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Abstract: Understanding working principles and thermodynamics behind phase 

separations, which have significant influences on condensed molecular structures and 

their performances, can inspire to design and fabricate anomalously and desirably 

mechanoresponsive hydrogels. However, a combination of techniques from 

physicochemistry and mechanics has yet been established for the phase separation in 

hydrogels. In this study, a thermodynamic model is firstly formulated to describe 

solvent-aided phase and microphase separations in the hydrogels, which present 

significantly improved mechanoresponsive strengths. Flory-Huggins theory and 

interfacial energy equation have further been applied to model the thermodynamics of 

concentration-dependent and temperature-dependent phase separations. An intricately 
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detailed phase map has finally been formulated to explore the working principle. The 

thermodynamic methodology of phase separations, combined with the constitutive 

stress-strain relationships, has a great potential to explore the working mechanisms in 

mechanoresponsive hydrogels.  
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1. Introduction 

Phase separation is a classically thermodynamic phenomenon [1-5] in many 

polymer substances and systems, such as polyelectrolyte complexes [6-7], 

neurodegeneration [8], proteins [9], DNA [10], liquid-liquid phase separation [11], 

hydrogels [12-15] and block polymers [16-19]. In a poor solvent, hydrogels often 

shrink and a distinct interface is formed due to phase separation. By analogy with the 

coil-to-globule phase transition of polymer solution [12], the molecular phase 

separations and their transitions are experimentally characterized and investigated 

using atomic force microscopy [13] and laser scattering confocal microscopy [14]. 

Whereas the hydrogels are composed of sparse polymer regions, resulting in 

bicontinuous domains and optical turbidity [13-14].  

Solvent-aided phase separation has been applied to the hydrogel, which undergoes 

concentration-dependent and temperature-dependent shrinking (or deswelling) in 

solvent. Generally, temperature and concentration of solvent are the two solvent-aided 

factors to determine the condensed molecular structures of hydrogels, of which the 

mechanical properties have been significantly improved using phase separations 



[12,15]. According to the previous studies [12,15,20], phase separations are divided 

into phase and microphase types based on the domain sizes of interfaces, whereas the 

separation process is reversible. Therefore, the techniques of designable and 

controllable phase separations [21,22] have been applied in the hydrogels for 

applications such as soft actuators [23], fluidics [24], optics [25], biomedical drug 

delivery [26] and tissue engineering [27].  

Although phase separation plays a key role to design condensed molecule 

structures and achieve on-demanding properties [1-5], its theoretical understanding 

and working principle are still challenging issues due to their complexly 

thermodynamics and interfacial equilibriums at the molecular scales [28]. 

Furthermore, the working mechanisms of phase separation in the fracture propagation 

[29] and ultrahigh strain [30-31] have not been fully understood. In this study, 

Flory-Huggins solution theory, free-energy and interfacial energy equations have been 

employed and extended to map the solvent-aided phase transitions and separations as 

well as describe the constitutive stress-strain relationships of hydrogels. Both model 

strategies of concentration-dependent phase separation and temperature-dependent 

microphase separation have been proposed to formulate the thermodynamic phase 

transitions and significantly enhanced mechanoresponsive strengths [32-34]. Finally, 

the effectiveness of the proposed model is verified by applying it to predict the 

experimental data of the hydrogels undergoing phase or microphase separation. In 

comparison with the previous studies [22,32], this paper reports a constitutive model 

of hydrogels undergoing phase and microphase separations during their swelling.  



2. Mapping phase transitions of hydrogel in good and poor solvent  

Hydrogel is generally composed of crosslinked gel networks and plenty of water 

(or solvent) molecules [12,15-16]. In a good solvent (for the interaction parameter 

( 0.5  ) of polymer gel and water [1,20]), the gel can be swollen and shows high 

transparency and elastic property. While it turns to shrink and becomes opaque due to 

phase separation in poor solvents (e.g., 0.5  [1,20]). When 0.5 = , the water is 

named as the θ solvent for polymer gel [1,20]. When a phase separation occurs in a 

certain environment, due to the chemical bonds or hydrogen bonds between blocks, 

the average distance between two phases is in tens to hundreds nanometers. 

Furthermore, microphase separation is a special form of phase separation, where the 

average distance between two phases is 560 to 880 Å [1,12,15-16].  

In good or poor solvents, hydrogel may undergo aggregation structure transition 

[12,32-34] and phase transition, respectively [12-15,20]. Various phase transitions 

will lead to different condensed molecule structures [12,15], resulting in a variety of 

mechanical performances of the hydrogel. Figure 1(a) presents a map of phase states 

and transitions [32,33] in the hydrogel. The boundary equations of phase transitions 

can be written as [20,32,33],  
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N −

=  EF: 1/2
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where 
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=  is the temperature coefficient [20,32,33], T  is the temperature,   

is the theta temperature [20], N  is the polymerization degree and 1
  is the volume 



concentration of gel. Phase transition is generally governed by the Flory-Huggins 

theory [1,20]. Here the mixing free-energy ( M
F ) equation is then introduced [1,20],  
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where M
N  is the monomer number, B

k  is the Boltzmann constant,   is the 

interaction parameter, 1
x  and 2

x  represent the number of monomers in the segment 

of gel and solvent, respectively. Therefore, the phase separation in a good solvent can 

be obtained based on the equilibrium equation of 
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Fig. 1. Schematic illustrations of the hydrogel involved in the phase transition and 

separation at given constants of 100N = , 1
5x =  and 2

1x = . (a) Phase diagrams. 

(b) Aggregation structure transition and phase separation of hydrogel in poor solvent.  

On the other hand, for polyacrylamide (PAAM) hydrogel in the poor 



(N,N-dimethylformamide, DMF) solvent [15], the phase transition is originated from 

the PAAM-water and DMF-water phases. Solvent-aided phase separation is gradually 

achieved with an increase in the volume concentration of poor DMF solvent in PAAM 

hydrogel, which undergoes a two-stage phase transition of aggregation structure 

transition and phase separation, as shown in Fig. 1(b). 

Therefore, the phase separation in the poor solvent can be obtained based on the 

equilibrium equation of (1 )
pwd DMF pd DMF pw

    = + − [20],
2T


 = and 

T 




−
=

[35] as follows, 
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where pwd
  is the interaction parameter of PAAM-water and DMF, DMF

  is the 

volume concentration of DMF in DMF-water phase, pd
  is the interaction parameter 

of PAAM gel and DMF, pw
  is the interaction parameter of PAAM gel and water. 

3. Modelling and experimental verification  

As is known, there are many kinds of solvent-aided phase separations owing to the 

changes in volume concentration or temperature, thus resulting in completely 

different condensed molecule structures in hydrogels. It is necessary to investigate the 

thermodynamics of phase transitions and explore the working principles between 

condensed molecule structures and macroscopic behaviors. Figure 2 plots the phase 

and microphase separations of PAAM [15] and PNIPAm/PDMA (PNIPAm: 

poly(N-isopropylacrylamide); PDMA: poly(N,N-dimethylacrylamide)) gels. As 

reported in Ref. [12], the average distance between PNIPAm and PDMA-water 



phases is ranged from 560 to 880 Å, respectively. In the PAAM hydrogel, the poor 

DMF solvent enables a phase separation between PAAM-water and DMF-water 

phases, thus resulting in a double network structure in the hydrogel [15]. On the other 

hand, the PNIPAm/PDMA hydrogel is synthesized from the hydrophilic PDMA, 

which is covalently grafted onto and chemically crosslinked with PNIPAm (it 

becomes hydrophobic above 30oC [12]). A microphase separation between PNIPAm 

and PDMA-water phases occurs with an increase in temperature above 30oC. Due to 

the differences in molecular structures of phase and microphase separations, the 

macroscopically optical properties are therefore different from each other.  

 

Fig. 2. Schematic illustrations of microcosmic interactions, condensed molecule 

structures and macroscopically optical properties of the hydrogels undergoing phase 

and microphase separations, respectively.  

3.1 Phase separation of hydrogel in poor solvent 

For the phase separation of PAAM hydrogel in the poor DMF solvent, it is 

governed by the Flory-Huggins theory [37], and elastic free-energy ( el
F ) equation is 

then used to characterize the thermodynamic behavior,  
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where el
N  is the cross-linking density of elastic network, 1

 , 2
  and 3

  represent 

the stretching ratios of the hydrogels along three directions, respectively. For the 

homogeneous swelling of isotropic hydrogel, there will be 
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 based on Eqs. (2) and (5), where 

p
n  is the 

moles of PAAM [1,20]), the dissolution process can be expressed as,  
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where DMF
  is the volume concentration of DMF in DMF-water phase, PAAM

  is the 

volume concentration of PAAM in PAAM-water phase, el
N  is the cross-linking 

density of elastic network and   is the molar volume ratio of gel monomer to water 

molecule. Owing to the phase separation, the PAAM-DMF-water ternary system is 

decomposed into two PAAM-water and DMF-water phases [15]. If the chemical 

potential of water in these two phases reaches to an equilibrium (
pw dw
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and 
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 ) of PAAM-water is 

obtained, 
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where 
pw  is the chemical potential of water in PAAM-water phase and it is kept a 

constant before and after phase separation, 
dw  is the chemical potential of water 



in DMF-water phase and determined by the osmotic pressure [20], 
pw

V  and dw
V  are 

the volumes of PAAM-water and DMF-water phases, respectively, R  is gas constant, 

0
C  is the concentration coefficient and 2

A  is the second virial coefficient [20].  

To verify the proposed model and quantitatively separate the effect of phase 

separation, experimental data [15] of PAAM hydrogel in the poor DMF solvent have 

been employed to compare with the analytical results obtained using Eq. (6). The 

analytical results of volume concentration of PAAM as a function of volume 

concentration of DMF are plotted in Fig. 3. All the parameters used in the Eq. (6) are 

listed in Table 1.  

Table 1. Values of parameters used in Eqs. (6), (7), (8) and (9) for PAAM hydrogel. 
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Fig. 3. Comparison of analytical results and experimental data [15] for the PAAM 

hydrogel, which undergoes two-stage phase transitions of aggregation structure 



transition and phase separation in poor DMF solvent.  

It is found that the analytical results of the PAAM hydrogel fit well with the 

experimental data, with an error ratio below ±0.2. The hydrogel undergoes two-stage 

phase transitions, whereas the first aggregation structure transition [32-33] occurs in 

the volume concentration of DMF ranged from 
DMF
 =0% to 

DMF
 =75%. During 

aggregation structure transition, the PAAM hydrogel undergoes a deswelling process 

because the water molecules are gradually immigrated from hydrogel to DMF, thus 

resulting in the significant increase in volume concentration of PAAM ( PAAM
 ). With a 

further increase in 
DMF
  above 75%, the chemically potential equilibrium of water in 

PAAM-water and DMF-water phases is achieved, resulting in immigration of water 

and diffusion of DMF forbade. Therefore, the volume concentration of PAAM in 

hydrogel, which undergoes phase separation in range of 
DMF
 =75% to 

DMF
 =100%, 

is kept a constant at PAAM
 =0.41.  

Meanwhile, the PAAM hydrogel obeys the rubber elasticity theory [37], and the 

modulus ( pwd
E ) and fracture strain ( pwd

 ) of hydrogel can be expressed as,  

pwd PAAM el B
E N k T=                            (8a) 

0 0pwd f PAAM
   = +                            (8b) 

where 0f
  is the initial fracture strain and 0

  is the fracture strain constant of 

rubber elasticity network. Therefore, the modulus after phase separation 

( /
(1 )

pw dw el B pw p B pw
E N k T N k T = − + , as shown in Fig. S1 and Eq. (S6)) and fracture 

strain after phase separation ( /pw dw
 ) can be rewritten, respectively, as,  
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where s
F  is the strain energy, 

p
N  is the segment number of PAAM and 

p B
N k T is 

the modulus of PAAM-water phase according to rubber elastic theory [37]. 

To verify effectiveness of the proposed models, the analytical results of the Young’s 

modulus ( pwd
E E=  and 

/pw dw
E ) and fracture strain ( f

 =
pwd

  and 
/pw dw

 ) of the 

PAAM hydrogels as a function of volume concentration of DMF are plotted and 

compared with the experimental data [15], as shown in Fig. 4(a). All the parameters 

used in Eqs. (6), (7), (8) and (9) are listed in Table 1.  

Due to the phase transition from aggregation structure transition to phase separation, 

the Young’s modulus ( pwd
E  and /pw dw

E ) of the PAAM hydrogel is significantly 

increased from 10-1.22 MPa to 102.57 MPa in the volume concentration of DMF ranged 

from 
DMF
 =70% to 

DMF
 =80%, whereas the fracture strain ( f

 ) is sharply decreased 

from 101.14 to 10-1.13. With an increase in the volume concentration of DMF, the water 

molecules in PAAM hydrogel are gradually removed, thus resulting in the volume 

concentration of PAAM gel increased. According to the rubber elasticity theory [37], 

the mechanical strength of PAAM hydrogel is therefore enhanced and a significantly 

improved Young’s modulus is achieved. However, the fracture strain is decreased due 

to the increase in the stiffness. On the other hand, the changes in Young’s modulus 

and fracture strain are insignificant, either in aggregation structure transition (0%≤



DMF
 ≤70%) or phase separation (80%≤

DMF
 ≤100%) state. Figures 4(b) and 4(c) are 

then plotted to characterize the error ratios of Young’s modulus and fracture strain of 

PAAM hydrogel, respectively. A good agreement of the analytical results and 

experimental data has been achieved, with the error ratio below to ±0.6. Therefore, the 

solvent-aided phase transition in PPAM hydrogel has been triggered by the poor DMF 

solvent, which enables the hydrogel with significantly enhanced Young’s modulus and 

stiffness. 

 

Fig. 4. Comparisons of analytical results and experimental data [15] for the 

solvent-aided phase transitions in PAAM hydrogel by the poor DMF solvent. (a) For 

concentration-dependent Young’s modulus and fracture strain. (b) Error ratio of 

Young’s modulus. (c) Error ratio of fracture strain. 

Furthermore, the constitutive stress-elongation ratio relationship has been 

investigated for the hydrogel undergoing solvent-aided phase separation by means of 

poor DMF solvent. According to the extended Maxwell model [38] (as shown in Fig. 

S1 and Eq. (S10)), the constitutive relationship of stress ( ) as a function of 

elongation ratio ( ) for the PAAM hydrogel (similar to that of the double network 



hydrogel [15]) can be expressed as,  

2

1 1
( ) [1 exp( )]

el B p B
N k T N k T


  

 

−
= − + − −             (10) 

where   is the viscosity and   is the elongation rate. 

 

Fig. 5. Comparisons of analytical results and experimental data [15] for the 

constitutive stress-elongation ratio relationship and concentration-dependent stress 

strength of PAAM hydrogel, at a given volume concentration of poor DMF solvent at 

DMF
 =0%, 

DMF
 =60% and 

DMF
 =70%. 

The analytical results obtained using Eq. (10) are plotted and compared with the 

experimental data [15] as shown in Fig. 5. A good agreement between the analytical 

and experimental results has been found as shown in Fig. 5(a). It is revealed that the 

theoretical model can well describe and predict the relationship between constitutive 

stress and elongation ratio of the PAAM hydrogels with different volume 

concentrations of 0%, 60% and 70% poor DMF solvent, where el B
N k T =2.9×10-3 

MPa, 5.3×10-3 MPa and 12.4×10-3 MPa, respectively. In the volume concentration of 

DMF solvent ranged from 0% to 70%, there is no phase separation in the PAAM 

hydrogel, and the constitutive stress-elongation ratio relationship is governed by the 



rubber elasticity theory [37]. With the volume concentration of DMF above 70%, the 

constitutive relationship of stress-elongation ratio is governed by the extended 

Maxwell model [38], of which the dual branches are used to characterize the 

PAAM-water and DMF-water phases, respectively [15], as shown in Fig. 5(b). These 

experimental and analytical results reveal that the constitutive stress-elongation ratio 

relationship is critically determined by the phase separation in the PAAM hydrogel. In 

the phase separation range, even a small increase in elongation ratio can cause a 

significant increase in the stress. At 
DMF
 =70 wt%, the parameters used in Eq. (10) 

are el B
N k T =12.4×10-3 MPa,  =0.324 MPa·s, 

1
0.21s −

=  and p B
N k T =0.129 MPa. 

It is revealed that the stress is exponentially increased with respect to the increase in 

elongation ratio. The experimental results can be well predicted by the proposed 

models. These analytical and experimental results reveal that the PAAM hydrogel 

processes a significantly enhanced strength owing to the concentration-dependent 

phase separation.  

3.2 Microphase separation of hydrogel in a good solvent 

Due to differently environmental factors and condensed molecule structures, 

hydrogels will undergo different phase separations and transitions in solvent. As 

reported in Ref. [12] for the PNIPAm/PDMA hydrogel, the thermo-responsive 

PNIPAm acts as the main chain and the PDMA works as the side chain. The hydrogel 

undergoes a classical lower critical solution temperature (LCST) phase transition with 

an increase in temperature. Above 30oC, the hydrogel undergoes a microphase 

separation, due to the increased hydrogen bonding strength between hydrophilic 



PDMA and water. While the PNIPAm becomes hydrophobic and has a chemical 

crosslink with PDMA.  

According to the interfacial energy equation [16-18,39-42], the free-energy 

functions of ordered phase ( ORD
F ) and disordered phase ( DIS

F ) are introduced as, 

2
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1

3
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ORD B
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= +                       (11a) 
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F N k T   −                           (11b) 

where d  is the thickness of interfacial phase, b
l  is the segment length, 1

  is the 

volume content of main chain, 12 1 2
N x x= +  ( 1

x  and 2
x  are the segment numbers 

of main chain and side chain, respectively). When the lowest free-energy of ordered 

phase is achieved (where 0ORD
F

d


=


 and 

2 1

3 6
1b

d l N = ) [16], the free-energy of 

ordered phase can therefore be obtained as, 
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Before and after the microphase separation [16-18], the free-energy of the ordered 

phase is equal to that of the disordered phase, i.e. ORD DIS
F F= . The temperature 

coefficient (
T 




−
= ) [35] can be obtained in combination of Eqs. (11b) and (12),  

3

2
12 1 13/2

1
(1 ) 1

2(1.2)
N  = − −                       (13) 

During the LCST microphase transition, excessive free-energy ( EX
F ) [35-36] plays 

an essential role to determine the microphase separation. The equilibrium expression 

can be then written as [36], 
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In combination of Eqs. (11), (12) and (14), the LCST microphase separation can be 

expressed by,  
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Here the chemical potential (
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 ) of hydrogel is obtained by
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The temperature-induced microphase separation ratio ( T
 ) can be derived as,  
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where C
T =30oC is the temperature for the microphase separation in the 

PNIPAm/PDMA hydrogel [12], 2
  is the volume content of side chain of PDMA, 

and T
  indicates the number of PNIPAm and PDMA components undergoing a 

microphase separation.  

The fracture energy ( f
W ) is estimated by [1,35-36], 

0
(1 )

f T f T fw
W W W = − +                          (17) 

where 0f
W  and fw

W  are the fracture energies of PNIPAm/PDMA hydrogel and 

PDMA-water phase, respectively. Equation (17) is derived from Eq. (S6). 



 

Fig. 6. Schematic diagram of microphase separation and LCST-microphase separation 

in hydrogel at given constants of 200N = , 1
5x =  and 2

1x = . 

Figure 6 shows the maps of the phase transitions of aggregation structure transition, 

phase and LCST microphase separations for the PNIPAm/PDMA hydrogel. 

According to Ref. [20], both the phase and microphase separations are determined by 

the same parameter of 12
N , and they are 12

N =10.5 and 12
N =2, respectively.  

To verify the accuracy of Eqs. (10) and (17), comparisons of analytical and 

experimental results [12] of PNIPAm/PDMA hydrogel are shown in Fig. 7, where the 

experimental results of PNIPAm/PDMA gels were measured in a tensile mode at 

temperature from 20 to 60°C. Figure 7(a) shows the effect of microphase separation 

on the mechanical behaviors of hydrogel, of which the continuous and bicontinuous 

(or chopped) molecule structures are identified as the driving force to determine the 

mechanical performances. Figure 7(b) plots the analytical and experimental results 

[12] of fracture energy ( f
W ) of the PNIPAm/PDMA hydrogel as a function of 

temperature. The constants used in Eq. (17) are C
T =30oC, 
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2 2 0 2 2

32 12

3 3
2

( )
0.8

B

RC
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x N
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+

=0.01K-1, 
0f

W =40 J/m2 and 
fw

W =3110 J/m2. It is 

revealed that the fracture energy is increased with an increase in temperature, 

revealing a positive temperature coefficient (PTC). Above C
T =30oC, the hydrogel 

undergoes an LCST microphase separation for PNIPAm and PDMA-water phases, 

whereas the main chain of PNIPAm turns to be hydrophobic [12]. With a further 

increase in temperature, the microphase separation enable continuous 

PNIPAm-PDMA-water formed due to the increased bonding strength between PDMA 

and water, thus resulting in the fracture energy increased. 

On the other hand, the effect of microphase separation on the constitutive 

stress-elongation ratio relationship is further investigated to explore the working 

principle of significantly improved mechanical strength in PNIPAm/PDMA hydrogel. 

As shown in Fig. 7(c), analytical and experimental results [12] of stress with respect 

to elongation ratio of PNIPAm/PDMA hydrogels have been plotted and compared, at 

given temperatures of 20oC, 35oC, 40oC, 50oC and 60oC. The values of parameters 

used in Eq. (10) are collected in Table 2, at a given 
1

0.06s −
= .  

Table 2. Values of parameters used in Eq. (10) for PNIPAm/PDMA hydrogel. 

T(oC) el B
N k T (kPa)  (kPa·s) p B

N k T (kPa) 

20 1.80 / / 

35 2.88 50.0 9.0 

40 4.86 80.0 14.4 

50 5.61 83.3 15.3 

60 6.66 143.3 25.8 



 

Fig. 7. Comparisons of analytical results and experimental data [12] for the 

PNIPAm/PDMA hydrogel. (a) Working principle of microphase separation on 

mechanical property of hydrogel. (b) For temperature-dependent fracture energy. (c) 

For constitutive stress-elongation ratio relationship and stress strength at various 

temperatures of 20oC, 35oC, 40oC, 50oC and 60oC.  

With an increase in temperature, the stress is gradually increased from 3.15 kPa to 

19.82 kPa (with the increment of 529.2%) at the same elongation ratio of  =2.0. 

Above C
T =30oC, the stress of PNIPAm/PDMA hydrogel is significantly increased 

from 7.89 kPa, 13.07 kPa, 14.65 kPa to 19.82 kPa at the temperatures of 35oC, 40oC, 

50oC and 60oC due to the microphase separation. With a further increase in 

temperature, the microphase separation is therefore increased, due to the enhanced 

bonding strength between PNIPAm and PDMA-water phases. Therefore, the 

temperature-dependent fracture energy is clearly observed. That is to say, the working 

principle of temperature-dependent microphase separation is to enable the 

PNIPAm/PDMA gel and water continuously connected to resist to externally 



mechanical loading.  

Finally, the effect of microphase separation on crack bifurcation of 

PNIPAm/PDMA hydrogel has been investigated using the extended Maxwell model 

[38]. Before and after crack bifurcations, the constitutive stress-elongation ratio 

relationships can be expressed as, 

2

1 1
( ) [1 exp( )]

el B p B
N k T N k T


  

 

−
= − + − −              (18a) 

2

1 1
{ ( ) [1 exp( )]}

el B p B
K N k T N k T


  

 

−
= − + − −            (18b) 

where K is stress reduction coefficient of the crack bifurcation. 

Figure 8 plots the analytical and experimental results [12] of the stress with respect 

to elongation ratio for the PNIPAm/PDMA hydrogel undergoing 

temperature-dependent microphase separation. Values of the parameters used in Eq. 

(18) have been presented in Table 3, at 
1

0.06s −
= . A good agreement between the 

analytical and experimental results has been found. With an increase in temperature 

from 40oC, 50oC to 60oC, the crack bifurcation stresses ( ) are significantly 

increased from 13.98 kPa, 19.07 kPa to 23.02 kPa. Whereas the crack bifurcation 

strains ( ) are increased from 2.27 (227%), 3.11 (311%) to 3.83 (383%). It is 

expected that the improved crack bifurcation is resulted from the microphase 

separation. With an increase in temperature, the microphase separation is beneficial to 

enhance the bonding strength between PNIPAm/PDMA with water, thus resulting in 

the enhanced PNIPAm-PDMA-water bonding and crack bifurcation strength. 

Therefore, the PNIPAm/PDMA hydrogel reveals a significantly improved crack 



bifurcation strength due to the temperature-dependent microphase separation. Finally, 

the divergences between the analytical and experimental results are calculated by the 

correlation index ( 2
R ), which are 98.08%, 98.01% and 98.79% at 40oC, 50oC and 

60oC, respectively. 

 

Fig. 8. Comparisons of analytical results and experimental data [12] for the 

temperature-dependent crack bifurcation strength in PNIPAm/PDMA hydrogel.  

Table 3. Values of parameters used in Eq. (18) for PNIPAm/PDMA hydrogel. 

T(oC) el B
N k T (kPa)  (kPa·s) p B

N k T (kPa) K 

40 1.89 171.7 30.9 0.922 

50 2.62 186.7 33.6 0.850 

60 3.12 188.3 33.9 0.957 

4. Conclusion  

In this study, we propose a thermodynamic model strategy to study the significantly 

improved mechanoresponsive strengths in the hydrogel, which undergoes a phase 

separation in a poor solvent or a microphase separation in a good solvent. The phase 

and microphase separations have been identified as the driving forces to determine the 

mechanical properties, by means of continuously and bicontinuously condensed 

molecule structures. The working principles of significantly improved Young’s 

modulus, stress strength, fracture energy and crack bifurcation strength have been 



explored and discussed by the proposed models. It is demonstrated that the theoretical 

framework can provide an effective approach to characterize and predict the 

mechanical behavior of hydrogels. Finally, the analytical results have been well 

verified by the experimental ones reported in literature. This study is expected to 

provide a fundamental model strategy to formulate the thermodynamic phase and 

microphase separations in the hydrogels with significantly improved mechanical 

behaviors. 
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Table caption 

Table 1. Values of parameters used in Eqs. (6), (7), (8) and (9) for PAAM hydrogel. 

Table 2. Values of parameters used in Eq. (10) for PNIPAm/PDMA hydrogel. 

Table 3. Values of parameters used in Eq. (18) for PNIPAm/PDMA hydrogel. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure caption 

Fig. 1. Schematic illustrations of the hydrogel involved in the phase transition and 

separation at given constants of 100N = , 1
5x =  and 2

1x = . (a) Phase diagrams. 

(b) Aggregation structure transition and phase separation of hydrogel in poor solvent.  

Fig. 2. Schematic illustrations of microcosmic interactions, condensed molecule 

structures and macroscopically optical properties of the hydrogels undergoing phase 

and microphase separations, respectively.  

Fig. 3. Comparison of analytical results and experimental data [15] for the PAAM 

hydrogel, which undergoes two-stage phase transitions of aggregation structure 

transition and phase separation in poor DMF solvent.  

Fig. 4. Comparisons of analytical results and experimental data [15] for the 



solvent-aided phase transitions in PAAM hydrogel by the poor DMF solvent. (a) For 

concentration-dependent Young’s modulus and fracture strain. (b) Error ratio of 

Young’s modulus. (c) Error ratio of fracture strain. 

Fig. 5. Comparisons of analytical results and experimental data [15] for the 

constitutive stress-elongation ratio relationship and concentration-dependent stress 

strength of PAAM hydrogel, at a given volume concentration of poor DMF solvent at 

DMF
 =0%, 

DMF
 =60% and 

DMF
 =70%. 

Fig. 6. Schematic diagram of microphase separation and LCST-microphase separation 

in hydrogel at given constants of 200N = , 1
5x =  and 2

1x = . 

Fig. 7. Comparisons of analytical results and experimental data [12] for the 

PNIPAm/PDMA hydrogel. (a) Working principle of microphase separation on 

mechanical property of hydrogel. (b) For temperature-dependent fracture energy. (c) 

For constitutive stress-elongation ratio relationship and stress strength at various 

temperatures of 20oC, 35oC, 40oC, 50oC and 60oC.  

Fig. 8. Comparisons of analytical results and experimental data [12] for the 

temperature-dependent crack bifurcation strength in PNIPAm/PDMA hydrogel.  


