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Abstract

In this communication, we report a composite macroporous hydrogel sheet that can rapidly 

transform into multiple 3D shapes in response to near-infrared (NIR) light on demand. The 

transformation relies on the photo-thermal-induced asymmetric shrinking of the hydrogel material, 

which is further verified by finite element modeling.

Nature is replete with self-adaptive phenomena. Examples include humidity-mediated 

opening of plant organs, leaf wrinkling, tendril coiling, Venus flytrap, etc.1–4 Inspired by 

nature, researchers have made great efforts to design and fabricate adaptive polymeric 

hydrogel materials that are capable of transforming in response to environmental stimuli, 

such as temperature, pH, ions, electricity, humidity, external field and light, to name a few.5,6 

Self-shaping hydrogel materials have found a wide range of applications such as in soft 

robotics, artificial muscles, biomedicine, microfluidics, actuators, etc.6–8 Generally, a 

stimuli-induced differential swelling within the hydrogel is required for it to bend, twist and 

fold.6 As an example, a hydrogel sheet with a bilayer structure can bend upon temperature 

change due to the mismatch in the extent of swelling between the two layers.9,11,12 Among 

various environmental stimuli, light is particularly attractive as it can be implemented 

without contacting the material and can be remotely controlled.10,13,14 Light has been used 

to actuate liquid crystal films,15–17 bend reduced–graphene–oxide–elastin composites,10 and 

transform polymer–inorganic hybrid networks18 and carbon-nanotube-doped polymer 

films,13,19 etc.
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It is truly amazing that in nature octopuses can transform to adapt almost arbitrary shapes in 

order to survive.20 The ability to mimic octopus’s morphing strategy and design of self-

shaping hydrogel materials that are capable of transforming into rich shapes are needed. At 

present, most self-shaping hydrogel materials are designed to acquire one or few specific 

pre-determined shapes through preprogrammed shape transformations in response to 

external stimuli.21–24 In this case, one or more responsive components are patterned in the 

hydrogel sheet and the types of target shapes are often predetermined at the stage of 

patterning. Kumacheva and coworkers recently reported that the same hydrogel sheet 

patterned with multiple responsive components can be transformed into three different 

shapes upon exposure to different stimuli.25 The accessible shape transformations of the pre-

patterned hydrogel, however, are restricted by the limited number of responsive components 

that can be integrated into the sheet and the interference between these components in 

response to a specific stimulus. Recently, Hayward et al. demonstrated that the shape 

transformation of light-responsive composite hydrogels can be modulated to produce 

multiple shapes by controlling light irradiation patterns.26 It is striking that the 

configurations that can be achieved from the same piece of these hydrogel sheets are infinite 

in theory. In their work, a characteristic response time of τ ≈ 2–3 s was found for their 

composite hydrogel with a thickness of 25 μm. However, since the gel shape-transforming 

rate (τ) increases quadratically with the thickness (h0) of the hydrogel film as τ ~ h0
2, the 

transformation of a thicker hydrogel sheet would be rather slow. As an example, it would 

take up to fifteen minutes to reach an equilibrium state in shape when the thickness is 

approximately 500 μm.26 Previous studies suggest that introducing pores within self-shaping 

hydrogels can greatly increase the shape-transforming rate of hydrogels due to enhanced 

mass transport.9,10 However, to date a fast on-demand transforming hydrogel with 

macropores has never been demonstrated.

Here we report the design of a macroporous hybrid hydrogel sheet that can undergo an ultra-

fast shape transformation and acquire at least five (unlimited number in theory) well-defined 

geometric configurations in response to near-infrared (NIR) light (Scheme 1). The 

macroporous hybrid hydrogel sheet is composed of a thermo-responsive polymer, poly(N-

isopropyl acrylamide) (PNIPAM), embedded with silver nanoparticles (AgNPs) that are 

capable of converting absorbed light to heat (so-called photothermal effect). Both our 

experimental and computational studies showed that the light-triggered shape transformation 

arises from the combination effect of the photothermal heating of AgNPs and thermo-

responsiveness of PNIPAM. The representative shapes obtained from the same hydrogel 

sheet include helical, boat-like, hoof-like, and saddle-like structures. The presence of 

macropores in the sheet significantly enhanced the transport of water molecules when it 

underwent swelling or shrinkage,27 thus enabling the rapid reversible shape transformation 

of the hydrogel sheet. The shape transformations reached maximum on the order of seconds 

while it usually takes minutes or even hours for a macroscale nonporous hydrogel of similar 

thickness to reach its maximum transformation.25 There are several important features of the 

design, which distinguish this work from others, including: (i) the hydrogel bears 

macropores and hence the shape transformation is extremely fast; (ii) the hydrogel material 

is reprogrammable and multiple well-defined shape transformations (at least five) are 

obtained from the same 2-D sheet; (iii) light as a stimulus can be remotely controlled; (iv) 
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NIR light is less harmful than UV and visible light, and has a larger penetration depth in 

biological tissues.

To fabricate the macroporous hybrid hydrogel sheet, poly-(ethylene glycol) (PEG), a pore-

forming reagent (Fig. S1, ESI†), was added to the hydrogel precursor composed of N-

isopropyl acrylamide (monomer), N,N′-methylenebisacrylamide (cross-linker), 2-

hydroxy-2-methylpropiophenone (photo-initiator) and water. Subsequent UV 

photopolymerization and removal of PEG by washing produced hydrogel sheets with 

macroporous structures (Fig. S3, ESI†). The size of the pores is estimated to be in the range 

of 200 nm to 1 μm (Fig. S3, ESI†). AgNPs were integrated within the PNIPAM hydrogel 

sheet by in situ reduction of silver nitrate (Fig. S4, ESI†). The as-synthesized AgNPs in the 

hydrogel sheet showed a roughly spherical shape and a broad size distribution (Fig. S13, 

ESI†). Under the current experimental conditions, the AgNP-loaded hydrogel showed a 

fairly strong absorption at 808 nm wavelength, though its absorption peak located at around 

595 nm (see Fig. S2, ESI†). The red-shift of the absorption peak of spherical AgNPs from 

around 400 nm can be attributed to the dense packing of AgNPs in the hydrogel, as indicated 

by the dark, shining and non-transparent appearance of the gel (Fig. S4, ESI†). A 

continuous-wave NIR laser (wavelength: 808 nm) was used to trigger the transformation of 

the hydrogel sheet into different shapes.

By simply tuning the NIR light irradiation pattern on the same sheet, the hybrid sheet can 

transform into various well-defined shapes, such as boat-like, helical, hoof-like, and saddle-

like structures (Fig. 1 and see supporting videos SV1–SV4, ESI†). Upon the removal of light 

irradiation, the hybrid sheet was able to return to its original flat state and transform into 

another shape upon light irradiation with a different pattern. All the shape transformations 

were highly reversible and could be repeated for many cycles (Fig. S18, ESI†). The shape 

transformations were verified by finite element modeling (Fig. 1b and see supporting videos 

SV5–SV9, ESI†). The shape transformations are extremely fast (see supporting video SV4, 

ESI†): upon light irradiation, the macroporous hybrid sheet reaches its transformation 

maximum on the order of seconds while it usually takes minutes/hours for a macroscale 

nonporous hydrogel of similar thickness to transform to its maximum.25 To quantify the 

behavior of the light-responsive shape-transformation system, we investigated the simple 

bending deformation of the hybrid sheet upon irradiation with a single striped light pattern. 

We found that the bending angle increased with the increase in irradiation time and finally 

reached a stable bending state (Fig. 2a). The bending rate and time to reach the maximum 

curvature were strongly dependent on the laser power density. A higher laser power density 

made the hybrid sheet bend faster as indicated by the larger slope in the red curve (laser 

power density: 0.94 W cm−2) as compared with the slope in the blue curve (laser power 

density: 0.57 W cm−2) (Fig. 2a). A higher laser power density also made the sheet reach its 

maximum bending in a shorter time. It took about 20 seconds for the sheet to bend to its 

maximum at a laser power density of 0.94 W cm−2 (red curve), while it took about 50 

seconds at a laser power density of 0.57 W cm−2 (blue curve) (Fig. 2a). In addition, the 

bending angle increased linearly with the increase in laser power density (Fig. 3) and 

†Electronic supplementary information (ESI) available. See DOI: 10.1039/c6tb02198k
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decreased gradually to its original state as a function of time after the laser was switched off 

(Fig. 2b).

The underlying mechanism of the shape transformation of the macroporous composite 

hydrogel sheets can be understood as follows. The thermo-responsive polymer, PNIPAM, 

undergoes a coil-to-globule transition in its aqueous solution when the temperature is above 

its lower critical solution temperature (LCST) (~32 °C).28 This transition will result in a 

volumetric contraction in its hydrogel form due to the expulsion of water molecules.29 When 

the hybrid PNIPAM hydrogel was regionally exposed to NIR laser irradiation, the 

temperature of the irradiated region of the hydrogel increased, while the off-exposure areas 

remained at a lower temperature. In other words, a non-uniform temperature field was 

established in the hydrogel under localized light irradiation. As shown in the thermogram 

(Fig. S6a, ESI†), a remarkable thermal gradient (ranging from 22 °C to 32 °C) was created 

along the sheet’s surface when the sheet was locally irradiated with NIR light. During the 

irradiation, the thermal gradient on the sheet’s surface gradually propagated with the 

increase of the irradiation time. In addition, the heat propagation occurred also along the 

thickness direction due to the heat flux input on the laser-exposed area and the convectional 

dissipation over the other surfaces. This phenomenon was confirmed by the presence of a z-

direction thermal gradient in the cross-section temperature profile from the simulation (Fig. 

4a).

As discussed above, there exist two types of temperature gradients in the hybrid sheet under 

localized light irradiation: the in-plane thermal gradient and z-direction thermal gradient 

(Fig. 4a). These temperature gradients lead to swelling and modulus differences inside the 

hydrogel: the regions with higher temperature shrink more and become stiffer (Fig. S11, 

ESI†). For the bending shape transformation, the in-plane temperature gradient determines 

the position of the localized deformation, as the bending tip resides at the center of the in-

plane gradient. In contrast, the z-direction thermal gradient causes a larger volumetric 

change closer to the top-surface, thus breaking the deformation symmetry along the 

direction of hydrogel thickness and determining the bending direction. For more 

complicated shape transformations (saddle, helix, and boat in Fig. 1a), each NIR light 

illumination generates a signature temperature field inside the hydrogel body, and the 

interplay of the in-plane and z-direction thermal gradient contributes to a unique shape 

transformation. A real-time temperature evolution and the corresponding shape 

transformation are shown in the supporting videos SV10 and SV11 (ESI†). During the 

establishment of the thermal gradient, the hybrid sheet reached its bending maximum. The 

maximum bending transformation and the stable surface thermal gradient were achieved at a 

very similar time scale.

As can be seen from the above discussion, our hybrid hydrogel sheet system is very dynamic 

under light irradiation. It coupled together heat transfer, mass (water) transport and 

macroscopic mechanical deformation. To provide a more fundamental understanding of our 

system, we conducted a coupled thermo-mechanical analysis using the thermodynamics of 

the PNIPAM hydrogel. The swelling behaviour of the PNIPAM hydrogel stemming from 

this microscopic mechanism can be captured by its thermodynamics:30 the coil-to-globule 

transition is associated with a change in the macroscopic Helmholtz free energy. Moreover, 
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the non-uniform swelling field in the hydrogel body is accompanied by interior stresses, as a 

result of the swelling difference between the hydrogel and its neighbouring material. In such 

a case, the total free energy of the hydrogel includes the strain energy in addition to the free 

energy due to the mixing of the PNIPAM network and water molecules. In the presence of a 

temperature gradient, the equilibrium responses of the PNIPAM hydrogel to the 

inhomogeneous temperature field are governed by a mechanical model which determines the 

steady states of the PNIPAM hydrogel as the Helmholtz free energy minima of the entire 

system (see the ESI†). The PNIPAM constitutive model is implemented in the ABAQUS 

user subroutine and the deformation is computed using the directly coupled thermo-

mechanical analysis. Without missing the nature of the deformation, the exterior surfaces of 

the hydrogel sheet are set to be at infinite convection thermal exchange with the ambience in 

the heat transfer model. Here it was found that a localized stress field was established within 

the hybrid hydrogel sheet upon light irradiation (Fig. 4b). The hydrogel material in the 

exposed area underwent a gradual compression-to-stretch change due to the established 

thermal gradient, while the off-exposure areas remain a stress-free state (Fig. 4b). The 

asymmetry in the stress state in the hydrogel material actuated its bending. Further 

modelling studies show that the shape transformation of the hybrid hydrogel is robust for 

various boundary conditions and material properties (e.g., finite convection and ambient 

temperature) (see Fig. S10–S15, ESI,† for details).

Our self-shaping hybrid hydrogel sheet represents a non-equilibrium dynamic system: it 

requires continuous energy supply (light energy) and energy dissipation (heat dissipation) to 

sustain its shape. The competition between the supply and dissipation of energy determines 

the behavior of the sheet’s shape transformation. To study this, we used a striped light 

pattern to trigger the bending of the sheet (Fig. 5b). It was found that either the NIR laser 

power density or the irradiation stripe width should reach a certain threshold for the hybrid 

hydrogel sheet to bend (Fig. 5a). If the supplied light energy was low (small laser power 

density or small irradiation stripe width), the fast heat dissipation diminished the thermal 

gradient and disabled the bending of the sheet. The FEM study confirmed a positive 

correlation between the bending and the laser power density as well as the irradiation stripe 

width (Fig. 5c, d and Fig. S8, ESI†). It indicates that the bending increased with the increase 

of either the laser power density or the irradiation stripe width. Increasing the laser power 

density enhanced the heat generation. A larger thermal gradient was hence established in the 

sheet resulting in an increased bending. By increasing the irradiation stripe width, the 

thermal gradient was generated in a larger lateral area, which contributed to the increased 

bending.

In conclusion, we reported a simple and effective design of a 2-D macroporous hybrid 

hydrogel sheet that can transform into at least five different shapes (unlimited number in 

theory) under NIR light irradiation. Representative shapes achieved from the same 2-D 

hybrid sheet include helical, boat-like, hoof-like and saddle-like shapes. The transformation 

is highly reversible and ultrafast (on the order of seconds, while previous nonporous 

hydrogels of similar thickness transform on the order of minutes or even hours25). The 

hybrid sheet is composed of a thermo-responsive polymer, PNIPAM, and silver 

nanoparticles (AgNPs). Each shape transformation relies on the unique swelling pattern 

generated by the specific thermal gradient established upon light irradiation. The thermal 
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gradient is created through a delicate balance between the continuous localized heating by 

the plasmonic AgNPs under NIR irradiation and the heat dissipation to the aqueous 

environment. We point out that accessible shape transformations of the hybrid hydrogel 

sheet rely on several factors, including: (i) size (aspect ratio; thickness) and shape of the 

original hydrogel sheet; (ii) laser irradiation pattern and its intensity; (iii) photothermal 

efficiency of the inorganic nanoparticles; (iv) mass and heat transport. We also highly expect 

that sequentially folding the same 2-D hydrogel material will further greatly enrich the 

potential of its shape transformations.31 In the sequential folding, a shape transformation is 

fixed before the next transformation is initiated. After the target shape is achieved, the 

hydrogel sheet can be restored to its original flat shape. Then a new type of transformation 

can be implemented to obtain a different shape. This sequential folding can potentially lead 

to a large array of on-demand shapes by reprogrammable origami of the same 2-D hydrogel 

material. The ultra-fast, reprogrammable and NIR-light-responsive macroporous hybrid 

hydrogel sheet reported here represents an important step towards designing novel soft 

materials that can transform to adapt in an on-demand manner. The macroporous hybrid 

hydrogel sheet may find applications in artificial muscles, soft robotics, microfluidics, 

actuators, and biomedicine, etc. As an example, the composite hydrogel sheet can potentially 

serve as dynamic scaffolds for the generation of three-dimensional tissue-like structures. 

After the seeding and growth of arrays of single or multiple cells on the sheet, controlled 

exposure of the sheet to patterned NIR light drives the shape transformation of the cell 

arrays into tissue-like structures with defined geometries such as vascularized nerve tubes.32 

Moreover, such shape-transforming materials can be used as smart sensing wrappers. The 

sheet patterned with arrays of sensors can be triggered remotely to transform and 

conformably contact the lesion tissues with arbitrary shapes. The conformal contact between 

the tissue surface and sensors allows for sensing and mapping the local environment or 

disease biomarkers. The use of NIR light is beneficial for in vivo application, owing to its 

large penetration depth and minimal damage to soft tissues.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Experimental (a) and finite element modelling (FEM) (b) results of shape transformations of 

the same hybrid hydrogel sheet into five different shapes upon NIR light irradiation: boat-

like, hoof-like, saddle-like, right-helical and left-helical shapes (from top along the 

clockwise direction). The red stripes in (a) indicate the shape of the NIR light spot. Scale 

bar: 0.85 cm. (b) FEM analyses showed that a unique localized stress field was established 

within the hybrid sheet upon each irradiation, resulting in a specific shape transformation. 

The red and blue colors in (b) represent high and low stress within the hydrogel, 

respectively.
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Fig. 2. 
(a) Bending angle of the composite sheet as a function of irradiation time at different laser 

power densities. The data points were obtained by averaging the bending angles from three 

separate cycles. The composite sheet was irradiated at the same position with a rectangular 

light stripe (width: 0.3 cm) in all the cycles. (b) Re-swelling kinetics of the composite sheet 

by measuring the time-dependent decrease in bending angle after switching off the laser. The 

hybrid sheet was irradiated for 5 seconds at a laser power density of 0.94 W cm−2. Then the 

laser was switched off (corresponding to the data point at 0 second in the graph) and the 

bending angle was monitored as a function of time.
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Fig. 3. 
Bending angle of the composite sheet as a function of laser power density. The composite 

sheet was irradiated at the same position for 5 seconds at each laser power density using a 

rectangular laser spot.
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Fig. 4. 
(a) FEM analysis of temperature distribution within the hybrid sheet upon light irradiation. 

An infinite convection boundary condition was used in the calculation of the temperature 

profile. (b) FEM analysis revealed that an asymmetric strain distribution was established 

within the sheet upon localized light exposure, which essentially actuated the sheet’s 

bending.
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Fig. 5. 
(a) Experimental study on the bending of the hybrid hydrogel sheet as a function of laser 

power density and irradiation stripe width. The width of the rectangular irradiation stripe 

was varied while its length was kept as 0.9 cm. The red circle indicates the irradiation 

condition used in the current experiment. √: the sheet bent under the applied irradiation. X: 

the sheet exhibited no visible bending under the applied irradiation. (b–d) FEM analysis of 

the sheet’s deflection (h/td) and bending curvature (κtd) with respect to the laser power 

density and irradiation stripe width. The FEM results indicated that the deflection and 

bending curvature increased with the increase of either the laser power density or the 

irradiation stripe width.
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Scheme 1. 
Schematic illustration of a hybrid hydrogel sheet that can transform into different geometries 

in response to near-infrared (NIR) light. The hybrid hydrogel sheet consists of a 

macroporous PNIPAM hydrogel embedded with silver nanoparticles (AgNPs) capable of 

converting absorbed light into heat. When subjected to NIR laser irradiation with different 

patterns, the same hydrogel sheet can transform into different geometries; and it recovers its 

original flat shape when the laser is off. The SEM image in the inset shows the macroporous 

feature of the hydrogel sheet.
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