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Abstract: Unlike single-network hydrogel whose thermodynamic equilibrium of all 

phases is governed by one single rule, double-network (DN) hydrogel is incorporated 

of two coexisting phases, which are separated from each other due to the differences 

in their mechanoresponsive responses. However, the resonance differences and 

multipartite dynamics of coexisting phases in these DN hydrogels have not been fully 

understood. This paper reports a new methodology to use a rheological model in 

combination of Arrhenius principle and Kirkwood approximation, to characterize the 

differences in mechanoresponsive resonances and viscoelastic behaviors of coexisting 

phases in the DN hydrogel. Their multipartite dynamics has been identified to 

originate from mechanical stretching, mechanochemical coupling and chemical 

kinetics of the ductile network, original brittle network and self-healed brittle network, 

respectively. Furthermore, molecular dynamics simulation and finite-element analysis 

have been conducted to verify the proposed model and explore the toughening 

mechanism, which is determined not only by the mechanochemical coupling, but also 

by the self-healing kinetics. Finally, effectiveness of proposed model has been well 
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verified using the experimental results of DN hydrogels reported in literature.  
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1. Introduction 

Integration of active multi-networks with sacrificial bonds is one of the most 

popular approaches to enable the soft matter with both high mechanical strength and 

large deformation capability [1-7]. This approach makes a variety of materials such as 

polyelectrolyte [8], polyelectrolyte complex [9], polyion complexes [10] and double 

network (DN) hydrogels [11], with great potentials for artificial muscle, battery, soft 

robots, actuators, transducers and electronics [11-16]. Double-network (DN) 

hydrogels have recently attracted great attention due to their significantly improved 

mechanical properties in comparison with those of the conventional single-network 

(SN) hydrogels [17-22]. DN hydrogels are incorporated of two distinctive types of 

polymeric network components, e.g., the sacrificial one and ductile one, respectively 

[23,24]. The presence of sacrificial network resists the mechanical loading by means 

of bond broken [7-11]. Owing to their different viscoelastic responses of sacrificial 

and ductile networks, the DN hydrogels possess cooperative thermodynamics in 

response to an externally mechanical loading [25-27]. 

Previous studies have well characterized the mechanical behavior and toughening 

mechanism of DN hydrogels, and a series of phenomenological models have also 

been formulated to describe their mechanoresponsive behavior [28-32]. Furthermore, 

other types of DN hydrogels have been synthesized to improve the mechanical 



performance using ionic bond, hydrogen bond, or monomer additive [7-11,33]. 

However, the working principle of resonance difference and multipartite dynamics of 

these complex coexisting phases in the DN hydrogels have yet been fully understood 

[34].  

In this study, we propose an analytical model for the mechanoresponsive resonance 

differences in coexisting phases of DN hydrogel, which undergoes multipartite 

dynamics owing to the complex coexisting phases. A rheological model is firstly 

formulated for their differences of mechanoresponsive resonances and viscoelastic 

behaviors, in terms of the Arrhenius equation and Kirkwood approximation, to 

characterize the mechanochemical coupling and self-healing. Then, molecular 

dynamics (MD) simulation and finite-element analysis (FEA) have been conducted in 

order to explore the working principles of multipartite dynamics and toughening 

mechanisms in the DN hydrogels. Finally, the experimental data reported in literature 

have been employed to verify the effectiveness of the newly proposed model.  

2. Theoretical framework 

2.1 Extended rheological model  

Hydrogels with a DN structure have been developed into many different material 

systems [7-11]. In the DN hydrogels, ductile network resists the externally 

mechanical loading depending on its stretchability, while the brittle one undergoes a 

mechanochemical transition and disperses the mechanical energy, as illustrated in 

Figure 1(a). These result in complex viscoelastic behaviors of DN hydrogels as shown 



in Figure 1(b), where internal friction and friction viscosity are employed to 

characterize the mechanoresponsive differences between brittle and ductile networks.  

 

 

Figure 1. Schematic illustrations of mechanoresponsive behaviors and the viscoelastic 

rheological model of DN hydrogel. (a) Mechanoreponsive behaviors of dynamic 

networks. (b) Rheological model of dynamic networks.  

According to the Maxwell principle [21,22], the constitutive stress-strain 

relationships for the ductile network, original brittle network and self-healed brittle 

network can be expressed as following, respectively,  
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where t is the time, σ and ε are the stress and strain of DN hydrogel. Ev, εv and ηv are 

the elastic modulus, strain and viscosity of the viscoelastic component in the ductile 

network, respectively. σ1, σ2 and σ3 are the stresses of ductile, original brittle and 

self-healed brittle network, respectively. E1, E2 and E3 are the moduli of ductile, 

original brittle and self-healed brittle networks, respectively. η12 is the viscosity of 

ductile and original brittle networks, and ηc is the viscosity of ductile and self-healed 

brittle networks. The equations (1), (2) and (3) can be rewritten as a function of strain 

or stretchable ratio ( , t = ), 
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 =  are relaxation times of ductile, original 

brittle and self-healed brittle networks, respectively. According to the chemical 

reaction kinetics [21,22], the broken (Ri) and termination (Rt) ratio of original brittle 

network can be obtained as, 
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where I    is the concentration of chains involved into the mechanochemical 

reaction, M    is the concentration of free radicals, fi is the initiator concentration, 

kd and ki are the propagation rates of bond-broken and bond-polymerized, respectively. 

Therefore, the concentration of free radicals can be obtained as, 
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where dk  is the chemical kinetics constant and ruled by the Arrhenius equation 

[21,22,35], 
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where T is the temperature, R=8.314 J/K is the gas constant, Ed and Et are the active 

energy values for bond breakage and polymerization, respectively. Both Ad and At are 

the constants. Substituting equation (10) into (9), the concentration of free radicals 

can be expressed as,  
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where = d tE E E − . According to the rubber elastic theory [21,22], the modulus of 

original brittle network can be obtained as,  
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where nel is the molar cross-linking density, ΔV is the volume change of original 

brittle network. Based on the Kirkwood approximation and Einstein model [36,37], 

the viscosity (ηc) of self-healing brittle network can be obtained as, 
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where η0 is the initial viscosity, kη is the scaling constant, Nc0 and Nc are the 

initial and final chain numbers of self-healing brittle network, respectively.  

In combination of equations (4), (5), (6), (11), (12) and (13), the constitutive 

stress-strain equation can be finally obtained, 
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In the rheological model, material parameters are determined based on the 

experimental measurement results in literature, i.e., R=8.314 J/K, kB=1.38×10-23 J/K 

[21,22]; T=298.5 K [8,9,11];  =0.0694 s-1 [8], 0.28 s-1 [9], 0.33 s-1 [11], respectively; 

the modulus is ranged from 0.01 MPa to 1 MPa [8,9,11]; ΔE=0.2RT J/mol and i d

t

f A

A
 

is ranged from 1.0×10-4 to 1.0×104 [21,22].  



2.2 MD simulation 

A brittle network, which is incorporated from 

poly(2-acrylamido-2-methylpropane-sulfonic acid) (PAMPS) [11], is chosen to 

simulate the mechanochemical behavior using the MD simulation The chemical 

structures and atomistic representations of the PAMPS obtained from the MD 

simulation are presented in Figure 2(a). The PAMPS network consisting of 15 

molecules with 420 atoms in total are generated by Amorphous Cell module 

implemented in Materials Studio, and the selected size is capable to reproduce the 

mechanical properties close to those of bulk cases. After the construction, the 

hydrogel system is equilibrated in canonical ensemble at a constant temperature of 

298.5 K for 50 ps. While another equilibration process is carried out in the isoenergy 

ensemble with a room temperature of 298.5 K for 50 ps. The cell size of the model is 

16.75×16.75×16.75 Å3. 

In the tensile tests, the simulation cell is deformed in a step-wise manner along z 

direction while the pressures along the other two directions are kept constants. The 

tensile deformation is performed in the isoenergy (NVE) ensemble at the end of the 

simulation with an applied pressure of 0.132 GPa and a total energy of 2091.787 

kcal/mol. The applied stress is σ=3kBTΔh/h0
2 (kB=1.38×10-23 J/K and h0=1.675 nm) 

according to the rubber elasticity theory [21,22]. The theoretical results obtained 

using the equations (5) and (6) have also been presented in comparisons with those 

from the MD simulations, as shown in Figure 2(b). During the analysis, the following 

parameters are used in equations (5) and (6), e.g., 2E =0.05707 pPa, 3E =4.264 pPa, 



τ2=26.31 ps and τ3=1.274 ps. After comparisons, it is revealed that the analytical 

results of our newly proposed model fit well with the MD simulation ones. 

 

Figure 2. (a) Chemical and atomistic structures of PAMPS by MD simulation. (b) The 

change in stress as a function of time for PAMPS brittle network. 

To verify the proposed model and identify the constitutive relationship of the 

applied force as a function of length, a group of experimental data of 

PNaAMPS/PAAm (PNaAMPS: poly(2-acrylamido-2-methylpropanesulfonic acid) 

sodium salt; PAAm: poly(acrylamide)) hydrogels reported in Ref. [11] have been 

employed to compare with the analytical results obtained using equation (14). The 

results are shown in Figure 3(a). The parameters used in the equation (14) are listed in 

Table 1, where T=298.5 K [11], R=8.314 J/K [22], 
4

5
0 0ck N =0.31, 3E =0.0806 N, 

=0.33s-1 [11] and ΔE=0.2RT J/mol [21]. The analytical results fit well with the 

experimental data, and the proposed model can be used to characterize the mechanical 

behaviors of the PNaAMPS/PAAm DN hydrogel. With an increase in the mechanical 

cycle from 1st, 2nd, 3rd to 4th, the obtained forces are gradually increased from 1.42 

N, 1.97 N, 2.99 N to 3.93 N at the same length of L=90 mm. Meanwhile, the 

divergences between analytical and experimental results of the PNaAMPS/PAAm DN 



hydrogels are calculated using the correlation index (R2), and the obtained results are 

R2=98.88%, R2=97.68%, R2=98.10%, and R2=98.49% for 1st, 2nd, 3rd and 4th 

mechanical loading, respectively, as shown in Figure 3(b). 

Table 1. Values of parameters used in equation (14) for PNaAMPS/PAAm DN 

hydrogel. 
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3rd 0.385 0.131 12 1.48 0.2 6200 0.567 

4th 1.62 0.760 12 8.40 0.2 10400 0.568 

 

Figure 3. Comparisons of analytical and experimental results [11] for 

PNaAMPS/PAAm DN hydrogel undergoing self-healing in different mechanical 

cycles. (a) For the force-length curves. (b) Divergences of the analytical and 

experimental results. 

3. Experimental verification  

3.1 Multipartite dynamics in DN hydrogel  

Experimental data [8] of PCDME/PAMPS (PCDME: poly-N-(carboxymethyl)-N, 

N-di-methyl-2-(methacryloyloxy) ethanaminium and PAMPS: 



poly(2-acrylamido-2-methylpropane sulfonic acid)) DN hydrogel have been used to 

verify the analytical results generated from the proposed model. In the 

PCDME/PAMPS DN hydrogel, the PCDME acts as the ductile network, while the 

PAMPS works as the brittle one [8].  

Figure 4(a) plots the constitutive stress-strain relationship of PCDME/PAMPS DN 

hydrogel with various PCDME/PAMPS molar ratios (Rm) of 10.5, 25.6 and 44.3. All 

the parameters used in the calculation using the equation (14) are listed in Table 2, at 

given constants of T=298.5 K [8],  =0.0694s-1 [8], R=8.314 J/K [22] and ΔE=0.2RT 

J/mol [21]. The experimental data [8] are employed to compare with the analytical 

results calculated using our model. With an increase in the PCDME/PAMPS molar 

ratio from 10.5, 25.6 to 44.3, the stress is gradually decreased from 1.07 MPa, 0.83 

MPa to 0.66 MPa at the same strain of ε=1.5. With the increase of PCDME/PAMPS 

molar ratio, the stress decreases because of a lower molar ratio of PAMPS, which 

dissipates the mechanical energy. According to the experimental results [8], the 

PCDME works as the ductile network, while PAMPS acts as the brittle one and 

undergoes mechanochemical reaction. Experimental results reveal that the mechanical 

property of PCDME/PAMPS DN hydrogel is essentially determined by the PAMPS 

network, which undergoes mechanochemical reactions and thus dissipates the 

mechanical energy. Therefore, the stress is gradually decreased from 1.07 MPa, 0.83 

MPa to 0.66 MPa at the same applied strain of ε=1.5, with an increase in the 

PCDME/PAMPS molar ratio from 10.5, 25.6 to 44.3. In Figure 4(b), the divergences 

between the analytical and experimental results are obtained by calculating the 



correlation index (R2), which are 92.28%, 99.79% and 99.37% at PCDME/PAMPS 

molar ratios (Rm) of 10.5, 25.6 and 44.3, respectively. 

Table 2. Values of parameters used in equation (14) for PCDME/PAMPS DN 

hydrogel. 
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10.5 0.001 0.532 901 3.72 0.171 1409 0.0478 

25.6 1.65 0.199 20.1 6.57 24.03 4231 0.0862 

44.3 0.001 0.211 0.357 1931 0.459 7580 0.000671 

 

Figure 4. Analytical results and experimental data [8] of stress-strain curves of 

PCDME/PAMPS DN hydrogel, at the various PCDME/PAMPS molar ratio (Rm) of 

10.5, 25.6 and 44.3. (a) The stress-strain curves. (b) Divergences of analytical and 

experimental results of stress. 

Polyelectrolyte complex (PEC) DN hydrogel, which is incorporated from anionic 

poly(NaSS) (PNaSS) and cationic poly(diallyldimethyl-ammonium chloride) 

(PDADMAC) [9], has also been employed to verify the proposed model. In the PEC 

DN hydrogel, cationic PDADMAC acts as the ductile network, while the PNaSS acts 

as the brittle one [9]. Figure 5(a) plots the constitutive stress-strain relationship of the 

PEC DN hydrogels as a function of the molar fraction of anion (f). The parameters 



used in the calculation using the equation (14) are listed in Table 3, at given constants 

of T=298.5 K [9], R=8.314 J/K [22],  =0.28s-1 [9] and ΔE=0.2RT J/mol [21]. The 

experimental data reported in Ref. [9] are employed to verify the analytical results 

obtained from our model.  

Table 3. Values of parameters used in equation (14) for PEC DN hydrogel. 
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0.45 5.625 0.516 0.256 0.357 371.1 3320 111.8 

0.5 15.52 0.867 1.27×10-4 0.357 3.928 43907 59.64 

0.52 22.65 0.917 3.38×10-4 0.357 102.4 36481 1101 

Results show that the yielding stress is gradually increased from 1.38 MPa, 5.15 

MPa to 7.03 MPa, with an increase in molar fraction of anion (f) from 0.45, 0.5 to 

0.52, at the same strain of ε=0.1. Both the analytical and experimental results reveal 

that the mechanical yielding stress has been significantly enhanced with an increase in 

the molar fraction of anion (f), which is mainly due to the good mechanochemical 

properties of brittle network. With a higher molar fraction of anion (f), the brittle 

network, which is formed from the ionic bonds and undergoes the mechanochemical 

and self-healing transitions, is able to dissipate more mechanical energy into the 

chemical one. Therefore, the mechanical performance of the PEC DN hydrogel is 

improved with an increase in the molar fraction of anion (f). The divergences between 

the analytical and experimental results are calculated, and the obtained correlation 

index (R2) are 99.98%, 99.93% and 99.96% for the PEC DN hydrogel with the molar 

fractions of anions of 0.45, 0.5 and 0.52, respectively, as shown in Figure 5(b). It can 

be clearly seen that the experimental data with various molar fractions of anions agree 



well with the analytical results (|Δσ|<0.09 MPa). 

 

Figure 5. Analytical results and experimental data [9] of stress-strain curves of PEC 

DN hydrogel, at given molar fractions of anion of f=0.45, 0.5 and 0.52. (a) The 

stress-strain curves. (b) Divergences of analytical and experimental results of stress. 

3.2 Mechanoresponsive resonance difference towards multipartite dynamics 

The effect of resonance differences of coexisting phases on multipartite dynamics 

has been further investigated for the DN hydrogel. By introducing the parameter 

frequency response (ω) [21,22], the storage and loss moduli can be obtained as,  
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where 'E and "E  are the storage and loss moduli, respectively, and the phase angle 

( ) is then obtained as  =arctan
"

'

E

E
. 

According to equation (15), the analytical results of storage and loss moduli of PEC 

DN hydrogel [9] have been obtained and are plotted as a function of frequency 



response (ω) as shown in Figure 6. The parameters used in the equation (15) have 

been listed in Table 4. According to the time-temperature equivalence principle 

[21,22], the moduli as functions of relaxation time (1/ω) and temperature (T) can be 

expressed as 'E (T, ω)= 'E (T0, aTω) and "E (T, ω)= "E (T0, aTω), respectively, where 

Ta  is the shift factor. As shown in Figure 6(a), the analytical results obtained from 

our model fit well with the experimental data of the PEC DN hydrogel [9]. 

Meanwhile, Figure 6(b) shows the divergences between the analytical and 

experimental results calculated using the correlation index (R2), which are 99.82% 

and 99.97% for storage and loss moduli, respectively. 

Table 4. Values of parameters used in equation (16) for PEC DN hydrogel. 

 1(MPa)E  
2 (MPa)E   

3 (MPa)E   
1(s)  

2 (s)  
3 (s)  

1/ ( )v vE E E+  
Ta  

E’ 0.03215 1.661 6.857 378.8 12.13 1.141 0.8693 0.434 

E” 1.915 0.2708 2.468 0.1809 13.64 1.593 0.8693 0.302 

 

Figure 6. (a) Comparisons of analytical and experimental results [9] of storage and 

loss moduli of PEC DN hydrogel undergoing self-healing as a function of frequency 

response (ω). (b) Divergences of analytical and experimental results of storage and 

loss moduli.  

In order to verify the validity of the model, the elastic theory of isotropic plate [38] 

is employed to characterize the mechanoresponsive resonance difference by deflection 



( w =π·tan =π·
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E
), which can be obtained, 
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where ωij is the frequency response, D is the bending stiffness, m  is the mass per 

unit area, x and y are the position vectors ( [0, ]x a and [0, ]y b ), 

0 0
sin sin

a b

ij

i x j y
dxdy

a b

 
 =   , a and b are the length and width of the plates, w is the 

deflection, w0 is the initial deflection, v0 is the initial velocity, i and j are given integers 

where , {1,2, }i j , respectively.  

The model is used in simulations using ABAQUS. The same model is also used for 

both networks in the DN hydrogel, where the modulus of brittle network is 10 times 

than that of the flexible one according to experimental results [8,9,11]. In the case of 

free vibration, the Poisson's ratio and density are chosen as 0.45 and 0.8 g/cm3, 

respectively, according to the rubber elastic theory [21,22]. A 20-node hexahedron 

element, C3D20R, was used to perform the calculation. About 2449 elements were 

used to model the unit and perform modal analysis. 

FEA is firstly applied to analyze the mechanoresponsive resonance difference in the 

coexisting phases of DN hydrogel. As shown in Figure 7(a), there is a weak 

interaction between two networks, and the coexisting phases show a large resonance 

difference. On the other hand, the interaction between the two networks is strong, 

resulting in a small resonance difference of the coexisting phases, as shown in Figure 



7(b). The FEA analysis results reveal that the mechanoresponsive resonance 

difference of coexisting phases enables a distinct deflection behavior of the networks, 

where a small resonance difference results into a slight deflection. Whereas a large 

resonance difference of coexisting phases results into a significant deflection of the 

networks. Therefore, the mechanoresponsive resonance difference and deflection of 

coexisting phases have been identified as the driving force to determine the 

mechanical behavior of DN hydrogel, and they are originated from the interaction 

between the two networks.  

 

Figure 7. FEA of the mechanoresponsive resonance difference and deflection. (a) A 

large resonance difference in DN hydrogel undergoing an intense deflection. (b) A 

small resonance difference in DN hydrogel undergoing a slight deflection. 

Furthermore, the effect of resonance difference on deflection has been investigated 

for the DN hydrogels. The following parameters t=
5

24
, / =1D m , a=b=1.0 and 

w0=v0=0.25 are used in the calculation using the equation (16). The obtained 3D cloud 

chart, 2D cloud chart and deflection curves for the DN hydrogel are plotted in Figures 

8(a), 8(b) and 8(c), respectively. When there is no interaction between coexisting 



phases, an infinite resonance difference (
ij =∞) can be obtained. For comparisons, 

the 3D cloud chart, 2D cloud chart and deflection curves for the DN hydrogel have 

been plotted in Figures 8(d), 8(e) and 8(f), respectively. There is a weak interaction 

between coexisting phases, which results in an apparent resonance difference of 
ij =

22

3
 . Meanwhile, the 3D cloud chart, 2D cloud chart and deflection curves for the 

DN hydrogel have been plotted in Figures 8(g), 8(h) and 8(i), respectively, and there 

is a strong interaction between coexisting phases, which have resulted in a slight 

resonance difference of 
ij =

21

3
 . 

These 2D cloud charts and deflection curves reveal that the mechanoresponsive 

deflection ( w ) has been significantly decreased from 0.11, 0.09 to 0.048 with a 

decrease in the resonance difference (
ij ) from infinity, 

22

3
  to 

21

3
 , due to the 

improved interaction between coexisting phases in the DN hydrogel. The 

mechanoresponsive deflection is significantly decreased due to the mechanochemical 

coupling and self-healing of the coexisting phases, which is due to the small 

resonance difference. Therefore, the toughening behavior is achieved in the DN 

hydrogel, whereas the working principle and toughening mechanism are originated 

from the mechanochemical coupling and self-healing of the brittle network.  

 



 

Figure 8. (a) 3D cloud chart, (b) 2D cloud chart and (c) deflection curves for the DN 

hydrogel, respectively, in which the coexisting phases undergo mechanical stretching 

at infinite resonance difference (
ij =∞). (d) 3D cloud chart, (e) 2D cloud chart and (f) 

deflection curves for the DN hydrogel, respectively, in which the coexisting phases 

undergo mechanical stretching and mechanochemical coupling at resonance 

difference of 
ij =

22

3
 . (g) 3D cloud chart, (h) 2D cloud chart and (i) deflection 

curves for the DN hydrogel, respectively, in which the coexisting phases undergo 

mechanical stretching, mechanochemical coupling and self-healing at resonance 

difference of 
ij =

21

3
 . 

Furthermore, the effects of resonance difference ( 11 ) and phase angle ( 11= t  ) on 

deflection ( w =π·tan =π·tan 11t ) for the DN hydrogel have been further investigated, 



and the obtained results are plotted in Figure 9, at the same relaxation time (t). During 

the analysis, the following parameters are used in equation (16), e.g., / =1D m , 

x=y=0.5, a=b=1 and w0=v0=0.25. It is revealed that the maximum deflection ( w ) of 

the DN hydrogel is gradually decreased from 0.69, 0.64 to 0.56, whereas the 

mechanochemical coupling and self-healing of the coexisting phases have been 

involved into the mechanoresponsive behavior. Furthermore, the mechanical energy 

has been slightly decreased, where the integral area is decreased from 0.4576, 0.4406 

to 0.4321. These analytical results reveal that the DN hydrogel undergoes a small 

deflection while to dissipate the equally mechanical energy, due to the 

mechanochemical coupling and self-healing in combination of mechanical stretching 

of the coexisting phases.  

 

Figure 9. Analytical results of deflection as a function of phase angle for the DN 

hydrogel undergoing mechanochemical coupling and self-healing.  

Moreover, these analytical results are also governed by the Maxwell principle 

[21,22]. The mechanochemical coupling and self-healing of the brittle network result 

in the viscoelastic behaviors to resist the mechanical force, which is in a parallel 



connection with that of mechanical stretching of the ductile network. Therefore, the 

toughening of DN hydrogel is achieved by these viscoelastic branches. 

4. Conclusions  

In this study, we propose an extended rheological model for the mechanoresponsive 

resonance difference and viscoelastic behaviors of coexisting phases in the DN 

hydrogel, which undergoes multipartite dynamics of mechanical stretching, 

mechanochemical coupling and self-healing. The multipartite dynamics of coexisting 

phases has been identified as the driving force for the DN hydrogel due to their 

mechanoresponsive resonance differences. It is demonstrated that the proposed 

framework is able to well predict constitutive stress-strain relationship, creep test and 

thermodynamic behavior of DN hydrogels. Finally, FEA has been then carried out to 

explore the working principle of toughening mechanism, which has been significantly 

improved by the mechanochemical coupling and self-healing, resulting from the small 

resonance difference and slight deflection of coexisting phases. This study aims on 

understanding the multipartite dynamics and toughening mechanism of DN hydrogel, 

in terms of theoretical Maxwell principle, FEA analysis and experimental 

exemplification. It is expected that the formulated multi-field model of multipartite 

dynamics can be used to explore the working principle of mechanical behavior in DN 

hydrogels, undergoing complex chemical kinetics of mechanochemical coupling and 

self-healing. 
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