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Fig. S1 SEM images of Fe3O4 nanoparticles (a) and CNT (b). 

The ink is composed of CNT, Fe3O4, PDMS base agent and curing agent. The CNT 

herein served as a rheological tailoring agent for the ink while Fe3O4 provided magnetic 

navigation for the actuator. The microscopic morphologies of Fe3O4 and CNT are 

shown in Fig.S1. 
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Fig. S2 The PDMS film made between two PVC boards showed pure swelling without bending in 

ethyl acetate. 

To figure out the reason for the PDMS film bending, the PDMS mixture was spin-

coated onto the PVC sheet and then covered with another PVC sheet to ensure that both 

sides of the PDMS film are cured under the same conditions. As shown in Fig. S2, the 

prepared film between two identical PVC sheets showed pure swelling without bending 

in ethyl acetate. 

 
Fig. S3 Morphing process of the bilayer actuator with copy paper as the substrate film. 

In order to explore the effect of substrate film modulus on configuration II, the strips 

were printed directly on copy paper to obtain the actuator. And this actuator in ethyl 

acetate morphed from the initial configuration Ⅰ to configuration IV, without going 

through configuration II. 

Finite element simulation 

The basic thermodynamic algorithm is used to simulate the deformation process based 

on Flory-Huggins model.1 Assume that the elastic deformation of the polymer lattice 

and the long-range transport of solvent molecules dominate at constant temperature and 

pressure, and thus our internal variables of interest are the deformation gradient 𝐹𝑖𝐽 

and the solvent concentration 𝐶. 

Adopting Lagrangian description, under no mechanical load, the polymer before 

putting into solution was taken as the reference configuration, and 𝑋  was used to 

describe the positions of particles in the reference configuration. At time 𝑡, the polymer 

deforms, and the point marked 𝑋 moves to 𝑋 (𝑋, 𝑡), then the deformation gradient 
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can be expressed as: 
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Suppose the work done by the weight on the volume element is 𝐵(𝑋, 𝑡)𝑑𝑉(𝑋), and the 

work done on the surface element is 𝑇(𝑋, 𝑡)𝑑𝐴(𝑋). Define the nominal stress 𝑠𝑖𝐽(𝑋, 𝑡) 

such that 
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where 𝑁𝐽 is the unit vector perpendicular to the interface between substances, marked 

with + and −, and the direction pointing to the polymer is +. 

Suppose that in the current state, the number of small molecules injected per 

volume element per unit time is 𝑟𝑒
𝑎(𝑋, 𝑡)𝑑𝑉(𝑋), and the number of small molecules 

injected on a plane element is 𝑖𝐼
𝑎(𝑋, 𝑡)𝑑𝐴(𝑋) . At the same time, small molecules 

migrate through the polymer―the number of small molecules per unit time passing 

through a volume element is 𝐶𝑎𝐴(𝑋, 𝑡)𝑑𝑉(𝑋), and 𝐽𝐼
𝑎 is the diffusion flux. Assume 

that no chemical reaction takes place, it can be obtained from the conservation of the 

number of small molecules: 
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The nominal flux is related to the chemical potential gradient of the corresponding 

species by a linear kinetic relation:1 
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where 𝑘𝑇 is the temperature in the unit of energy, 𝐻 is the inverse of the deformation 
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gradient, and 𝜇𝑎(𝑿, 𝑡) is the chemical potential. 

The free energy of polymer comes from two molecular processes: stretching the 

network of the polymers and mixing the polymers and the small molecules. Following 

Flory and Rehner,2, 3 we assume that the free energy of the polymer takes the form: 
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with pre-swelling: 
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where Ω is the molecule volume and 𝜒 is the dimensionless parameter. 

Taking the partial derivatives of the free energy function and applying the 

constraint Eq. (10) by using a Lagrange multiplier Π, we arrive at the equations of state: 
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Substituting the Eq. (11) into Eq. (6) and further into Eq. (4) and Eq. (5), together with 

the constraint (10) and proper initial and boundary conditions, the fields of 

displacement u = (X, t), solvent concentrations C(α)(X, t), and Lagrange multiplier 

Π(𝐗, t) can be obtained. We write them into equivalent weak forms and solve them 

numerically in the commercial finite element package COMSOL MULTIPHYSICS 5.5, 

with parameters 𝐶0 = 0.1, 𝜒1 = 0.64 for the PDMS film part, and 𝜒2 = 0.58 for the 

stripe part. 
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