of 
swelling/de-swelling therefore the self-folding actuation speed, 
and the characteristic time for swelling is proportional to the 
square of the linear dimension of the hydrogel.[58] Thus, the one 
order of magnitude faster actuation speed of the bilayer sample 
with NC-PNIPAM (20) compared to NC-PNIPAM (253) can be 
attributed to its unique heterogeneous structure and swelling 
gradient due to the presence of the NC-rich and PNIPAM-rich 
regions.[59] For the hinge with NC-PNIPAM (253), the in-plane 
dimensions are more than one order of magnitude larger than 
the hH, therefore the water flux is mostly in the thickness direc-
tion as the NC-PNIPAM absorb water from its top free sur-
face. This means that the water diffusion rate is dominated by 
hH. The diffusivity (D) for PNIPAM has been reported of the 
order 10–11 m2 s–1.[60] Thus, the characteristic swelling time for  
NC-PNIPAM (253) is of the order 104 s using hH  = 0.6  mm. 

However, due to the presence of NC-rich domain in  
NC-PNIPAM (20), the characteristic swelling time can instead 
be dominated by the size scale between the swellable PNIPAM-
rich domain and the non-swellable NC-rich domain, which is  
≈100 µm as obtained from Figure  2a. Note that D of NC-
PNIPAM (20) and NC-PNIPAM (253) should be the same since 
they are composed of identical materials. Therefore, the char-
acteristic swelling time for NC-PNIPAM (20) is of the order 
103 s, which is one order of magnitude faster than NC-PNIPAM 
(253). This calculated value is consistent with the result we 
experimentally measured. In addition, the transparent part 
of NC-PNIPAM (20) possesses an overall larger pore size 
(3.30 ± 1.61 µm) than that of NC-PNIPAM (253) (1.43 ± 0.49 µm) 
(pore size obtained based on Figure 2c,d), which can also facili-
tate the water diffusion. This is probably because NC-PNIPAM 
(253) has a higher crosslinking density compared to the 
PNIPAM-rich region in NC-PNIPAM (20), as the homogene-
ously distributed NC in NC-PNIPAM (253) matrix can serve as 
a physical crosslinker due to the presence of hydrogen bonding 
between PNIPAM polymer chains and NC discs.[61]

Next, we demonstrate that the folding angle can be pro-
grammed by the geometric parameters of the hinge-based 
hydrogel/elastomer bilayer structures (Figure 4a,b). A series 
of samples with prescribed w ranging from 1.2 to 3.6 mm, hE 

Figure 3.  a) De-swelling and c) swelling kinetics of NC-PNIPAM (20) and NC-PNIPAM (253); Photographs showing the different b) de-swelling and  
d) swelling kinetics for NC-PNIPAM (253) (right) and NC-PNIPAM (20) (left). Both samples are printed with hH  = 0.6  mm, hE  = 0.2  mm, and  
w = 3.6 mm.
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ranging from 0.2 to 0.4 mm, and hH = 0.6 mm were prepared 
by the 3D-extrusion printing and photo-crosslinking process, 
followed by immersing the samples in DI water for 24 h at  
22 °C to let NC-PNIPAM hinges swell to its equilibrium state. 
The folding angles were measured using an optical micro-
scope, three replicas were measured for each condition. For 
a given hE, the θ increase linearly with the w until it reaches 
180°, indicating that the radius of curvature (R) is constant 
across the entire w, thus θ follows the formula of θ  = w/R. 
Whereas for a given w, θ decreased with increasing hE and fixed  
hH = 0.6  mm (Figure  4a,b). Moreover, the θ for samples with 
NC-PNIPAM (20) hinges are larger than that of NC-PNIPAM 
(253) using identical geometric parameters. The calculated 
angle using the Timoshenko model has been found to agree 
reasonably well with the θ measured experimentally. We note 
that the Timoshenko model implies that the normalized cur-
vature R/hH would remain constant as long as hE/hH remains 
the same within the same material system. To illustrate this 
point as well as examine the influence of hydrogel thickness 
on θ, we fabricated a set of samples with hH = 0.4  mm, hE = 
0.2  mm, and w ranging from 1.3 to 3.8  mm then measured 
their θ as a function of w (Figure S6, Supporting Informa-
tion). As expected, for samples with NC-PNIPAM (253) hinges, 
θ exhibits a positive linear relationship with w (i.e., θ = w/R). 
For samples with NC-PNIPAM(20) hinges, θ increases as the 
increasing of w until it reached 180°. Importantly, the differ-

ences in the experimentally measured R/hH between samples 
with different hH (0.4  vs. 0.6 mm) but similar hE/hH ≈ 0.5 are 
less than 4.4 and 0.9% for samples with NC-PNIPAM (253) and 
NC-PNIPAM (20) hinges, respectively, which are consistent 
with the conclusion drawn from Timoshenko model (Figure S7, 
Supporting Information). The detailed folding mechanism and 
calculation are discussed in the Supporting Information. The 
temperature cycles between 22 and 45 °C are repeated 10 times 
to demonstrate the reversibility of folding-unfolding, θ for the 
bilayer structure with NC-PNIPAM (253) and NC-PNIPAM 
(20) hinges were measured and plotted in Figure 4c,d, respec-
tively. The time interval for each measurement point was set to 
12 h to ensure the NC-PNIPAM reach the equilibrium state. A 
trivial hysteresis (≈7°) was found at the de-swelling state after 
10 cycles. We suspect this is due to the plastic deformation of 
the PDMS substrate.

To further demonstrate the different folding kinetics of the 
bilayer structures with hinges of NC-PNIPAM (20) and NC-
PNIPAM (253), we design and print a structure with double 
hinges of NC-PNIPAM (20) on the left and NC-PNIPAM (253) 
on the right as the schematic shown in Figure 5a. Identical struc-
tural parameters (hH = 0.6 mm, hE = 0.2 mm, and w = 4 mm) 
were used to directly compare the folding/unfolding speeds. 
The series of photographs showing folding and unfolding 
during a cooling-heating cycle (22—50 °C) clearly illustrate that 
the hinge with NC-PNIPAM (20) folds significantly faster than 

Figure 4.  Measured folding angles (θ) of samples with a) NC-PNIPAM (253) and b) NC-PNIPAM (20) as a function of w, with a fixed hH = 0.6 mm 
and varied hE = 0.2 (blue), 0.3 (red), 0.4 mm (green), respectively (n = 3); Cyclic test of samples with c) NC-PNIPAM (253) and d) NC-PNIPAM (20), 
θ were measured over 10 cycles. Data are shown as the mean ± SD.
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the one with NC-PNIPAM (253), as it completely folds from 
0° to 180° within 60 s upon cooling (Figure 5b). However, the 
hinge with NC-PNIPAM (253) reaches 180° after 3600 s. Sub-
sequently, this structure with double hinges was immersed in 
a 50 °C water bath to de-swell. Similar to the folding process, 
the hinge with NC-PNIPAM (20) exhibits much faster unfold 
kinetics than the one with NC-PNIPAM (253) (Video S3, Sup-
porting Information). We exploited such distinct folding and 
unfolding speed offered by the different swelling/de-swelling 
kinetics of NC-PNIPAM to realize the formation of a structure 
that requires sequential folding, for example, a box and a self-
locking latch structure. The box structure with flaps is widely 
used in packaging to store items more securely. This kind of 
structure requires a two-stage folding sequence to properly self-
assemble into the box structure. Thus, we assign two middle 
hinges to NC-PNIPAM (253) and the other side hinges to NC-
PNIPAM (20) (Figure 5c). According to the relationship between 
θ and structural parameters we explored in Figure 4a,b, we set 
hH = 0.6 mm, hE = 0.4 mm, w = 1.8 mm for NC-PNIPAM (20), 
and hH = 0.6 mm, hE = 0.2 mm, w = 2.4 mm for NC-PNIPAM 
(253) to achieve the θ at 90°. After immersing the box structure 

at 22 °C water bath, the hinges with NC-PNIPAM (20) fold first 
due to the faster swelling kinetics, which takes about 20  min 
for them to reach 90°. Finally, as the NC-PNIPAM (253) slowly 
swells to its equilibrium state, the box structure can be assem-
bled and capture the round object inside (diameter ≈ 10 mm) 
(Figure  5d). We adopt the self-locking structures that have 
been shown before to demonstrate the controlled self-folding 
process (Figure 5e). [22,25] We assign two middle hinges to NC-
PNIPAM (20) (blue) and the three side hinges to NC-PNIPAM 
(253) (yellow). A rectangular void is designed on the right end 
of the panel and a protruded rectangular shape is designed 
on the left end panel. Once the structure is immersed in a 
22 °C water bath, the faster swelling kinetics of NC-PNIPAM 
(20) leads the middle panels to fold first, letting the protruded 
rectangular panel on the left go through the void (Figure  5f). 
Finally, this structure can lock itself as the hinges with NC-
PNIPAM (253) slowly fold until it swells to the equilibrium. 
Such structures are useful to capture and hold the target object 
securely. Here, we demonstrate the ability to collect and tighten 
a bunch of plastic strips using the self-locking structure as a 
proof-of-concept (Figure 5g, Video S4, Supporting Information). 

Figure 5.  Sequential folding structure demonstration. a) Schematic and b) photographs of the sequential self-folding structure with double hinges 
during cooling and heating cycle at 22 °C and 45 °C, respectively; c) Schematic of the box structure with flaps; d) Photographs of the sequential folding 
box structure capturing a small round object (diameter ≈ 10 mm) during swelling at 22°C, the inset images are top views of the same sample, scale 
bar = 10 mm. The red dash line indicated the edge of the front pad; e) Schematic of the self-locking latch structure; f) photographs of the self-locking 
latch structure during swelling at 22 °C; Demonstration of g) capturing and h) releasing plastic strips during the swelling at 22 °C and deswelling at 
45 °C, respectively, using the self-locking latch structure.
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We note that the captured object can be further released by de-
swelling the NC-PNIPAM, and the releasing speed is governed 
by the de-swelling kinetics of NC-PNIPAM (253) (Figure  5h, 
Video S5, Supporting Information).

3. Conclusions

In summary, we have developed a strategy to enable sequen-
tial and reversible self-folding without changing the chemical 
composition or structural dimensions when subjected to a 
globally applied static stimulus. Both the NC-PNIPAM and 
PDMS precursor inks are formulated not only to fulfill the 
rheological requirements for extrusion-based 3D printing with 
sub-millimeter printing resolution but also to achieve good 
adhesion between NC-PNIPAM hinges and PDMS substrates. 
We have also demonstrated that different swelling/de-swelling 
kinetics of NC-PNIPAM, which determine its folding kinetics, 
can be achieved by the UV intensity-dependent phase separa-
tion through nucleation-and-growth during photo-crosslinking. 
Such phase-separated microstructures led to more than one 
order of magnitude faster folding speed compared to the one 
with the same chemical composition but nearly homogenous 
microstructure. We then designed and printed bilayer struc-
tures with programmable folding angles and sequential folding 
capabilities to demonstrate capturing, holding and fastening 
objects. We anticipate that our study will open new routes to 
encode the specific responsiveness of nanocomposite hydrogel-
based systems in terms of shapes and speeds by controlling 
their internal microstructures and geometrical design to auton-
omously complete specific tasks.

4. Experimental Section
Materials: N-isopropylacrylamide (NIPAM, stabilized with 

4-methoxyphenol, MW  = 113.16  g mol–1) was purchased from Tokyo 
Chemical Industry (TCI) America. PDMS (Sylgard 184) was purchased 
from Dow Corning. N,N′-methylenebisacrylamide (BIS), Irgacure 
2959, benzophenone, and (Tridecafluoro-1,1,2,2 Tetrahydrooctyl) 
dimethylchlorosilane (silane) were purchased from Sigma-Aldrich(St 
Louis, MO, USA). Acetone and isopropyl alcohol were purchased from 
Fisher Scientific. Silica nanoparticles (SiNPs, CAB-O-SIL EH-5) were 
purchased from Cabot Corporation. Nanoclay (NC, Laponite-RD) was 
obtained by BYK Additives & Instruments. All chemicals were used as 
received without further purification.

Preparation of PDMS Precursor Ink: The PDMS precursor inks were 
prepared by a simple one-pot mixing process containing PDMS base/
crosslinker (10:1), benzophenone (1.8 wt.% with respect to PDMS base), 
and SiNPs (15 wt.% with respect to PDMS base) in a Thinky planetary 
mixer (Thinky U.S.A., Inc.) mixing at 2000  rpm for 3 min and followed 
by degas process at 2000  rpm for 2  min to remove any air bubbles. 
Since benzophenone is in the solid-state at room temperature, in order 
to achieve better mixing quality, it was heated in an oven at 70 °C for 
10 min to melt before adding to PDMS precursor. After mixing, the inks 
were loaded into a 10 mL syringe (Fisher Scientific) and centrifuged at 
4000 rpm for 20 min to eliminate any air bubbles.

Preparation of NC-PNIPAM Precursor Ink: NIPAM solution (2 m) 
and BIS solution (0.13 m) were prepared by adding NIPAM and BIS to 
deionized (DI) water respectively and mixed by vortex mixer until all 
chemicals dissolve at room temperature. Then NIPAM solution (10 mL, 
2 m), BIS solution (120 µL, 0.13 m), Irgacure 2959 (0.04 g) and NC (1 g) 
were added into a 35  mL container (Thinky U.S.A., Inc.) and mixed at 

2000 rpm for 5 min or longer time until it was mixed well with no visible 
NC aggregates. Finally, the mixed ink was loaded into a 10 mL syringe 
(Fisher Scientific) and centrifuged at 2000  rpm for 10 min to eliminate 
any air bubbles.

Preparation of Silane-Treated Glass Slides: Glass slides were used as 
substrates during the 3D printing process after treating with silane to 
eliminate any residual stress generated during the peeling procedure. 
First, untreated glass slides (75  mm × 50  mm × 1  mm) were cleaned 
using acetone and dried by air blowing. The cleaned glass slides were 
then transferred to a desiccator, 2 drops of silane were transferred onto 
one glass substrate as a reservoir using a glass pipet. The desiccator 
was vacuumed using a pump for 12 h to make silane treated glass 
slides, after that, the silane treated glass slides were taken out, washed 
with isopropyl alcohol, and stored in a petri dish sealed with parafilm for 
further use.

Extrusion-Based 3D Printing and Fabrication: PDMS/NC-PNIPAM 
bilayer structures were fabricated by direct ink writing using a 3D printer 
(Rokit, Invivo). The 10  mL syringe stored with PDMS precursor ink 
was placed in the extrusion carriage of the 3D printer and printed on a 
silane treated glass slide using a 20-gauge blunt tip dispensing needle 
at 0.003  mL s–1 deposition rate (0.6  mm inner diameter). The printed 
PDMS substrate with hinge structure was cured in an oven at 80 °C 
for 30  min. After that, NC-PNIPAM precursor ink was directly printed 
on the hinge section of the cured PDMS substrate at 0.005  mL s–1 
deposition rate, the printed bilayer structure was then transferred into 
a homemade transparent humid box to prevent NC-PNIPAM drying out 
while UV irradiation (365  nm). To fabricate NC-PNIPAM with different 
microstructures, different UV intensities were applied while keeping the 
constant UV does. NC-PNIPAM (20) and NC-PNIPAM (253) were cured 
with UV intensity of 20  mW cm–2 for 30  min (UV source provided by 
JAXMAN) and of 253 mW cm–2 for 2 min and 22 s (UV source provided 
by Omnicure), respectively.

Characterization: Stress-strain data of tensile test and 180° peeling 
test were obtained using a universal testing machine (Instron Corp., 
Instron 5982) with a strain rate of 10  mm s–1. For a tensile test, 
rectangular strips (35 × 8 × 0.8  mm as-prepared) of NC-PNIPAM 
(20) and NC-PNIPAM (253) were printed parallel and perpendicular 
to the stretching direction while tensile tests, respectively. The tensile 
test was carried out after the samples reached their equilibrium 
swelling states at 22 °C. For the 180° peeling test, the samples were 
fabricated by placing a tape in between the cured PDMS and the 
printed NC-PNIPAM precursor to separate these two materials such 
that after photo-crosslinking, the region with the tape does not have 
adhesion whereas the region where NC-PNIPAM contacts with the 
PDMS has covalent bonding. The contact region (i.e., bilayer) has an 
as-prepared dimension of 20 × 8 × 1.2 mm. The 180° peeling tests were 
carried out after the samples reached their equilibrium swelling state 
at 22 °C. Localized Young’s modulus of NC-PNIPAM hydrogels was 
characterized by Nanoindenter (OPTICS, PIUMA). The NC-PNIPAM 
hydrogels were first swelling in DI water at 22 °C for at least 48 h to 
reach their equilibrium state. Then samples were biopsy-punched to a 
disk shape with 5 mm diameter and 0.8–1.2 mm thickness. The average 
values of Yong’s modulus for each condition were calculated based on 
3 samples. Rheological data was obtained using an ARG2 rheometer 
by TA instruments. The viscosity measurements were set to a steady-
state with a shear rate ranging from 0.1 to 100 s–1. The modulus 
measurements were set to an oscillatory state with a shear rate ranging 
from 0.1 to 1000 s–1. Optical micrographs were captured using an 
optical microscope (Keyence VHX1000). Images of the microporous 
structure were obtained using scanning electron microscopic (SEM) 
imaging (FEI Quanta FEG 250). X-ray diffraction (XRD) profiles were 
performed using Cu X-rays (λ = 1.54 Å) with 2θ range from 3° to 50° in 
a step of 0.02° with 0.5 s dwell. (Bruker D8 Advanced equipped with a 
LynxEye CCD detector)

Statistical Analysis: All data were expressed as mean ± standard 
deviation (SD). A minimum of three tests were performed for 
nanoindentation, tensile test, swelling ratio and folding angle 
measurement to ensure that reported results were significant.
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