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Abstract

Photopolymerization is a process strongly depending on the light field in the resin. 

This typically results in a non-uniformly crosslinked network where some parts of the 

network are fully cross-linked while other parts are partially crosslinked. The partially 

crosslinked part could exhibit a high volume expansion upon swelling and a high 

volume shrinkage upon desolvation. Through a control over the light field in the 

photopolymer resin, this feature has been used to create solvent responsive shape 

changing structures as well as 3D/4D printed smart devices, showing promising 

application potentials. In this paper, we develop a finite deformation theory to consider 

the nonuniform crosslink density of the network and the interaction between different 

species inside the network. The mechanical properties of the network are correlated 

with the reaction process and the existence of residual uncrosslinked monomer is 

included in the partially crosslinked network. The efficiency of the theory is proved by 

the finite element simulations of two special applications of the partially crosslinked 

network.

Page 2 of 38Soft Matter



3

1. Introduction

Active polymer based on swelling/deswelling is an attractive element for smart 

devices. Upon immersion in a specific solvent, significant volume expansion arises in 

the polymer network, which drives the shape change of the overall structure. Inspired 

by this phenomenon, researchers have realized several types of solvent responsive soft 

robotics [1], biomedical devices [2-4], multifunctional metamaterials [5, 6], as well as 

3D/4D printed polymer structures [7-10]. In the aforementioned examples, the solvent 

responsive polymers were typically assembled together with the non-swelling support 

material, and the strain mismatch upon swelling drives the structure to deform. Recently, 

to make things easier, swelling induced shape changing were achieved by using a single 

type of polymer with spatial variations of crosslink density [11, 12]. The idea was 

further applied to surface patterning[13] and 4D printing based on Digital Light 

Processing (DLP)[14-16].

When monomer chains are immersed in good solvents, they disperse uniformly in 

the liquid and a monomer solution is created [17]. If some of the monomer chains are 

cross-linked to form a polymer network, although the un-crosslinked chains can still be 

dissolved, the cross-linked network cannot be destroyed. Constrained by the crosslink 

points, the network can only swell and expand. With the increase of crosslink density, 

the swelling ability of the cross-linked network is reduced, while fewer free chains 

remain to be dissolved [18, 19]. Clearly, considering the swelling of partially 

crosslinked polymer network, three species should be included in the thermodynamic 

system, which are the crosslinked network, the free uncross-linked chains and the liquid 

Page 3 of 38 Soft Matter



4

molecules.

As a special case of the aforementioned ternary thermodynamic system, the system 

containing a fully cross-linked polymer network and the liquid solvent has been widely 

investigated in the past. In this case, there does not exist free monomer chains that can 

be dissolved into the solvent. From the theoretical point of view, the research on the 

interaction between polymer network and swelling solvent can be dated back to the 

pioneering works of Gibbs[20], Flory[21] and Biot[22]. Following the idea of Gibbs 

and Biot, Hong et al[23] established the coupled theory of swelling gels in terms of 

nonequilibrium thermodynamics, Duda et al[24] proposed the finite deformation theory 

that is applicable to arbitrary boundary conditions, Chester et al[25] established the 

mechanical framework considering the non-Gaussian nature of the polymer network. 

Later on, the mechanical framework was further improved and completed for the 

applications in different types of gels and polymers, for example the temperature 

responsive gels[26, 27], the pH responsive gels[28], the self-healing gels[29], the 

interpenetrating networks[30] and the light activated polymers[31, 32]. In order to 

obtain the theoretical and numerical analysis of specific conditions in the swelling of 

polymer networks, Hong et al[33] implemented the coupled theory in the commercial 

finite element analysis (FEA) software ABAQUS by using the user-defined 

hyperelastic material; Duan et al[34] simulated the transient swelling behavior of gels 

based on the analogy between diffusion and heat transfer; Chester et al[35] and Bouklas 

et al[36] developed their own novel elements to deal with the coupling between 

diffusion and large deformation.
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The aforementioned theories and numerical methods have shown their efficiency 

in the design and analysis of the network/solvent system [2, 8, 37]. However, in many 

real applications, the conditions are more complicated. During the photo-crosslinking 

of resin solution (which is finished by shining light on the liquid oligomers and 

monomers [38, 39]), because of the nonuniform light absorption, the resultant crosslink 

density of the network can be nonuniform. Some parts of the network are fully cross-

linked, while other parts are only partially cross-linked. When this nonuniform network 

is immersed in solvent, the free monomer chains in the partially photo-crosslinked 

network dissolve into the solvent, and the network will be swollen. In addition, if the 

free monomer chains and the solvent are cleaned away from the network (namely the 

desolvation process), the remaining product will be the dry network (which means there 

is no free moving species inside the network) with nonuniform crosslink density. The 

nonuniform swelling leads to different expansion ratios in the network, while the 

nonuniform desolvation leads to different shrinkage ratios. Based on this phenomenon, 

researchers have realized the shape transformation of differentially photo-cross-linked 

polymer films. By controlling the light patterns in photopolymerization, the spatial 

distribution of crosslink density can be regulated, and the polymer films deforms to 

complex 3D shapes upon desolvation and swelling[11, 12, 16, 40].

Because of the complexity of the ternary thermodynamic system, most of the 

previous researches in this field were limited to experimental verifications. Some 

researchers simulated the surface instability[41] and shape transformation[16] of 

partially photo-crosslinked polymers using the classical theory of network/solvent 
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system. However, the existence of un-crosslinked monomer chains could not be 

included in the simulations, and the nonuniform crosslink density in the network was 

implemented empirically without investigating the underlying chemical reactions. In 

this paper, we propose a theoretical framework that can describe the desolvation and 

swelling of the partially photo-cross-linked network at the same time. The theory 

couples structure inhomogeneity due to incomplete chemical reactions, the swelling 

and shrinking behavior of this inhomogeneous network, and mechanical deformation, 

with the application toward 3D/4D printing. Considering the finite deformation of the 

network, the nonuniform crosslink density in the network and the migration of different 

species during desolvation and swelling, a new type of free energy function of the 

ternary system is proposed. The nonuniform crosslink density of the network is 

predicted by tracking the reaction photopolymerization kinetics of monomer chains. 

The efficiency of the theory is demonstrated by several FEA simulations of the 

desolvation/swelling induced shape changing structures.

2. Models

2.1.  Reaction kinetics of photo-crosslinking

Upon irradiation by light of specific wavelength, photo-crosslinkable resins 

consisting of short chain monomers react to form a network. Here we are interested in 

the free-radical photopolymerization, in which the reaction is triggered by the 

generation of free-radicals under light irradiation[39]. These free radicals break the 

acrylate C=C double bonds in the resin (as shown in Fig. 1), and these bonds connect 

to form long chains and crosslink points. As a result, the degree of the photo-crosslink 
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reaction can be determined by measuring the amount of the remaining double bonds in 

the network[42]. The double bonds in the un-crosslinked monomer chains are unbroken, 

and these chains should be identical to the monomer chains in the fresh unreacted resin. 

For simplicity, the degree of conversion (DoC) of the double bonds can be defined as a 

scalar value, p, in the range from 0 to 1, which indicates the liquid resin and the fully 

cross-linked network, respectively. We also assume that for an arbitrary point in the 

material, p is independent of the choice of deformation configuration. The evolution of 

DoC during photopolymerization can be described by the simple kinetic model [43],

, (1)      ,
1 , ,r

p t
K p t I t

t


 

X

X X

where t is the reaction time, Kr is the reaction coefficient,  is the  1 2 3, ,X X XX

coordinate and I is the light intensity. Here the coordinate system is defined in the liquid 

resin, and we assume the same coordinate system should be applied to the as-reacted 

reference configuration which will be defined in the subsequent section (Fig. 1 and Fig. 

2). In other words, we obtain the profile of DoC in the reference configuration from Eq. 

1. As shown by the model, the DoC of cross-linked network is dependent on the light 

intensity and the reaction time. For photo field, since in 3D/4D printing light is 

irradiated unidirectionally, we will use a 1D photo-chemical field to describe the 

chemical reaction due to photopolymerization [11, 16, 42]. The distribution of light 

intensity inside the network can be determined through the Beer-Lambert law,

, (2)   
3

,
,

I t
I t

X



 


X

X

where μ is the attenuation coefficient, and  is the coordinate along the light path 3X
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(Fig. 1). As shown by Eq. 2, when light is irradiated from one side (which is typical in 

3D printing), a layer of liquid resin is exposed to irradiation from one side, the material 

points directly exposed to light will be under high intensity. The light intensity 

gradually attenuates in the material according to Eq. 2, and material points on the other 

side will be under low intensity.

Figure 1. Schematic figure of the crosslink reaction and the desolvation/swelling 
process.

2.2.  Kinematics and balance laws

After photo-crosslinking, although the partially cross-linked network always 

appears to be in a solid state, there may exist many uncross-linked monomer chains 

inside the network[44]. As shown in Fig.2, we assume that in the as-reacted 

configuration, there is no stress in the network [33]. It should be noted that stress could 

be developed later due to mechanical deformation events, such as non-uniform swelling. 

Page 8 of 38Soft Matter



9

Following the classical finite deformation theory[45], the material point denoted by X 

in the reference configuration is moved to point x in the current configuration, through 

the one-by-one mapping x=χ(X, t). The deformation gradient and the velocity are 

defined as,

. （3）,   F v &

Figure2. Multiplicative decomposition of the deformation gradient.

As schematically shown in Fig. 2, the deformation gradient can be decomposed 

as,

, (4)e s dF F F F

where Fd is the desolvation deformation gradient, Fs is the swelling deformation 

gradient and Fe is the elastic deformation gradient. Here we assume the network 

deforms isotropically during desolvation and swelling. The desolvation deformation 

gradient has the form Fd=λdI, where λd is the desolvation stretch and I is the unit tensor. 
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The swelling deformation gradient has the form Fs=λsI, where λs is the swelling stretch. 

Because the desolvation of a partially cross-linked network is irreversible (as discussed 

below), the desolvation deformation gradient Fd will be a constant value at each 

material point and is a function of DoC, while the swelling deformation gradient Fs and 

the elastic deformation gradient Fe are dependent on the subsequent swelling conditions 

in the network. Due to non-uniform reaction in the network, the desolvation 

deformation gradient Fd has different values at different material points. It remains to 

be constant once the chemical reaction is complete and thus is treated as a material point 

constant during swelling and desolvation. It should be noted, in this model we neglect 

the reaction-induced shrinkage deformation, which is intrinsic in photo-cross-linked 

polymers[42]. For real applications, most solvent responsive structures are cured under 

the confinement of molds, and the network is not allowed to shrink freely during 

reaction. This process significantly reduces the effect of reaction-induced shrinkage on 

subsequent deformations[46]. Now we define J=det F, Je=det Fe, Js=det Fs, Jd=det Fd 

and the following relations hold,

. (5)   3 3
, ,e s d d d s sJ J J J J J   

The partially photo-cross-linked network is composed by the network and the free 

uncrosslinked monomer chains. After desolvation, the free monomer chains will be 

cleaned away from the network. Here, we assume that once the free monomer chains 

are removed from the network, they cannot be bring back. The shrinkage of the network 

should be proportional to the volume of the free monomer chains. As a result, the 

desolvation stretch is expressed as,
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, (6) 3

01d m mvN c  

where ν is the mole volume of a unit segment on the monomer chain, Nm is the 

equivalent length of the monomer chain, and  is the concentration of uncross-linked 0
mc

monomer chains right after photopolymerization. It should be noted, Nm indicates the 

number of unit segments on a single chain and it is a dimensionless value.  is 0
mc

related to the DoC as , where  is the concentration of monomer  0 0 1mc C p  0C

chains in the unreacted liquid resin. 

The desolvated network without uncrosslinked monomers could be swollen by 

penetrating liquids. The swelling stretch is related to the concentrations of the fluid 

species,

, (7) 3 0

0

1
1

s m m
s R

m m

vc vN c
vN c

  




where  is the concentration of the solvents measured in the reference configuration, s
Rc

and  is the volume of the network after desolvation. Following Floy’s 01 m mvN c

assumption, we assume the mole volume of the solvent molecule is ν, which is equal to 

the mole volume of a unit segment on the monomer chain[47].

The left Cauchy-Green tensor and the right Cauchy-Green tensor are defined as,

. (8),T T B FF C F F

In addition,

. (9)e eT eC F F

Next we examine the balance laws of the system. The first Piola-Kirchhoff stress 

is defined as,

, (10)TJ S σF
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where the Cauchy stress σ is correlated to the surface traction t as,

. (11)σN t

Here N is the unit normal vector of an arbitrary surface in the current configuration.

The balance equations of force and moment in the reference configuration can be 

written as,

, (12A)RDiv  S b 0

, (12B)T TSF F S

where bR is the body force measured in the reference configuration.

The balance of the liquid solvents is described by the Fick’s law[48],

, (13)s s
R Rc Div  j&

where  is the rate of the solvent concentration in the reference configuration,  is s
Rc& s

Rj

the fluid flux measured in the reference configuration. It should be noted, Fick’s law is 

required for the derivation of thermodynamic restrictions, but only the equilibrium 

process will be considered in the subsequent simulations and analysis.

2.3. Free energy function and thermodynamic restrictions

The free energy function of the thermodynamic system measured in the reference 

configuration can be written in a separable form [21, 25, 33],

, (14)0( , ) ( , ) ( )e s s s e s s
R R R M R S Rc c c c     C C

Here  is the chemical potentials of the pure solvent measured in the reference 0
s

configuration. The second term in Eq. 14 is the contribution from mechanical 

deformation, and the third term is the contribution due to the mixing of fluid species in 

the cross-linked network.
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For the mechanical part in the free energy function, we adopt the compressible 

neo-Hookean model proposed by Chester et al[35],

, (15) 21 1( , ) ( 3 2ln ) ln
2 2

e s s d e
M Rc G tr J J J K J    C C

where G and K are the shear modulus and the bulk modulus, respectively. Here we only 

consider the elastic deformation, because for long-time period the viscoelasticity of 

polymer network is not obvious compared with the migration of solvents [49]. The 

shear modulus G is correlated to the DoC of the network as [11, 42],

, (16)  expc gel dG G b p p G  

where pgel is the DoC at the gelation point, and the remaining parameters are some 

constants. The bulk modulus K is always chosen to be sufficiently large to imitate the 

incompressibility behavior[35, 50] (e.g. 100 times than the shear modulus).

The chemical mixing part in the free energy function can be determined according 

to the Flory lattice theory as[17, 47],

. (17)0

0 0

(1 )( ) ( ln )
1 1

s m ms
s s RR

S R R pss m m s m m
R R

c vN cvcc kT c
vc vN c vc vN c

  
 

   

Here χps is the interaction parameter between the network and the solvent, which is 

dependent on both the type of the solution and the DoC of the network[51, 52],

, (18)0
ps ps p   

where  and α are two constant parameters.0
ps

Considering the materials occupies the region V in the reference configuration, the 

second law of thermodynamics can be described by[45],

, (19)0 0s s
R R

V V V V

dV dS dV dS 
 

      tv b v j N&

where  is the boundary of the region. Utilizing Gauss’s theorem, Eq. 19 can be V
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transformed to,

. (20)( : ) (Div ) dV 0s s s s
R R R

V V

Div dV         S F j j S b v&&

Inserting Eq. 12 and Eq. 13 into Eq. 20 and utilizing the Coleman-Noll procedure[53], 

we obtain the expression of the Cauchy stress[26],

, (21)1 eT 12 [ ( ) ln ]e s d e
eJ J G J J K J       

σ F F B I I
C

and the expressions of the chemical potential,

(22)

 

0
0

0 0
2 20

2
0

1[ln
3 1 1

(1 ) 1] ln ln
(1 ) 2

m ms
s e s R

s s m m s m m
R R R

m m
e e

ps s m m
R

vN cvcv J tr kT
c vc vN c vc vN c

vN c Kv J vK J
vc vN c

 




    

    


  

 

σ

3. Results

3.1.  Finite element implementation of the model

The above finite deformation theory was implemented in the commercial finite 

element analysis (FEA) software ABAQUS (Dassault Systems, Waltham, MA, USA) 

for simulations. In this paper, we are most interested in the equilibrium response of the 

partially photo-cross-linked network upon desolvation and swelling, and the diffusion 

process was not included in the simulations. We used the user subroutine UHYPER in 

ABAQUS to describe the mechanical behaviors of the network, and the free energy 

function in Eq. 14 and its derivatives were imported to the subroutine. Normally we 

used two steps in the simulations. In the first step, the kinetics in Eq. 1 and Eq. 2 were 

solved to obtain the distribution of the DoC inside the material. If the attenuation 

coefficient is constant inside the material, these two equations can be simplified to

, (23)  0 31 exp exprp K I X t   
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where X3 is the distance along the light path, and I0 is the incident light intensity that 

varies as a function of X1 and X2.

In the second step, the concentration of solvent was decided according to the 

swelling condition, and the deformation of the whole structure could be obtained. 

Specifically, after the desolvation process there is no fluid species inside the network, 

and the concentration of the solvent should be . However, in order to avoid 0s
Rc 

numerical singularity in the total free energy[33], the concentration of the solvent was 

set to a relatively small value (0.001) in the simulations. In contrast, if the desolvated 

network is allowed to be free swollen in the solvent, the concentration of the solvent 

inside the network was decided through the stress-free condition , together with 0σ

the requirement that the chemical potential of the system should be equal to the 

chemical potential of pure solvent . This calculation typically involes implicit 0
s s 

iterations in the software.

3.2.  Simulations of desolvation induced shape change

In this subsection, we show the efficiency of the theory in the simulation of 

desolvation induced shape changes in partially photo-cross-linked polymers. When a 

polymer film is photo-crosslinked by irradiating light from one side, the crosslink 

density across the thickness of the film is nonuniform. The side directly exposed to light 

is highly crosslinked, while the other side is loosely crosslinked. If the film undergoes 

desolvation, the uncrosslinked chains inside the film will be washed away and the film 

bends towards the loosely cross-linked side. This mechanism has been used to fabricate 

complex 3D structures that can be derived by flat polymer films [11, 12]. When the 3D 
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structure is immersed in good solvents, the deformation can be recovered through 

swelling. Because relatively hard polymers are always utilized, the swelling ratio would 

not be large enough to drive the film to deform towards the opposite direction (Fig. 

3D).

3.2.1. Parameters identification

Figure 3. (A) The DoC as a function of irradiation time. (B) The shear modulus G as 
a function of the DoC. (C) The desolvation ratio as a function of the DoC. (D) The 
swelling ratio in water and acetone as a function of the DoC. (The experiment results 
are from Zhao et al[11])

The parameters in the model were obtained by fitting the experimental results of 

photo-crosslinked PEGDA in our previous works[11]. In these experiments, ultra-thin 

polymer samples without adding photoabsorbers were irradiated for different times to 
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obtain uniformly crosslinked networks with different crosslink densities. The swelling 

and desolvation behaviors of the samples were also uniform. The fundamental material 

properties are summarized in Fig.3, and the corresponding model parameters are listed 

in Table 1. When the liquid resin was exposed to light irradiation, the DoC and the 

shear modulus of the cross-linked network increased with time (Fig. 3A-B). The 

reaction coefficient K could be obtained by fitting Fig. 3A, and the attenuation 

parameter was obtained from the evolution of curing depth in our previous work[11]. 

The initial concentration of monomers C0 was calculated from the formula of liquid 

resin. We also calculated the constant parameters Gc , b and Gd in Eq. 16 by fitting Fig. 

3B. The desolvation ratio and the swelling ratio are defined as the total volume ratio J 

after desolvation and swelling, respectively. The desolvation ratio, which is related to 

the amount of residual free monomer chains inside the network, decreased with the 

growing of DoC (Fig. 3C). According to the assumptions of Eq. 6 and Eq. 7, the mole 

volume of the monomer segment was set to the typical value in swelling problems[33, 

35], and the effective chain length Nm could be obtained by fitting Fig. 3C. There was 

no desolvation-induced volume shrinkage in the fully cross-linked network (The DoC 

equals to 1). Fig 3D shows the free-swelling ratio of the dry network in different types 

of solvents. Large swelling-induced expansion could be obtained by immersing the 

loosely crosslinked network in good solvents (for example acetone). The swelling ratio 

of the fully-crosslinked network was slightly higher than 1, which indicates it still 

retained some ability to swell. Finally the swelling parameters in Eq. 18 were acquired 

by simulating and fitting the experiment results in Fig. 3D.
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Table 1. Model parameters for section 3.2

Parameters Value Description

Kr (mW-1cm2s-1) 0.05 Reaction coefficient[11]

μ (mm-1) 17 Attenuation coefficient[11]

C0 (mol L-1) 4.44 Initial monomer concentration

Nm 0.00075 Equivalent length of the chains

ν (L mol-1) 180 Mole volume of the solvent[35]

Gc (MPa) 0.0015 Fitting parameter

b 14.75 Fitting parameter

pgel 0.16 DoC at the gelation point[11, 42]

Gd 4.5 Fitting parameter

0
ps 1.1(acetone)

2(water)

Fitting parameter

α 0.15 Fitting parameter

3.2.2. Desolvation induced bending of differentially cross-linked strips

As the first example, we show the simulation results of a differentially cross-linked 

strip upon desolvation and swelling. Here a strip with a thickness of 0.2mm was 

investigated, and the incident light intensity was fixed to 5mWcm-2. Because of the 

nonuniform crosslink density across the thickness, the strip bent towards the loosely 

cross-linked side upon desolvation, and it recovered to the flat shape upon swelling in 

acetone (Fig. 4A-B). As shown in Fig. 4A, internal stress arises from incompatibility 

after all the solvents and un-crosslinked chains are removed from the network. For short 

irradiation times, the side directly exposed to light was fully cross-linked, while the 
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other side was loosely cross-linked because the light intensity was attenuated on this 

side (for example the profile of DoC after 10s irradiation in Fig. 4D). As a result, there 

were a large amount of residual chains on the loosely cross-linked side, which caused 

large shrinkage and significant bending curvature upon desolvation. For long 

irradiation times, although the side opposite to the light source was still under low 

intensity, there was enough time for the network to be fully cross-linked, and the profile 

of DoC became more uniform across the thickness (for example the profile of DoC after 

160s irradiation in Fig. 4D). In this case, the bending curvature after desolvation would 

decrease at the same time.

Figure 4. (A) The schematic figure of desolvation induced bending and swelling 
induced shape recovery. (B) The bending curvature as a function of the 
photopolymerization irradiation time. (C) The DoC profiles across the thickness of 
different photopolymerization irradiation times. (The experiment results are from Zhao 
et al[11])

Based on the theoretical framework, we were able to investigate several 
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predominant factors that can influence the desolvation induced bending deformation. 

Here the irradiation times of the strips were fixed to 20s. As shown in Fig. 5A-B 

(µ=17mm-1, thickness=0.2mm), a lower incident light intensity resulted in a higher 

bending curvature upon desolvation, because a much nonuniform profile of DoC was 

created. But under extremely low intensity, even the side directly exposed to light could 

not be fully crosslinked, and the final bending curvature was reduced. The influence of 

the attenuation ability is shown in Fig. 5C-D (I0=5mWcm-2, thickness=0.2mm). 

Increasing the attenuation coefficient always resulted in more loosely crosslinked 

network at the side opposite to the light source, while the side directly exposed to light 

could always be fully cross-linked. As a result, the bending curvature monotonically 

increased with the attenuation coefficient. As shown in Fig. 5E-F (I0=5mWcm-2, 

µ=20mm-1), moderately increasing the total thickness of the strip resulted in higher 

bending curvature, which came from the higher gradient of DoC across the thickness. 

But if the thickness was too large, liquid polymers at the side opposite to the light source 

could not be cross-linked (for example the DoC profile of 0.3mm in Fig. 5F), and the 

bending curvature would not further increase any more.

3.2.3. Desolvation induced shape changing with DLP

Inspired by the above discussion, if the irradiation condition along the strip could 

be manipulated, the desolvation induced bending curvature would also vary following 

specific patterns. This can be achieved by controlling the distribution of light intensity 

during photopolymerization, which can be easily implemented by irradiating grayscale 

light patterns to the liquid resin[14]. Some special structures realized by this method 

Page 20 of 38Soft Matter



21

are shown in Fig. 6 (irradiation time=20s, µ=17mm-1, thickness=0.2mm). For example, 

if a light pattern with the distribution of intensity following the top of Fig. 6A was 

utilized to cure the strip, the two ends crosslinked under low intensity displayed higher 

bending curvature upon desolvation, while the center part crosslinked under high 

intensity displayed relatively small curvature. We could also control the distribution of 

light intensity on both sides of the strip. As shown in Fig. 6C-D, the strip would be able 

to bend towards two different directions, and complex shapes were created upon 

desolvation of the strip. As shown by the inset, the negative light intensity in Fig. 6C-

D indicates the irradiation of the light pattern from an opposite side of the strip.
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Figure 5. (A) The desolvation induced bending curvature as a function of the incident 
light intensity. (B) The DoC profiles under different incident light intensities. (C) The 
desolvation induced bending curvature as a function of the attenuation coefficient. (D) 
The DoC profiles for different attenuation coefficients. (E) The desolvation induced 
bending curvature as a function of the film thickness. (F) The DoC profiles of strips 
with different total thicknesses.
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Figure 6. (A) The desolvation induced bending towards a heart. (B) The desolvation 
induced bending towards a helix. (C) The desolvation induced bending towards a 
double helix. (D) The desolvation induced bending towards a star. (The distributions of 
light intensity on the strips and the corresponding grayscale patterns are listed on the 
top of each figure. Here the length is not scaled to the actual structure on the bottom.)

Figure 7. The desolvation induced origami and shape recovery of different structures. 
(The distributions of light intensity on the strips are listed on the left of each structure, 
and the simulation parameters were set to the actual conditions in the work of Zhao et 
al[11])

The theoretical framework could also be used to predict the desolvation induced 

deformation of structures with more complex shapes. Previously. Zhao et al[11] 
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showed the desolvation induced origami of differentially photo-cross-linked polymers 

for 4D printing. By using specific planner light patterns to cure the polymer sheet, 3D 

origami shapes such as the Miura-ori structure and the origami crane could be created 

upon desolvation. The origami structure recovered to the flat shape once the structure 

was immersed in acetone. Similar to the concept in Fig. 6, the folding of the planner 

polymer sheet was realized by imposing low light intensity at the folding creases while 

high intensity at the flat panels. The simulation results of different types of origami 

structures are shown in Fig. 7, where the simulation parameters were set to the values 

in the experiment works of Zhao et al[11]. Both the desolvation induced origami and 

the swelling induced shape recovery could be predicted well by the theoretical 

framework. Because of the strain mismatch during desolvation, the stress was higher at 

the folding creases of the structures.

3.3.  Simulations of swelling induced shape change

Here, we show the simulation results of the swelling induced shape change in 

partially photo-crosslinked polymers presented in the recent work of Huang et al[16] 

for 4D printing. Following the same procedure in section 3.1, the model parameters 

were obtained by fitting the experiment results in Huang et al[16]  (Fig. 8), and the 

corresponding values are listed in Table 2. The experiments were also implemented by 

using uniformly crosslinked samples with different crosslink densities. Different from 

the conditions in section 3.2, Huang et al[16] utilized soft hydrogels which undergoes 

large volume expansion upon swelling. As shown in Fig. 8D, the swelling ratio of the 

loosely cross-linked network was much higher than that of the fully cross-linked 
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network, and the swelling ratio was also significantly higher than that of the hard 

polymers in Fig. 3D. Upon desolvation, with the shrinkage of the loosely cross-linked 

network (Fig. 8C), the polymer sheet deforms to the first shape. When the desolvated 

structure is immersed in good solvent, significant volume expansion occurs in the 

loosely cross-linked network, and the polymer film deforms towards the opposite 

direction. From the theoretical point of view, this phenomenon is a result of the 

relatively small modulus (G and K) and the small interaction parameter χps.

Figure 8. (A) The DoC as a function of irradiation time. (B) The shear modulus G as a 
function of the DoC. (C) The desolvation ratio as a function of the DoC. (D) The 
swelling ratio as a function of the DoC. (The experiment results are from Huang et 
al[16])
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Table 2. Model parameters for section 3.3

Parameters Value Description

Kr (mW-1cm2s-1) 0.011 Reaction coefficient

μ (mm-1) 0 Attenuation coefficient

C0 (mol L-1) 5 Initial monomer concentration

Nm 0.0013 Length of the chains

ν (Lmol-1) 180 Mole volume of the solvent

Gc (MPa) 0.0005 Fitting parameter

b 7.5 Fitting parameter

pgel 0.2 DoC at the gelation point

Gd 0 Fitting parameter

0
ps 0.33 Fitting parameter

α 0.65 Fitting parameter
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Figure 9. The swelling induced shape change of different structures.

The simulation results of some swelling induced shape changing structures are 

shown in Fig. 9. Consistent with the experiment conditions of Huang et al[16], here we 

assumed there was no light attenuation across the thickness of the film, and the crosslink 

density only varies in the planner plane according to the incident light patterns. 

Different from the results in Fig. 7, each structure had two deformed shapes upon 

desolvation and swelling, respectively. For example, if the circular plate was loosely 

cross-linked at the center while fully cross-linked at the edge, it deformed to the saddle 

shape upon desolvation. If the saddle was immersed in good solvent, it deformed 

conversely to the dome shape.

4. Conclusions
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In this paper, we proposed a finite deformation theory to describe the desolvation 

and swelling process of partially photo-cross-linked polymers. Starting from the 

analysis of the underlying photopolymerization kinetics, the crosslink density of the 

polymer network was correlated to the irradiation conditions, for example the 

irradiation time and the incident light intensity. We chose the pure polymer network 

without residual free chains as the reference configuration of the thermodynamic 

system, while the as-reacted network was treated as a free swollen configuration. By 

using this specific choice of configuration, the desolvation and swelling process were 

transformed to the behaviors of the differentially cross-linked network in a binary 

mixture system. The theory was implemented in the FEA software to simulate the 

behaviors of different types of partially photo-cross-linked materials. We showed the 

efficiency of the theory in the simulations under two specific conditions. Both the 

desolvation induced origami and the swelling induced shape change could be well 

predicted by the theoretical framework. The theory and the simulation method can be 

utilized in the future design and analysis of different types of solvent responsive 

structures.
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A finite deformation model is developed to describe the desolvation and swelling in 

partially photo-crosslinked polymers.
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