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ABSTRACT: Polyampholyte (PA) hydrogels have attracted significant attentions for
their superior mechanical strength and toughness compared with other conventional
hydrogels. In this study, we present a novel thermodynamic approach to understand
the mechano-chemo-electrotaxis coupling and interfacial dynamics in the PA
hydrogels. Flory-Huggins theory, carried through an interfacial free-energy model, is
the foundation for quantitative study of mechanically constitutive relationship of the
PA gels. The proposed free-energy model is further extended to describe the
mechano-chemo-electrotaxis switching and interfacial dynamics by co-relating
Williams-Landel-Ferry equation and scaling laws. It was concluded that the
interfacial bonding strength is the key factor to influence mechanical strength and
reconstruction reversibility of the PA macromolecular gel system. The resulted
analytical outcomes showed good agreement with the reported experimental data. We

opine that the proposed model will guide the future application of PA hydrogels.
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1. Introduction

Hydrogel represents a group of important soft matters with versatile features, such
as bespoken biocompatibility [1], superior biodegradability [2] and high stretchability
[3]. The intrinsic nature of low macromolecular concentration in hydrogel usually
results into a relatively low Young’s modulus and a reasonable elasticity [4,5], to
enable important potential for the applications in biological/biomedical engineering
[1,2,6]. On the other hand, such low macromolecular concentration also limits the
wide-range engineering applications of these materials due to environmental impact
on the mechanical properties such as brittleness, un-scalability and non-adaptivity
[7-12].

However, Polyampholyte (PA) hydrogel has been recently discovered with a
potential to overcome its limitations and improve properties such as mechanical
strength, elongation and tensile strength to 1-10MPa, 1000% and 100-1000J/m?
respectively [13]. The molecular structure for PA hydrogels normally consists of the
strong bonds working as permanent crosslinking points and the weak bonds working
as reversible sacrificial [12,14]. Under mechanical loading, the weak bonds breaks
first to dissipate the mechanical energy through a reversibly mechanochemical
transition [15-20], while the strong bonds are served as permanent crosslinking points
to dissipate the mechanical energy through deformation. Therefore, mechanical

properties of PA hydrogels can be tuned by adjusting the interplays within and



between these two types of bonds, through ionic dissociation of polyelectrolyte
[21-29].

Stimuli-responsive units can be introduced into PA hydrogel networks thus to
create controlling mechanism which holds great potentials in designing soft robots,
actuators, transducers and electronics [30-32]. For example, graphene oxide
reinforced PA hydrogel was employed to improve the absorption capacities of Pb(Il)
and Cd(Il) [33]. Cryoprotectant was introduced to enable the PA hydrogel to react
with biological cell [34]. Similarly, PA hydrogel made from graft copolymers were
used to achieve a high protein protection efficiency [35]. The PA hydrogel was
investigated by many researchers. For example, Sun et al. reported an interesting PA
hydrogel technology with high toughness and viscoelasticity, where the multi-field
coupling was identified as a key parameter for the improved properties [36].
Khokhlov et al. used the transition theory to investigate the thermodynamic properties
of the PA hydrogel and understand the dependence of the network dense state on the
kosmotropic salt and specific ligands [37]. Relevant experimental studies conducted
by Kudaibergenov showed that interfacial bonding strength of the PA hydrogel is
greatly affected by ion species (K*, Na*, Mg?") and a significant swelling (about 500%
decrease) was observed when PH value changed from 2 to 11 [38].

By far, most of literature focused on the optimization of PA hydrogel’s mechanical
properties by designing the molecular networks [8,12,18]. There is dearth of research
on theoretical understandings towards the complicated interfacial interactions and

conformational elasticity [22,24]. In our earlier work, strategies to understand the



structure-property relationships in the PA hydrogels, e.g. using a viscoelastic model
[13] and a cooperative dynamics model [39] to describe their relaxation behaviours
were explored. However, the interfacial interactions between two components with
cationic and anionic groups, and their linking with mechanical properties of the PA
hydrogel have not been investigated. In this work, a novel thermodynamic approach is
introduced to understand the mechano-chemo-electrotaxis coupling and interfacial
dynamics in the PA hydrogels, where the networks undergo a reversible
reconstruction in response to an external mechanical loading. Based on the classical
Flory-Huggins theory, we introduce interface interaction for the first time to simulate
mechano-chemo-electrotaxis coupling effect in PA hydrogel, of which the constitutive
stress-strain relation of PA hydrogel is originated from electrostatic short-range
interaction instead of phenomenological mechanical model. Specifically, coupling
effect and interfacial bonding strength of the PA hydrogels will be studied based on
Williams-Landel-Ferry (WLF) [40] and scaling laws [41]. An interfacial free-energy
model is developed and verified by comparing the obtained analytical results with the
reported experimental data. We expect that this study will offer an effective insight on
designing high performance PA hydrogels in terms of interfacial dynamics.
2. Theoretical framework

For the PA hydrogel, the polymer network mixed with water molecules is
thermodynamically governed by Flory-Huggins theory [40], the free-energy equation
at a temperature of T(K) can be written as,

ARy, =RT(nIng +n,Ing, + yng,) (D



where AF,, is mixing free-energy, N, and ¢ represent molar and volume fractions

of solvent, respectively. N, and ¢, represent molar and volume fractions of

hydrogel, respectively. y is the interactive parameter and R is the gas constant.
According to the Flory-Huggins theory, the interactive parameter ( y ) is

determined by temperature and weight fraction of water (4, ) as,
7=2+Bg+C @

where 4, B and C are material constants.

Meanwhile, elastic free-energy (AF, ) of the PA hydrogel is governed by the

rubber-elastic theory [40], e.g.,

35" kT L ; Y1) 3)

AF,,

where k; =1.38x10%J/K is Boltzmann constant, & refers to the number of
monomer.

The free-energy function of the PA hydrogels should be the sum of the above two

while ¢ =1-¢, = Vv V+V, =2 and V, =4S

0

terms, e.g., AF =AFR, +AF

el »

[40]. From Equations (1) and (3), the free-energy function of PA hydrogel can be
written as,
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where 4, is the pre-stretched elongation ratio, A is the isotropic elongation ratio

(where A=4,=4,=4;), v is the molar volume ratio of polymer monomer to water

molecule [40]. Equations (1) to (4) are obtained from the Flory-Huggins theory and



rubber elasticity theory.
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Fig. 1. (a) Illustrations of mechano-chemo-electrotaxis coupling and interfacial
dynamics of PA network under the reversibly mechanical loading. (b) Illustrations of
stress-induced deformation of PA network under the reversibly longitudinal stress.

As shown in Fig. 1, under a longitudinal stress (o ) applied to the hydrogels [40,41],

the elastic free-energy (AF,) is gradually increased according to the increased
- : . OAF,
longitudinal stretching ratio (A ), whereas a:a—/; >0. On the other hand, the

mixing free-energy is changed due to the mechanochemical breaking of weak bonds
into cationic and anionic end groups. However, these two groups attract each other
owing to the existence of electrostatic forces, thus leading to complex
mechano-chemo-electrotaxis interfacial interactions. Therefore, an interfacial
free-energy is defined based on the mechano-chemo-electrotaxis coupling effect, as
being illustrated in Fig. 1(a). While the deformation of PA hydrogel network during

the stretching process is anisotropic, the deformation from longitudinal direction



(same as the stretching direction) is different from that of the transverse direction
(perpendicular to the stretching direction). Therefore, the PA network likely
undergoes a stress-induced deformation in an ellipsoid shape [40], as shown in Fig.
1(b). On the other hand, the cationic and anionic groups within PA hydrogel lead to
different interfacial dynamic compared with other conventional hydrogels, lead to a
high mechanical strength enabled by the mechano-chemo-electrotaxis interface
coupling effect, caused by the electrostatic forces between cationic and anionic
groups.

It is critical to understand the effect of interfacial interactions within the complex
PA hydrogels system. According to an earlier studies [40], the interfacial energy

function (AF,,) can be written as,

AI:int = 7/122 = ﬂ'kBT ’%N 3/2 (IEB)U3 f 213 (5)
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where . _KeT X2 is the interfacial tension, = =7zb’N¥* (&) {?%is the
? p*\e6 b

interfacial area, N is the number of polymer monomer, b=6nm is the length of

polymer monomer [40], x,,Iis the interactive parameter of two networks, f is the

2

. e . . . e .
molar fraction of charge, I, = is the dielectric equilibrium length, &, is the

geB

dielectric constant, and e=1.6x10"°C is the charge quantity.
The constitutive relationship between the volume concentration and the polymer

molecular weight can be scaled based on the reported correlation presented in [41],

4 4

Con €M 5 ocg %ol (6)

where C_, is the volume concentration of polymer monomer, M is the molecular



weight, § is the number of monomer and | is the monomer length. According to

Equation (6), the number of monomer ( N ) can be scaled as:

9 9
N oc ? oc M0 oc C_8 7

Combining Equations (3), (4), (6) and (7), the free-energy function of PA hydrogel

can be expanded in the following equation:
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where Kk, is a scaling constant and f"* % ~1 [41]. According to Equation (8),

the constitutive stress-strain relationship can be written as:
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where L is remaining items of stress. RTn, is the modulus introduced by rubber

elasticity theory [40,44], v is the molar volume ratio of polymer monomer to water
molecule, B is the coefficient of gel content (see equation (2)), TA+C is defined

as coefficient between interaction parameters and temperature (TA+C:O.5 for

3¢

A nl

hydrogel [40,41]), 4, is the pre-stretched elongation ratio, is the ratio of

elastic network density.
Based on the time-temperature equivalence principle [40,42], the constitutive

relationship of relaxation time (1/ ) and temperature (T ) can be expressed as,



o(T,0)=0o(Ty,a ) (10)

~17.44(T -T,)
51.6+(T -T,)

where a, is shift factor, and lga; = . By substituting Equation (10)

into Equation (9), the effect of relaxation time on the constitutive stress-strain

relationship can be generated.
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Fig. 2.  Stress-elongation  ratio graph of PA  hydrogels  with
mechano-chemo-electrotaxis coupling and interfacial dynamics. Mechanochemical
kinetics is determined by the mixing and interfacial free-energies.

Initially, PA hydrogel appears to be elastic and reversible following Hooke’s law as
shown in Fig 2. Once stress increase beyond the yield point, a permanent plastic
deformation occurs. At this point, the stress-elongation ratio curve is dominated by
the mixing and interfacial free-energies, rather than the elastic energy. Under a
longitudinal loading, the strong bonds within PA hydrogel, which acts as permanent
crosslinks, undergoes an elastic deformation, whilst the weak bonds work as
reversible sacrificial bonds to dissipate the mechanical energy, through dissociating

ironical couples in the PA gel. In particular, the electrostatic forces generated by the



cationic and anionic groups, change the interfacial equilibrium and alter the behaviour
of hydrogel. The bonding strength in interface becomes significant under the strong
bond confinement in an elastically responsive hydrogel [43].

Table 1. Values used in Equation (9) for the analytical calculations, where $+C

=0.5.
38
RTn, v B o N.n, Ky L
0.94 0.5 2 1 0.3 124 0

The analytical results using the proposed model are plotted in Fig. 3, with all input
parameters listed in Table 1. Fig. 3(a) reveals that the maximum stress strength of
hydrogel is increased from 0.631 MPa to 0.855 MPa at an elongation ratio of 4 =1.23,
with an increase in number of monomer (N) from 60 to 156. By increasing the number
of monomers, the volume concentration of polymers in the hydrogel increases, thus
yield a larger mechanical strength at the same elongation ratio. According to the
rubber-elastic theory [40,44], the elastic modulus of polymer network is determined
by the number of macromolecules per volume. A large number of macromolecules
per single polymeric unit will result in a high elastic modulus and strength to resist the
external mechanical loading. Fig. 3(b) shows the effect of dielectric constant (&, ) on
stress as a function of elongation ratio. It is found that the maximum stress strength
decreases from 1.119 MPa to 0.742 MPa with an increase of &, from 1 to 5. With an
increase in the dielectric constant of PA gel, a low interfacial bonding strength is
obtained between the two components of cationic and anionic groups, thus resulting

in a reduction in the stress strength of PA hydrogel.
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Fig. 3. Analytical results of stress as a function of elongation ratio for PA hydrogel.
(a) At a monomer number of N=60, 84, 108, 132 and 156. (b) At a dielectric constant
of ¢,=1,2,3,4and5.
3. Experimental verification
3.1 Yielding behaviour of PA hydrogel

Three groups of experimental data of PA hydrogels (reported in Ref. [45]) have
been collected to verify the analytical results generated from the proposed model,
namely; (1) p-PA (p-PA is physical poly(NaSS-co-MPTC), where NaSS represents
sodium p-styrenesulfonate and MPTC represents
3-(methacryloylamino)propyltrimethylammonium chloride); (2) c-PAl1 (p-PA is
chemically cross-linked with 0.01mol% gels); and (3) c-PA2 (p-PA is chemically
cross-linked with 0.1mol% gels). Furthermore, the working principle and constitutive
stress-strain relationship are obtained using these analytical and experimental results.
The input values for p-PA, c-PAL and c-PA2 hydrogels are listed in Table 2.

Based on the Equation (9), the nominal stresses as a function of tensile strain are
plotted in Fig. 4(a). It is found that the analytical results have good agreement with

the experimental data that were previously reported in Ref. [45]. The yield stress was



calculated as o =0.59 MPa, o =0.92 MPa and o =1.18 MPa for the p-PA, c-PAl
and c-PA2 hydrogels, respectively. It is found that the yielding strains of the
hydrogels are decreased from ¢=1.10, £€=0.64 to &=0.21 with an increase in the
yielding stress. The ultimate stress values are obtained as 2.81 MPa, 1.87 MPa and
1.59 MPa for the p-PA, c-PAL and c-PA2 hydrogels, respectively. These analytical
and experimental results reveal that the yielding strength of PA hydrogel can be
significantly enhanced from 0.59 MPa to 1.18 MPa, with an increase in the molar
content of cross-linker. However, the ultimate strength drops from 2.81 MPa to 1.59
MPa. Moreover, the divergences between the analytical and experimental results have

been calculated based on correlation index (R*), and the values are 97.55%, 87.40%

and 94.90% for the p-PA, c-PA1 and c-PA2 hydrogels, respectively, as shown in Fig.

4(b).
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Fig. 4. Analytical results and experimental data [45] of tensile stress-strain curves and
yielding strength of p-PA, c-PA1 and c-PA2 hydrogels. (a) For stress-strain curves. (b)
Error ratio of nominal stress.

Table 2. Values used in Equation (9) for the p-PA, c-PAl and c-PA2 hydrogels,



where $+C =0.5and ¢,=1.0.

3
RTn, | v B A 3 Ky L
NAnl
p-PA 1.47 0.4 1.9 4 0.88 56 -1.6
c-PA1 0.9 0.5 1.8 3 0.7 93 -0.1
c-PA2 | 0.65 | 0.55 1.7 1 0.12 124 0.95

We next use the experimental results of p-PA hydrogel (reported in Ref. [46]) to
further verify the cyclically mechanical stress-strain behaviours predicted using our
model. The inputs used in the calculation are listed in Table 3. Under the cyclically
mechanical loading, the effects of stress and relaxation time on viscoelastic
behaviours of p-PA hydrogel are considered. During the mechanical loading, a tensile
stress is applied to the p-PA hydrogel with a maximum strain of 300%. Then the
loading is removed and the p-PA hydrogel is left to regain its permanent shape.

Table 3. Values used in Equation (9) for the p-PA hydrogel with various relaxation

times, where $+C =0.5.

3
RTn, v B A d Ky L
N,n,
Firstloading | 0.12 | 0.6 | 15 1 04 | 198 | 0.16

0.25 min 0.088 0.5 1.1 2.1 0.9 43 0.04

1 min 0.09 0.55 1.1 1.75 0.8 117 | 0.04
5 min 0.095 0.55 | 1.05 | 1.25 0.75 124 | 0.07
30 min 0.1 0.5 1.1 1 0.65 173 | 0.11

Comparisons of analytical and experimental results in Fig. 5(a), show that the

proposed model is able to well predict the experimental results. By increasing the



relaxation time from 0.25 min to 30 min, the recovery ratio of stress jumps from 54.8%
to 94.1%, and the recovery ratio of strain elevates from 55.9% to 92.9%. This is due
to a reversibly mechanochemical transition in the p-PA hydrogel, of which the weak
bond undergoes breakage and polymerization in response to the cyclically mechanical
loading [46]. Therefore, the mechanical behaviour of p-PA hydrogel is essentially
determined by both the relaxation time and mechanochemical kinetics, which lead to
a significant enhancement of the mechanical stress from 0.289 MPa to 0.496 MPa
when the relaxation time raises from 0.25 min to 30 min [46]. In Fig. 5(b), the
divergences between the analytical and experimental results of the p-PA hydrogel are
also calculated using correlation index (R?), and the results are 98.16%, 98.48%,
99.15%, 99.10% and 97.98% for first loading, 0.25 min, 1 min, 5 min and 30 min,

respectively.
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Fig. 5. Stress-strain curves and cyclically mechanical behaviour of p-PA hydrogel
with various relaxation times of 0.25 min, 1 min, 5 min and 30 min, where $+C

=0.5. (a) For stress-strain curves. (b) Error ratio of stress.

3.2. Interfacial dynamics in PA hydrogel



As stated above, the mechanical behaviour of PA hydrogels is critically determined
by their interfacial dynamics, where the interfacial bonding strength can be influenced
by the dielectric constants of networks [36,46]. We also explored the effect of
dielectric constant on mechanical behaviour of the PA hydrogel, e.g.,
poly(NaSS-co-DADMAC) (NaSS: sodium p-styrenesulfonate and PDADMAC:
diallyldimethylammonium chloride). The inputs for the calculation are listed in Table
4,

Table 4. Values used in Equation (9) for PA hydrogels with various molar fractions
of anion ( f ) and ionic monomer (C,, (M)), where $+C =0.5, fand C,(M) are

given constants determined by the experiments [36,46].

f RTn, | v B N3§n Ky L
Al
0.51 1.4 0.55 2 0.5 124 54
0.53 0.9 0.5 2 0.9 99 3.1
0.6 0.8 0.6 1.8 0.5 148 0.8
Cy (M) RTn, 1% B N3§n Ky L
A"l
2.1 0.79 0.4 1.85 0.7 124 -0.66
2.0 0.65 0.4 1.85 0.67 130 -0.4
1.75 0.7 0.6 1.8 0.24 138 -0.03

Fig. 6(a) presented the stress-strain relationship of the PA hydrogels as function of

the molar fraction of anion ( f ). It can be clearly seen that the experimental data with

various molar fractions of anions have agreed well with the analytical results. The

yielding stress is enhanced by more than 4.5 folds, from 1.60 MPa to 7.21 MPa, by



decreasing f from 0.60 to 0.51. The analytical results clearly show that the
interfacial bonding strength is significantly improved when molar fraction of anion
decreases, thus resulting in a plasticizing effect of water molecule on polymer

networks and the increase of yielding stress [46].
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Fig. 6. (a) Analytical and experimental results [36,46] of nominal stress versus tensile
strain at a given molar fraction of anion of f =0.51, 0.53 and 0.6. (b) Error ratio of
nominal stress at a given molar fraction of anion. (c) Analytical and experimental
results [36,46] of nominal stress versus tensile strain at a given molar concentration of
ionic monomer of C,,(M)=2.1, 2.0, 1.75 and 1.5, where f =0.53, k,=148 and L
=1.7. (d) Error ratio of nominal stress at a given molar concentration of ionic
monomer.

Fig. 6(b) shows the divergences between the analytical and experimental results



calculated by using correlation index (R?). The data are 99.15%, 99.05% and 99.32%
for a molar fraction of anion at 0.51, 0.53 and 0.6, respectively. We also investigate
the effect of molar concentration of ionic monomer (C,,(M)) on the interfacial
bonding strength for the PA hydrogel [36]. In Fig. 6(c), it can be seen that the yield
stress strength gradually increases from 0.35 MPa to 0.59 MPa when the molar
concentration of ionic monomer increases from 1.5 to 2.0, due to a strong plasticizing
effect of polymer networks that yield a large mechanical stress for the PA hydrogel.
From above, the interfacial bonding strength between hydrotropic network and water
has been proven as key player to determine the yielding stress in PA hydrogels. The

divergences between the analytical and experimental results of PA hydrogels,

calculated using correlation index (R?) is shown in Fig. 6(d), where a set of data of

88.57%, 94.28%, 96.69% and 97.02% are obtained with C,,(M) of 2.1, 2.0, 1.75
and 1.5, respectively.

We further investigate the effect of relaxation time on mechanical behaviour of the
PA hydrogel by using the inputs in Table 5, where parameters of 24, =21-1, T-T,
=10 K, k,=2x10"K-s/m and @=Kk_i has been chosen for Equation (10). Fig.
7(a) shows the stress-strain curves of PA hydrogel with various deformation rates (i)
of 900 mm/min, 400 mm/min and 70 mm/min. The reported experimental results in
Ref. [36] are used to compare with the analytical data calculated from our model. The
analytical results show that the yielding stress of PA hydrogels is increased from 0.46
MPa to 1.01 MPa, when the deformation rate is increased from 70 mm/min to 900

mm/min. Under a higher deformation rate, a vast amount of PA components is



involved in the mechanochemical transition, thus resulting in an increment in the
interfacial free-energy [40,44] and a significant enhancement in yielding stress. In Fig.
7(b), the divergences between the analytical and experimental results are obtained by
calculating the correlation index ( R?), which are 97.31%, 98.15% and 98.15% at 70
mm/min, 400 mm/min and 900 mm/min, respectively.

Table 5. Values used in Equation (9) for PA hydrogel with various deformation rates

(1), where $+C =0.5.
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Fig. 7. (a) Analytical prediction curves and experimental data [36] of nominal stress
as a function of tensile strain for PA hydrogels with various deformation rates. (b)

Error ratio of nominal stress at a given deformation rate.

3.3. Fracture strength of PA hydrogel



The fracture strength of PA hydrogels, an important mechanical feature, is also
determined by the mechano-chemo-electrotaxis coupling effect induced interfacial
dynamics. We then evaluate the effect of interfacial dynamics on fracture strength. As
previously introduced, the stress-induced deformation of PA network appears to be in
an ellipsoid form under the longitudinal stress. Therefore, the cross-section area can

(bN 0.5)2

be calculated as and interfacial force can be written as [40,44],

(bN 0.5 )2
OAF Oy 4

int — 11
O oA ()

where AF

.« 18 the interface energy and y is the interfacial tension.

According to Equations (2), (5), (6), (7) and (11), the elongation ratio follows,

//{'mt (C\N ) — [% IBll3b—7/3]8/19 (1_ CW )—3/19 (12)

Based on the Equation (12), the fracture strain ( &, ) can be expressed as,

gb (CW ) — [%4}/ IBll3b—7/3]8/19 (l—CW )—3/19 _/’Lm (13)

where C,, is water content and A, =47.05 is the given constant [40,44]. By

combining Equations (11) and (13), the fracture stress is therefore presented as,

LN,
b~ .3 A=l+g,
/10 88b2 5 (14)
27N, yrkyb I A4 15 213480 -3/19 "3
= 1+ I.7°b 1- -1 }8
W R 4 )
0 2
where it is hypothesised that [#Ime‘m]g’19 =46 and 27N13ﬂ =25 in
e

Equations (13) and (14) for calculation. Equations (11), (12), (13) and (14) are

derived from the equation (8).
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Fig. 8. Analytical results and experimental data [47] of fracture strength as a function
of water content (C,, ) in PA hydrogels. (a) For fracture strain. (b) For fracture stress.

Two groups of experimental data reported in Ref. [47] of the PDGI/PAAmM PA
hydrogels (PDGI, poly(dodecyl glyceryl itaconate); PAAm: poly(acrylamide)) have
been employed to compare with our analytical results. The effects of water content on
fracture strain and fracture stress are investigated. The plot of fracture strain and stress
as a function of water content in PA hydrogel is presented in Figs. 8(a) and 8(b),
respectively. It is found that the simulation results from our models are in good
agreements  with  the  experimental data of PA hydrogels. The
mechano-chemo-electrotaxis coupling effect clearly affect the fracture strength, where
the interfacial bonding strength between PA network and water molecules has been
significantly improved due to the externally mechanical loading and the electrostatic
forces of cationic and anionic groups. Under the event of large amount of cationic and
anionic groups suddenly emerges due to the breaking of weak bonds, yield high
statistical probability to create a strong interfacial bonding strength and hence
significant improvement of fracture strength.

5. Conclusions



In this study, a thermodynamic approach is introduced to understand the unique
mechano-chemo-electrotaxis coupling and interfacial dynamics in the PA hydrogels
for the first time. Flory-Huggins theory is applied as the core analytical approach to
formulate a constitutive framework to describe the complicated coupling and
interfacial dynamics induced mechanical behaviour for PA hydrogel. By considering
the monomer number, dielectric constant, relaxation time, molar fraction of anion,
molar concentration of ionic monomer and deformation rate, an interfacial free-energy
model is established to quantitatively understand the mechanical behaviour beyond
the yield limit of for PA hydrogel. Reasonable agreements have been reached in most
scenarios when comparing the analytical result with the previous reported
experimental data. Moreover, the proposed model has been extended to explore the
working principles of the mechano-chemo-electrotaxis coupling effect and interfacial
dynamics, where the analytical data show a good fit to the experimental results. This
novel model is expected to guide future design and development of PA hydrogels,

with potential application in frontier engineering sectors.
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Tables caption
: : : . A
Table 1. Values used in Equation (9) for the analytical calculations, where ?+C

=0.5.

Table 2. Values used in Equation (9) for the p-PA, c-PAl and c-PA2 hydrogels,
A

where ?+C =0.5and ¢,=1.0.

Table 3. Values used in Equation (9) for the p-PA hydrogel with various relaxation

. A

times, where ?+C =0.5.

Table 4. Values used in Equation (9) for PA hydrogels with various molar fractions

of anion ( f ) and ionic monomer (C,, (M)), where $+C =0.5, fand C,(M) are

given constants determined by the experiments [36,46].

Table 5. Values used in Equation (9) for PA hydrogel with various deformation rates

(1), where $+C =0.5.



Figures caption

Fig. 1. (a) Illustrations of mechano-chemo-electrotaxis coupling and interfacial
dynamics of PA network under the reversibly mechanical loading. (b) Illustrations of
stress-induced deformation of PA network under the reversibly longitudinal stress.
Fig. 2.  Stress-elongation  ratio graph of PA  hydrogels  with
mechano-chemo-electrotaxis coupling and interfacial dynamics. Mechanochemical
kinetics is determined by the mixing and interfacial free-energies.

Fig. 3. Analytical results of stress as a function of elongation ratio for PA hydrogel.
(a) At a monomer number of N=60, 84, 108, 132 and 156. (b) At a dielectric constant
of ¢=1,2,3,4and5.

Fig. 4. Analytical results and experimental data [45] of tensile stress-strain curves and
yielding strength of p-PA, c-PA1 and c-PA2 hydrogels. (a) For stress-strain curves. (b)
Error ratio of nominal stress.

Fig. 5. Stress-strain curves and cyclically mechanical behaviour of p-PA hydrogel
with various relaxation times of 0.25 min, 1 min, 5 min and 30 min, where ?+C

=0.5. (a) For stress-strain curves. (b) Error ratio of stress.

Fig. 6. (a) Analytical and experimental results [36,46] of nominal stress versus tensile
strain at a given molar fraction of anion of f =0.51, 0.53 and 0.6. (b) Error ratio of
nominal stress at a given molar fraction of anion. (c) Analytical and experimental
results [36,46] of nominal stress versus tensile strain at a given molar concentration of
ionic monomer of C,,(M)=2.1, 2.0, 1.75 and 1.5, where f =0.53, k=148 and L

=1.7. (d) Error ratio of nominal stress at a given molar concentration of ionic



monomer.

Fig. 7. (a) Analytical prediction curves and experimental data [36] of nominal stress
as a function of tensile strain for PA hydrogels with various deformation rates. (b)
Error ratio of nominal stress at a given deformation rate.

Fig. 8. Analytical results and experimental data [47] of fracture strength as a function

of water content (C,, ) in PA hydrogels. (a) For fracture strain. (b) For fracture stress.



