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Abstract: This paper explores fundamental mechanisms of negatively 

thermodynamic toughening during microphase separations of double network (DN) 

hydrogels, which have dynamically coordinating components with adjustable swelling 

behavior and designable multi-shape memory effect (multi-SME). Based on the 

Flory-Huggins theory and Fick’s second law, a thermodynamic model is formulated to 

study the diffusive dynamics, cooling-triggered multi-SME and mechanical toughness 

of the DN hydrogels. The negatively thermodynamic toughening effect of the DN 

hydrogels is strongly dependent on their water concentration, hydrophobic transition 

and microphase separation. Finally, effectiveness of this new model is demonstrated 

by applying it to predict dual-SME, quadruple-SME and cooling-triggered shape 

memory behaviors of DN hydrogels. This study provides a methodology for the 

design of shape memory DN hydrogels with tunable, giant and programmable 

cooling-triggered multi-SME. 
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1. Introduction  

Shape memory polymers (SMPs) are stimulus-responsive materials which possess 

excellent properties including large recovery strain, low cost and biocompatibility 

[1-6]. Owing to the entropic elasticity of their macromolecular chains, SMPs can 

recover their original shapes from the pre-defined temporary shapes, by means of 

direct and inductive heating stimuli [7,8]. One of the most popular types of SMPs is 

composed of hard and soft segments [9]. The hard segment plays a critical role to 

memorize the permanent shape and orientations of macromolecules, whereas the soft 

one responds to the external stimulus and generates a transition from a “frozen” state 

to an active one [10,11]. The macromolecular chains which are composed of both the 

hard and soft segments could retain the permanent shape from their temporary ones, 

therefore generating the shape memory effect (SME).  

Cooling-triggered SME was first reported in the shape memory hybrid, which was 

made of a plastic sponge (as an elastic component) filled with poloxamer gel (as a 

transition component) [12]. Recently, double network (DN) hydrogel has been 

developed, using a network of poly-acrylamide (PAAm) and methylcellulose (MC). 

The PAAm network acts as the hard component to store the entropic energy, and the 

MC network acts as the soft component to fix a temporary shape through the 

reversibly hydrophobic crosslinks in response to an external stimulus [13]. The 

hydrophobic methoxy groups in the MC network ensure its solubility in cold water 

and formation of gelation upon heating [14,15], as shown in Figure 1. Here, we define 

two temperature limits, e.g., high temperature limit and the low temperature limit. As 



the temperature reaches the high temperature limit, the hydrophobic interaction in MC 

networks is significant, while PAAm and MC networks are formed inside the 

macromolecules. On the other hand, the hydrophobic interaction is weakened when 

the ambient temperature is decreased to the low temperature limit. Therefore, water 

molecules form clathrates around the hydrophobic methoxy groups of MC network, 

which result in hydration and entanglement due to entropy-driven assembly of 

clathrates [16].  

 

Figure 1. Illustration of negatively thermodynamic toughening and cooling-triggered SME of PAAm-MC DN 

hydrogel, as a function of temperature. 

Meanwhile, other types of soft chains can be supported by reversible crosslinks of 

hydrogen bonding, ionic assembly and dipole-dipole generated by thermal transitions 

of crystallization [17-19]. The permanent shape of the DN hydrogel can be recovered 

during cooling process, thus generating a cooling-triggered SME due to the 

hydrophobic transitions and subsequent dissociations of the clathrates. Most polymers 



become soft and their moduli decrease with an increase in the temperature (e.g., above 

either their glass transition or the melting transition temperatures). However, the 

negatively thermodynamic toughening effect of DN hydrogels results in an abnormal 

response to temperature, their thermomechanical moduli increase with the increase of 

temperature. Therefore, this effect enables the shape memory hydrogels to achieve a 

higher mechanical strength at a higher temperature. The cooling-triggered shape 

recovery behavior not only provides a viable actuator for biomedical applications, but 

also enables novel applications at a low temperature or in cold weather [20]. 

To understand effects of fluid permeation on the deformation behavior of hydrogels, 

Chester et. al. proposed a coupled theory which considers both fluid permeation and 

large deformation behavior of hydrogels [21]. They further substituted this theory into 

the finite element software to study the fluid permeation effect on the properties of 

thermally responsive gels [22,23]. Numerous models have been developed to 

understand the toughening mechanism and Mullins effect in DN hydrogels [24-27]. 

However, few theoretical studies have been done for this uniquely cooling-triggered 

shape memory DN hydrogels due to the scaling relationship between molecular 

structures and macroscopic properties. Such research could provide fundamental 

principle for the design of shape memory DN hydrogels with tunable, giant and 

programmable shape recovery.  

In this study, the Flory-Huggins theory [28,29] is firstly employed to characterize 

the thermodynamics of cooling-triggered shape memory behaviors and negatively 

thermodynamic toughening in shape memory DN hydrogels. By combining the Fick’s 



second law [30,31], a diffusive dynamic model is formulated for the microphase 

separation and subsequent hydrophobic dissociation of soft component. The Obukhov 

model [32] is then employed to construct the constitutive relationship of multi-SMEs 

and their dynamic shape memory behaviors. The relationship between stress and 

strain has been formulated to explore the toughening mechanism and predict the 

mechanical behaviors of the DN hydrogels. Finally, the newly proposed models are 

validated using the experimental results of the dual-, quadruple-shape recovery and 

dynamic mechanical behaviors of the DN hydrogels reported in literature. 

2. Modelling of cooling-triggered SME 

As reported in Ref. [13], the PAAm-MC DN hydrogel shows a cooling-triggered 

SME owing to the hydrophobic transition of their MC component. The transition 

dynamics is originated from the microphase separation between the PAAm and MC 

components to form PAAm-water and MC-water phases. Based on the Flory-Huggins 

theory [28,29], the equilibrium chemical potentials of those two phases are,  

PW PW MW MWV V  =                          (1) 

where PWV  and MWV  are the volume concentrations of PAAm-water and MC-water 

phases, respectively, PW  and MW  are the chemical potentials of PAAM-water 

and MC-water phases, respectively. PW  can also be derived as [28], 

2 2

2/PW s PW sRT M RTA    = +                  (2) 

where R is the gas constant, T is the temperature,   is the concentration coefficient, 

s  is the volume concentration of water in hydrogel, PWM  is the molar weight of 

PAAm-water phase and A2 is the second virial coefficient [28]. 



According to equation (1), the volume concentration of water in MC-water phase 

( f ) can be obtained as [33],  
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Substituting equation (2) into (1), the f  can be written as, 
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On the other hand, to predict the dynamic behavior of DN hydrogel, the effect of 

diffusion time (t) on the volume concentration of water in hydrogel ( s ) should be 

considered. As it is well known, Fick’s second law is used to characterize the diffusive 

dynamics of a diffusion process [30,31]. The equilibrium water concentration ( ( )C t
−

) 

is introduced to describe the diffusion as following [30], 
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where 0C  is the initial water concentration, D is the diffusion coefficient, h is the 

diffusion length and fC  is the hole saturation constant in the polymer. 

Based on the quasi-lattice theory [34], each water molecule occupies one lattice, 

and each polymer occupies m connected lattices. The dynamic relationship between 

the volume concentration of the water ( ( )s t ) and the equilibrium water concentration 

( ( )C t
−

) can be described using [34],  
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                       (6-b)       

where V is the volume of shape memory DN hydrogels. ns and nm are the molar 



numbers of water and gel, respectively. sv  and mv  are the molar volumes of water 

and gel, respectively.  

Substituting equation (6) into (5), the volume concentration of water in hydrogel 

( ( )s t ) as a function of the diffusion time (t) can be written as, 
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Meanwhile, the diffusion coefficient ( D ) is governed by the Eyring equation as a 

function of temperature (T ) [35], 

  ( )0 exp /D D H RT= −                        (8) 

where 0D  is the initial diffusion coefficient and H  is the activation energy of the 

diffusion process. 

  Substituting equation (8) into (7), the volume concentration of the water in the 

hydrogel ( ( )s t ) can be rewritten as, 
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Substituting equations (7) and (9) into (4), the volume concentration of water in 

MC-water phase ( f ) can be obtained as, 
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 (10) 

Based on the phase transition theory [12], the stored strain ( s pre f  = ) as a 

function of temperature can be written as, 
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(11) 

where 
pre  is the pre-stored strain. 

To verify the proposed model, a series of experimental data of the PAAm-MC DN 

hydrogels reported in Ref. [13] have been employed to compare with the analytical 

results obtained using equation (11). The parameters used in equation (11) are listed 

in Table 1, which were determined by the numerical analysis software 1stOpt. During 

the calculation process, the first step is to provide the basic value range of these 

parameters. Then the built-in universal global algorithm method in the 1stOpt 

software is applied to determine the values of parameters used in the simulation. The 

convergence tolerance is set as 10-10, and the maximum iteration is set as 2000.  

The obtained analytical and experimental results of the stored strains as a function 

of immersion time are plotted in Figure 2(a). At a constant cooling rate with the 

temperature decreased from 338 K to 283 K, the stored strain is gradually decreased 

from 0.27 to 0.03 with an increase in the immersion time from 0 s to 1500 s. The 

cooling-triggered SME enables the DN hydrogels to release the stored strain with a 

decrease in temperature. The water is gradually released from the DN hydrogel, and 

the MC component undergoes the hydrophobic transition and microphase separation 

at the lower temperature. Moreover, the divergences between the analytical and 

experimental results have been calculated based on correlation index (
2R ), and the 

results are shown in Figure 2(b). A good agreement between the analytical results and 



experimental data [13] has been achieved, where the error ratio is limited to the range 

from -6.88% to 13.18%. 

Table 1. Values of fit parameters used in equation (11).  

Parameters 
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Values 0.066 15.1 2265.1 0.4 4.3 10-3 3.9 10-3 

 

Figure 2. Analytical results and experimental data reported in Ref. [13] of stored strain as a function of immersion 

time of PAAm-MC DN hydrogel. (a) The stored strain as a function of immersion time. (b) Error ratio of stored 

strain.  

To further investigate the effect of temperature on the shape memory DN hydrogels, 

the analytical results of stored strain as a function of immersion time have been 

plotted, at various temperatures of 250 K, 260 K, 270 K, 280 K and 290 K. As shown 

in Figure 3(a), the DN hydrogels take 1227 s, 1323 s, 1574 s, 2007 s and 2485 s, to 

complete their shape recovery processes at the temperatures of 250 K, 260 K, 270 K, 

280 K and 290 K, respectively. With an increase in temperature, the hydrophobic 

transition of soft components becomes weakened, thus resulting in a decreased release 

rate of stored strains. Therefore, a longer immersion time is necessary for the stored 



stain in DN hydrogel to be completely released. Moreover, the effect of temperature 

on the stored strain of DN hydrogels has been investigated based on equation (11), 

and the obtained results are shown in Figure 3(b). The analytical results reveal that the 

stored strain is decreased from 0.27 to 0.21 at 320 K, from 0.27 to 0.13 at 310 K and 

0.27 to 0.04 at 300 K, respectively, at the same immersion time of 1500 s. Therefore, 

these analytical results prove that the DN hydrogel presents a cooling-triggered shape 

recovery. 

 

Figure 3. Analytical results of stored strain for shape memory DN hydrogel as a function of immersion time. (a) At 

various temperatures of 250 K, 260 K, 270 K, 280 K and 290 K. (b) At various temperatures of 300 K, 310 K and 

320 K. 

Furthermore, effects of diffusive thermodynamics parameters (i.e. diffusion length 

h and activation energy H) on the shape recovery behaviors have been investigated. 

Figure 4(a) plots the analytical results of stored strains as a function of immersion 

time at various diffusion lengths. With an increase in the diffusion length from 5 mm, 

10 mm, 15 mm to 20 mm, the stored strains in the hydrogel are released at 307 s, 

1273 s, 2567 s to 3894 s, respectively. The hydrogel takes a longer time to complete 

the shape recovery, when the diffusion length (h) is longer. On the other hand, the 



effect of the diffusion activation energy on the stored strain has also been investigated 

based on equation (11), and the results are plotted in Figure 4(b). The analytical 

results reveal that the hydrogel takes times of 472 s, 598 s, 850 s, 1163 s and 1658 s to 

complete the shape recovery, when the diffusion activation energies are 1900 J/mol, 

2000 J/mol, 2100 J/mol, 2200 J/mol and 2300 J/mol, respectively. The higher 

diffusion activation energy will promote the shape recovery, thus shortening the 

recovery time of hydrogel.  

 

Figure 4. Analytical results of stored strain as a function of immersion time. (a) At various diffusion lengths of 5 

mm, 10 mm, 15 mm and 20 mm. (b) At various activation energies of 1900 J/mol, 2000 J/mol, 2100 J/mol, 2200 

J/mol and 2300 J/mol. 

Finally, cooling-triggered multi-SME in PAAm-MC DN hydrogel was investigated, 

and the results are shown in Figure 5. A quadruple shape recovery behavior has been 

achieved by controlling the step-by-step cooling processes at 310 K, 305 K and 300 K. 

The DN hydrogel completes the first shape recovery at 310 K, whereas the stored 

strain is decreased from 0.27 to 0.13. Then, it completes the second shape recovery at 

305 K, whereas the stored strain is decreased from 0.13 to 0.07. Finally, it completes 

the third shape recovery at 300 K, whereas the stored strain is decreased to 0.04. 



These analytical results clearly show that the cooling-triggered multi-SME is highly 

programmable to achieve the multiple shape recovery behaviors. Therefore, the 

amplitude of cooling-triggered shape recovery, which is quite different from the 

conventional shape recovery of SMPs, appears strongly dependent on the 

hydrophobic transition and the associated microphase separation of MC component in 

PAAm-MC DN hydrogel. This provides a good methodology to design the 

cooling-triggered shape recovery behavior. 

 

Figure 5. Analytical and experimental results [13] of stored strain as a function of immersion time for PAAm-MC 

DN hydrogel with quadruple-SME, which is achieved by programming cooling steps of 310 K, 305 K and 300 K. 

3. Thermomechanical behavior of shape memory hydrogel  

Thermomechanical behavior is an essential property of shape memory hydrogel 

[28]. According to the Obukhov model [32], the dependence of storage modulus (E) 

on volume concentration of the water ( s ) in hydrogel can be written as,  

0 33(1 ) /s elE F a N= −                        (12)  

where 
0

elF  is the elastic energy, a3 is the average volume of a hydrogel chain and N is 

the degree of crosslink. 



According to the Flory-Huggins theory, the elastic energy (
0

elF ) of a polymer chain 

can be expressed by [28,29], 

( )
20

0 0 /el bF R R k T=                        (13)  

where R0 and R are the root mean square end-to-end distances of the chains in gel and 

hydrogel, respectively, bk  is the Boltzmann constant and 0  is the swollen ratio. 

The end-to-end distance of a hydrogel chain (R) can be described using the 

following equation [36]: 
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−−                      (14) 

where a is a given constant and v  is the exponent of excluded volume effect. 

Assuming this process is a one-dimensional diffusion, the swollen ratio ( 0 ) can be 

written as, 

0 =1/ s                               (15) 

By substituting equations (14) and (15) into (13), we can obtain the following 

relationship between the elastic energy and volume concentration of water, 
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Combining equations (12) and (16), the storage modulus (E) is given by, 
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         (17) 

To verify the proposed model, equation (17) is employed to predict the 

thermomechanical behavior of the shape memory hydrogel, whereas the effect of 

immersion time on the storage modulus has also been investigated. The analytical 

results in Figure 6 reveal that the storage modulus is gradually increased from 29.8 



kPa, 38.4 kPa, 47.3 kPa, 56.7 kPa to 65.7 kPa with the temperature increased from 

250 K, 260 K, 270 K, 280 K to 290 K, respectively. A distinct increase rate of 120% 

of thermomechanical storage modulus is obtained when the temperature is increased 

from 250 K to 290 K. These analytical results show that an increase in the 

temperature can cause the increase of storage modulus of shape memory hydrogel.  

 

Figure 6. Analytical results of storage modulus as a function of immersing time for shape memory DN hydrogel at 

T=250 K, 260 K, 270 K, 280 K and 290 K. 

On the other hand, the hydrogel takes a shorter recovery time to complete the shape 

recovery at a lower temperature. For example, it takes 1227 s, 1323 s, 1574 s, 2007 s 

to 2485 s to complete the shape recovery, when the hydrogel is heated to 250 K, 260 

K, 270 K, 280 K and 290 K, respectively. For the cooling-triggered SME, the short 

recovery time is resulted from the low hydrophobic transition and microphase 

separation of soft component, which causes the hydrogel with a low value of storage 

modulus due to large volume concentration of water. Therefore, the storage modulus 

is decreased from 65.7 kPa to 29.8 kPa with the temperature decreased from 290 K to 

250 K. Meanwhile, a high storage modulus of shape memory hydrogel is presented 

due to the increased hydrophobic transition and microphase separation at a high 



temperature. Based on these analytical results, the thermomechanical behavior of 

shape memory hydrogel is originated from the cooling-triggered SME and is 

governed by the negatively thermodynamic toughening effect. With an increase in 

temperature, both the hydrophobic interaction and microphase separation are 

enhanced, which can increase the storage modulus of the hydrogel due to the low 

water concentration [37]. Meanwhile, the shape recovery time is increased due to the 

long diffusion time of large amount of water. 

Furthermore, equation (17) is employed to predict the thermomechanical behavior 

of PAAm-MC DN hydrogel, and the applied constant parameters are 
3/bk a N =5.11, 

R0=0.20 and v =1.3 (based on the renormalized formula in Ref. [29]). The analytical 

and experimental results [13] of the storage moduli as a function of temperature are 

obtained and the results are shown in Figure 7. Figure 7(a) reveals that the storage 

modulus of the PAAm-MC DN hydrogel is gradually increased from 26 kPa to 101 

kPa with an increase in temperature from 275 K to 327 K. A significant increase rate 

of 288% of storage modulus is obtained based on these analytical and experimental 

results. A negatively thermodynamic toughening effect is presented due to the 

cooling-triggered SME, which enables hydrophobic transition and microphase 

separation of MC component at a high temperature. An increase in storage modulus is 

therefore due to low water concentration ( s ) based on the rubber elasticity theory 

[38]. Both the analytical and experimental results show that the storage moduli of the 

PAAm-MC hydrogel are increased with an increase in temperature. As shown in 

Figure 7(b), there are good agreements between the analytical and experimental 



results, where the error ratio is limited to ±7.82%. These comparisons reveal that the 

analytical results obtained from the newly proposed model are suitable to characterize 

and predict the thermomechanical behaviors of the PAAm-MC DN hydrogel, which 

undergoes a negatively thermodynamic toughening.  

 

Figure 7. Analytical results and experimental data [13] of storage modulus of PAAm-MC DN hydrogel. (a) For the 

storage modulus as a function of temperature. (b) Error ratio of storage modulus. 

4. Constitutive relationship of stress-stretching ratio  

Furthermore, we derive the constitutive relationship between engineering stress ( ) 

and stretching ratio ( s ) of the shape memory DN hydrogel in order to predict its 

mechanical behavior. Under the external stress, the stretching ratio ( ) can be written 

as, 

0= s                              (18) 

Substituting equation (18) into (13), we can obtain, 
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Meanwhile, the equation (16) can be then rewritten as, 
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According to the equation (17), the storage modulus ( E ) is given by, 
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Here, the Mooney-Rivin equation is employed to express the hyperelastic 

deformation of shape memory hydrogel [39], and the constitutive relationship 

between engineering stress ( ) and the stretching ratio ( ) can be obtained from, 
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Substituting equation (21) into (22), we can obtain the following expression, 
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To verify the proposed model of equation (23), the effects of temperature and water 

volume concentration on the engineering stress have been investigated, and the 

obtained results are shown in Figure 8. Figure 8(a) shows the effect of temperature on 

the engineering stress. The analytical results reveal that the engineering stress is 

gradually increased from 19.27 kPa, 57.8 kPa, 96.4 kPa, 134.9 kPa to 173.4 kPa, at 

the temperature of 290 K, 300 K, 310 K, 320 K and 330 K, respectively. A significant 

increase rate of 800% of engineering stress is obtained when the temperature is 

increased from 290 K to 330 K.  

On the other hand, the effect of water concentration on the engineering stress has 

also been studied, and the results are shown in Figure 8(b). It is revealed that the 

engineering stress is gradually increased from 33.6 kPa, 44.8 kPa, 56.1 kPa, 67.2 kPa 

to 78.4 kPa with a decrease in volume concentration of water from 95.5%, 92.5%, 

90.0%, 87.5% to 85.0%. An increase rate of 134% of engineering stress is achieved, 



whereas the s  is decreased from 95.5% to 85.0%. The large engineering stress is 

resulted from the low water concentration ( s ) based on the rubber elasticity theory 

[38].  

 

Figure 8. Analytical results of engineering stress as a function of stretching ratio. (a) At T=290 K, 300 K, 310 K, 

320 K and 330 K. (b) At s =85%, 87.5%, 90%, 92.5% and 95%.  

Furthermore, two groups of experimental data [13] of PAAm-MC DN hydrogels 

have been used to verify the analytical results obtained using the proposed model of 

equation (23). Figure 9 compares the analytical and experimental results, and it is 

revealed that the proposed model well predicts the experimental results. By increasing 

the temperature from 293 K to 338 K, the engineering stress ( ) is increased from 

24.7 kPa to 184 kPa at the same stretching ratio ( ) of 3.31, whereas an increase rate 

of 645% of engineering stress is achieved. A negatively thermodynamic toughening is 

also confirmed from both the analytical and experimental results of engineering stress 

( ) as a function of the stretching ratio (  ). The hydrogel shows a higher 

engineering stress ( ) at a higher temperature. The effectiveness of model is verified 

by the experimental results of engineering stress ( ) as a function of stretching ratio 

of PAAm-MC DN hydrogel reported in literature [13]. 



  

Figure 9. Analytical and experimental results [13] of engineering stress ( ) as a function of stretching ratio ( ) 

of PAAm-MC DN hydrogel at T=293 K and 338 K. 

5. Conclusions 

In this study, we proposed a thermodynamic model to understand the 

cooling-triggered multi-SME and microphase separation in the shape memory DN 

hydrogel. The proposed constitutive framework provides an effectively theoretical 

approach to characterize the negatively thermodynamic toughening effect, 

thermomechanical shape recovery behavior and mechanical properties. The negatively 

thermodynamic toughening is mainly due to hydrophobic interaction and microphase 

separation in the DN hydrogels. Our analysis reveals that both the thermomechanical 

storage modulus and engineering stress have been significantly enhanced up to 800% 

and 645%, with an increase in the temperature of 40oC and 45oC, respectively. A 

designable and cooling-triggered dual- and quadruple-SME is achieved and predicted 

by the proposed model for the DN hydrogel. Finally, the effectiveness of model was 

well verified using the experimental data of PAAm-MC DN hydrogel reported in 

literature.  
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