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ABSTRACT: Living tissues, such as skeletal muscles, are capable
of remodeling and self-growth in response to their mechanical
environment. In contrast, synthetic materials, once formed, have
little ability to grow and reconstruct. Recently, mechanoresponsive
self-growing hydrogel, a novel hydrogel that can grow under
mechanical stresses, has been reported. However, the chemo-
mechanics underpinning the growth and strengthening behaviors of
mechanoresponsive self-growing hydrogels remains largely unex-
plored. Here, we present a chemomechanical model for
mechanoresponsive self-growing hydrogels by developing and
integrating theories of mechanoradical generation due to chain
rupture, chemical kinetics of polymerization, and new network
formation. The chemomechanical model is applied to theoretically
investigate the concentration of mechanoradical generated by stretching hydrogels, the polymerization kinetics of monomers and
cross-linkers, and the strengthened mechanical behavior of self-growing hydrogels due to new network formation. Finally, we employ
the theory to predict the stress−stretch responses of self-growing hydrogels under repetitive loading−unloading and growth cycles in
the closed system. The results, especially the predicted ultimate stresses of the hydrogel over cycles, agree well with experimental
measurements made by Matsuda et al. and can consistently explain the experimentally observed mechanical behaviors of self-growing
hydrogels.

1. INTRODUCTION
Since the advent of synthetic hydrogels, they have attracted
much attention for their wide range of applications, including
but not limited to drug delivery systems,1,2 tissue engineer-
ing,3,4 flexible electronics,5,6 supercapacitors,7 etc. High water
content endows hydrogels with advantages such as biocompat-
ibility and optical transparency but also leads to the brittle
mechanical behavior of hydrogels by diluting the polymer
chains that transmit mechanical forces.
To improve the mechanical properties of hydrogels to meet

the requirements of practical applications, researchers have
proposed various methods to engineer the network structure of
hydrogels. For example, the toughness and strength of
hydrogels can be greatly improved by introducing strain-
induced crystallization,8 dense entanglements,9 and force-
triggered chemical reactions10 into hydrogels. As opposed to
synthesizing hydrogels of a single network, designing double-
network (DN) hydrogels has become a mainstream approach
to toughen and strengthen hydrogels in the past two decades.
DN hydrogels were first synthesized by Gong and co-
workers,11 which consist of two distinct networks: a brittle
short-chain network that breaks sacrificially upon stretching to
dissipate large amounts of energy and a stretchable long-chain
network that maintains the elasticity of the hydrogel.12 The
first synthetic DN hydrogels are fully cross-linked by chemical

cross-linkers and thus suffer from irreversible network damage,
poor fatigue resistance, and severe softening.13 To address the
issue, researchers introduce a physically cross-linked network,
which is based on ionic bonds,14 coordination interactions,15

hydrogen bonds,16 hydrophobic associations,17 etc., as the
sacrificial short-chain network of DN hydrogels. This type of
network toughens the gel through a continuous energy
dissipation mechanism and imparts self-healing properties to
the DN hydrogel.18,19 Along this line, fully physically cross-
linked DN hydrogels20 are also synthesized, attaining even
better self-healing ability.
Many of the DN hydrogels described above can fully or

partially restore their mechanical strength after deformation;
however, they cannot remodel their network structure to
improve their mechanical properties, in contrast to living
tissues, which can strengthen themselves by growing and
remodeling to adapt to their surrounding mechanical environ-
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ment. Recently, Matsuda et al.21 proposed a novel strategy to
strengthen DN hydrogels by designing mechanoresponsive
self-growing hydrogels inspired by muscle training. It is well
known that muscles become larger and stronger through
repeated exercise when provided with sufficient nutrients (e.g.,
amino acids). DN hydrogels can be strengthened by using a
similar mechanism: mechanical stress breaks the brittle short-
chain network of DN hydrogels during the stretching of
hydrogels and ruptures covalent bonds of the polymer chains,
generating a sufficiently high concentration of mechanoradicals
at the broken ends of the brittle network strands.21−23 These
mechanoradicals can trigger the polymerization of monomers
and cross-linkers supplied from the external environment to
form additional new networks, thus strengthening the
hydrogel. Self-growing DN hydrogels can heal and even
strengthen under repeated mechanical stress, paving the way
for the development of soft robots and smart devices that can
adapt to the demanding mechanical environment.
Many theoretical models have been developed to study the

mechanics of various emerging hydrogels, including self-
healing hydrogels,24−27 nanocomposite hydrogels,28,29 photo-
synthesis-assisted polymer,30 hydrogels with dynamic metal-
coordinated bonds,31 etc. For DN hydrogels, various aspects of
mechanical behavior have been theoretically investigated,
including damage under large deformation,32,33 viscoelastic-
ity,34,35 multiaxial deformation,36 delayed necking instability,37

swelling behaviors,38 and fracture processes.39,40 Nevertheless,
most existing theories of growth focus on the growth of
biological tissues. For instance, Jia and Nguyen41 investigated
the growth and remodeling of collagenous tissues based on
concurrent collagen deposition and degradation. Liu et al.42

presented a mechanical model to study the influence of
geometric incompatibility on pattern selection of growing
bilayer soft tubes. Even fewer mechanical models have been
developed for the growth of hydrogels. Fan and Chen43

developed a micromechanical model to study the growth of
hydrogel networks, but the chemical kinetics of growth was not
taken into account. Recently, Zhang and Hu44 nicely proposed

a comprehensive statistical-chain-based theoretical framework
for dynamic living polymeric gels, where they discussed various
chain remodeling reactions of the gels, including the formation
of new chains (i.e., gel growth). However, the model ignores
some key microscopic features of self-growing hydrogels at the
molecular scale (e.g., force-induced generation of mechanor-
adicals, network structure and composition of newly formed
network, and the self-strengthening mechanical behavior) such
that a chemomechanical model of mechanoresponsive self-
growing hydrogels is still lacking.
The aim of this work is to develop a chemomechanical

model capable of explaining various mechanical phenomena of
self-growing hydrogels, in particular, self-growth and strength-
ening. We first formulate a quantitative expression for the
force-induced generation of mechanoradicals by extending the
network alteration model.33,45 Then, we introduce the
chemical kinetics of mechanoradicals to simulate the polymer-
ization process of supplied monomers and cross-linkers during
self-growth, which predicts the network structure and
composition of newly formed networks. Finally, the self-
strengthening behavior of mechanoresponsive self-growing
hydrogels after growth is studied based on the interpenetrating
network model.33 The results are compared with experimental
measurements of Matsuda et al.21 to validate the chemo-
mechanical model, and some important experimental observa-
tions can be consistently explained by the model. The plan of
the paper is as follows. Section 2 reports the chemomechanical
model of the self-growing hydrogels, which quantitatively
incorporates the process of mechanoradical generation, the
chemical kinetics of new network polymerization, and the
mechanical behavior of self-growing hydrogels after the
formation of new networks. Section 3 discusses the effects of
mechanoradical concentration, polymerization reaction rates,
and initial concentrations of supplied monomers and cross-
linkers on self-growth. In Section 4, we theoretically predict
stress−stretch responses of self-growing hydrogels under
repeated loading−unloading cycles and compare the results

Figure 1. Schematics of the growth process of self-growing hydrogels. (a) Original DN hydrogel with intact double networks. (b) Chain breakage
and mechanoradical generation due to hydrogel deformation. (c) Formation of a new network due to mechanoradical-triggered polymerization of
monomers and cross-linkers supplied from external environment. (d) Zoomed-in view showing the network composition of the newly formed
network. (e) Time profiles of the repetitive stretching and incubation of self-growing hydrogels.
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to experimental measurements. Conclusions are listed in
Section 5.

2. THEORETICAL MODEL
In this section, we develop a chemomechanical model for
mechanoresponsive self-growing hydrogels. The model aims to
theoretically explain the growth and strengthening of self-
growing hydrogels under repeated mechanical stresses
observed in the experiments of Matsuda et al.,21 in which
hydrogel samples are cyclically stretched with a 1 h growth
period between every two consecutive loading−unloading
cycles (Figure 1). The model quantitatively takes into account
a number of key features of the gel growth process, including
mechanoradical generation induced by chain rupture, chemical
kinetics of the polymerization of new networks, and the
strengthened mechanical behavior of self-growing hydrogels
after growth. To focus on essential ideas, we study self-growing
hydrogels prefed with a monomer/cross-linker solution�
which is referred to as a closed system by Matsuda et al.21�so
that the hydrogel does not exchange substance with
surroundings, and its overall volume remains constant during
deformation and growth. To this end, in the following, the
undeformed self-growing hydrogel is taken as the reference
state to formulate the theory.

2.1. Chain-Rupture-Induced Mechanoradical Gener-
ation. The original self-growing hydrogel is a DN hydrogel
that contains a stretchable long-chain network A and a brittle
short-chain network B. To describe the network structure of
the self-growing hydrogel, we let Ni be the number of the ith
chain per unit volume of the ith network (i.e., chain density)
and ni be the number of freely jointed links of the ith chain
(i.e., chain length), where i = A or B for a DN hydrogel. Upon
stretching, the long polymer chains in network A remain intact
and maintain the elasticity of the hydrogel, while the chains in
network B break sequentially. Figures 1a and 1b illustrate the
physical picture. Consider four chains I, II, III, and IV in
network B. When the hydrogel is deformed, some chains such
as chains II and III break and become inactive dangling chains
that do not contribute to the elasticity of the network; as a
result, the intact chains I and IV rearrange into one longer
chain (i.e., chain I plus chain IV) with higher number of links.
That is, there are originally four short chains, but only one long
chain remains after mechanical loading. The chains’ breakage
(e.g., chain b and c) and rearrangement (e.g., chain a and d)
collectively lead to a decrease in average chain density and an
increase in the average chain length of network B. The above
damage process can be quantitatively described by the network
alteration model,33,45 i.e.,

= [ ]N N p Cexp ( )B B0 B B
max

B
1/3

(1a)

= [ ]n n q Cexp ( )B B0 B B
max

B
1/3

(1b)

where NB and nB are the current chain density and chain
length, NB0 and nB0 are the initial chain density and chain
length in network B, ΛB

max is the maximum stretch of the chains
in network B in the loading history, CB is the volume fraction
of network B in the self-growing hydrogel, and pB and qB are
the damage parameters that characterize the decrease of chain
density and increase of chain length of the network B,
respectively.
As shown in Figure 1b, chain breakage of network B not

only results in changes in chain density and chain length but

also generates mechanoradicals at both ends of the broken
chain�one broken polymer chain can produce two
mechanoradicals,21 just like one photoinitiator decomposing
into two free radicals.46,47 Therefore, in order to assess the
number of mechanoradicals generated, one needs to calculate
the number of chains ruptured due to stretching of the
hydrogel. Note that the initial chain density per unit volume of
the hydrogel and the chain length of network B are CBNB0 and
nB0, respectively, such that the number of links per unit volume
of the hydrogel is originally CBNB0nB0. During the deformation
of the hydrogel, the chains in network B break and the
ruptured chains become inactive dangling chains that no
longer contribute to the chain density and chain length.
Therefore, the chain density per unit volume of the hydrogel
and the chain length of network B become CBNB and nB,
resulting in CBNBnB number of remaining active links per unit
volume of the hydrogel. To this end, the total number of links
entering inactive dangling chains per unit volume of the
hydrogel is

=c C N n C N nld B B0 B0 B B B (2)

These inactive links come from ruptured chains whose initial
length is nB0. According to eq 2, the number of broken chains
per unit volume of hydrogel can be given by

= =c
c
n

C N
C N n

nbc
ld

B0
B B0

B B B

B0 (3)

Considering that one ruptured chain generates two mechanor-
adicals, we can obtain the number of mechanoradicals per unit
volume of the hydrogel (i.e., the concentration of mechanor-
adicals in the gel) as follows

=c c2ra bc (4)

Substituting eqs 1a, 1b and 3 into eq 4 and taking into
account the volume conservation condition NB0nB0vB = 1, we
have the concentration of mechanoradicals in the hydrogel as

= [ ]c
C

v n
q p C

2
(1 exp ( )( ) )ra

B

B B0
B B B

max
B

1/3

(5)

where vB is the volume of one link in network B. The network
alteration process requires pB ≥ qB > 0,33 because in this
process, the chain density decreases, the chain length increases,
and the total number of links in the network needs to satisfy
mass conservation condition and thus cannot increase. If pB =
qB, NBnB remains constant (i.e., NBnB = NB0nB0) and cra = 0. If
pB > qB, we have cra > 0, which means that mechanoradicals are
generated due to chain breakage during hydrogel stretching.

2.2. Chemical Kinetics of the Polymerization of New
Networks. Mechanoradicals generated due to chain scission
can trigger the polymerization of supplied monomers and
cross-linkers, thereby leading to stress-induced formation of
new networks.21 A typical polymerization process consists of
some key steps for growing polymer networks, including chain
initiation, chain propagation, chain transfer, and chain
termination.46 For the self-growing hydrogels studied in this
work, polymerization is initiated by the mechanoradicals after a
sufficient amount of them is generated. Upon encountering a
monomer, a mechanoradical reacts with the monomer,
opening the C�C double bond on the monomer and
transferring the free radical to the monomer. The new free
radical meets another monomer and repeats the process. This
process, termed chain propagation, turns monomers into a
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growing polymer chain. The propagation process can also
incorporate cross-linkers into the growing polymer chain,
eventually leading to the formation of a new network, as shown
in Figure 1c. Chain transfer has not been reported for self-
growing hydrogels21 and is thus not considered in the model.
It is worthwhile to note that in the experiments by Matsuda

et al., the concentration of supplied cross-linkers�N,N′-
methylenebis(acrylamide) (MBAA)�is very high, which is
100 mol % with respect to the monomer.21 In stark contrast,
cross-linker concentration for synthesizing conventional hydro-
gels is often around 1.0 mol % relative to the monomer, which
is 2 orders of magnitude lower than the cross-linkers fed to the
self-growing hydrogels. It can be inferred that not all
bifunctional MBAA cross-linkers are fully reacted (namely,
both double bonds are opened); otherwise, the average
number of monomers on polymer chains of the newly formed
network is about 0.5, which is obviously irrational. For this
reason, as depicted in Figure 1d, it is speculated that many
MBAA cross-linkers are incompletely reacted (i.e., only one
double bond is opened) and are incorporated into polymer
chains like monomers, contributing to the number of links of
the chain (i.e., chain length), while only a fraction of MBAA
cross-linkers is fully reacted to cross-link the chains into a
network. Following the classical polymerization kinetics of
polymer chemistry,46 the chemical kinetics of chain prop-
agation in self-growing hydrogels is described by

[ ] =
[ ][ ] + [ ][ ]c

t

k c c k c cd
d

li pm mo ra pc cr ra

(6)

where kpm is the propagation rate of monomers and kpc is the
propagation rate of cross-linkers; both describe the rate at
which unreacted monomers and cross-linkers are incorporated
into polymer chains. [cli] is the concentration of freely jointed
links in the gel, [cmo] is the concentration of monomers, [cra] is
the concentration of mechanoradicals, and [ccr] is the
concentration of unreacted cross-linkers, all of which are
defined per unit volume of the gel. In addition, β is the number
of monomers and incompletely reacted cross-linkers in one
freely jointed link. Note that the value of β for a common
polymer chain depends on the type of monomer, but chains of
the newly formed network in this work are composed of both
monomers and incompletely reacted cross-linkers, such that its
value is hard to determine. Herein, we take β = 1 for simplicity.
It is worth noting that following the convention of polymer

chemistry, concentrations of reactants and products in eq 6 are
highlighted in parentheses (e.g., [cra]) and have the unit of
mol/L (i.e., M). In contrast, to model the mechanical behavior
of hydrogels, one needs to define concentrations such as cra as
the number of mechanoradicals per unit volume of the gel, and
the unit is 1/m3. Using [cra] and cra as an example, the
conversion between these two definitions of concentration is as
follows

[ ] =c
c

N10ra
ra

3
Av (7)

where NAv is Avogadro’s constant. Equation 7 applies to all
concentrations, including [cra], [cli], [cmo], and [ccr].
As mentioned above, due to the high concentration of cross-

linkers fed to the self-growing hydrogels, some incompletely
reacted cross-linkers are incorporated into polymer chains, but
some cross-linkers are fully reacted and act as cross-links to

form the polymer network. The chemical kinetics of cross-link
formation can be expressed as

[ ]
= [ ][ ]

c
t

k c c
d

d
cl

c cr ra (8)

where [ccl] is the concentration of cross-links of the newly
generated network and kc is the cross-linking rate (i.e., the rate
at which MBAA cross-linkers convert into cross-links of the
network).
The process of the propagation reaction is aborted by the

termination of free radicals. Coupling and disproportionation
are the two modes of termination. Coupling means that two
radicals react to form a covalent bond, combining two growing
chains into one chain. Alternatively, a pair of radicals can form
two new molecules such that the two growing chains are
terminated and become dangling chains by a disproportiona-
tion reaction. The termination mode depends on many factors,
such as the type of monomer, temperature, etc.46 The chemical
kinetics of both modes is governed by

[ ]
= [ ]

c
t

k c
d

d
2ra

t ra
2

(9)

where kt is the termination rate of free radicals.
Equations 5−9 describe the three primary processes of

network growth, i.e., mechanoradical generation, chain
propagation, and chain termination, and yield the amounts
of monomers and cross-linkers incorporated into the newly
formed networks. The evolution of [cli] and [ccl] during the
growing period can be determined by numerically solving eqs
6, 8, and eq 9 as follows. At the beginning of one growing
period, initial values of all concentrations are known: [cli0] and
[ccl0 ] are zero, [cra0 ] is determined by eqs 5 and 7, and [cmo0 ] and
[ccr0 ] depend on the amounts of monomers and cross-linkers
supplied. At time t, the increments of [cli], [ccl], and [cra] (i.e.,
d[cli], d[ccl], and d[cra]) are calculated according to eqs 6,8,
and9, respectively, and d[cmo] and d[ccr] are determined by
d[cmo] = −kpm[cmo][cra]dt and d[ccr] = −kpc[ccr][cra]dt,
respectively. It follows that the values of [cli], [ccl], [cra],
[cmo], and [ccr] can be updated at time t + Δt. By repeating the
above steps, we can obtain the final concentrations, including
[clif ], [cclf ], [craf ], [cmof ], and [ccrf ] at the end of the growing
period.

2.3. Deformation of Multi-Network Self-Growing
Hydrogels. New chains and networks form after the
mechanoradical-triggered self-growth of hydrogels, turning
the DN hydrogel into a triple-network hydrogel. The
mechanical model of multinetwork (MN) hydrogels that are
composed of two or more networks can be employed to
describe the mechanical behavior of self-growing hydrogels.
Consider an MN hydrogel consisting of i (i = A, B, C, ···)
number of networks. The average unstretched length of a chain
of the ith network is =r n li i i

0 , where ni is the number of
freely jointed links on the chain of the ith network and li the
length of a link. The stretch of a polymer chain of the ith
network can be calculated as = =r r r n l/ /i i i i i i

0 , where ri is
the current length of the chain under stretch. The free energy
of a chain in the ith network can be expressed as

i
k
jjjjj

y
{
zzzzz= +w n kT

tanh
log

sinhi i
i

i

i

i (10)
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where k is the Boltzmann constant, T is the temperature in

Kelvin scale, = ( )Li n
1 i

i
, and L−1 is the inverse Langevin

function defined by =L x x( ) coth( )
x
1 .

To relate the stretches of polymer chains to the deformation
of MN hydrogels, we adopt the eight-chain Arruda−Boyce
model. MN hydrogels consist of multiple individual networks
swollen by water and other networks so that the stretch of
polymer chains of MN hydrogels originates from two
processes: (i) the swelling of polymer networks by water and
other networks to form the hydrogel and (ii) the deformation
of the hydrogels due to mechanical loadings. To this end,
considering the eight-chain model, the stretch of a chain on the
ith network of the MN hydrogel can be calculated as

=
+ +

= ···C i A B C
3

( , , , )i i
1/3 1

2
2
2

3
2

(11)

where Ci is the volume fraction of the ith network in the MN
hydrogels, λ1, λ2, and λ3 are the three principal stretches of the
hydrogel. Ci

−1/3 represents the stretches caused by the swelling
of the ith network by water and other networks while

+ +( )/31
2

2
2

3
2 represents the contribution from the

deformation of MN hydrogels. Equation 11 indicates that
chain stretches of different networks can be distinct because of
the different volume fractions of each individual network.
As previously mentioned, Ni is the number of the ith

polymer chain per unit volume of the ith network. Therefore,
CiNi is the number of the ith chain per unit volume of the MN
hydrogel. By taking into account eq 10, the free energy density
function of the MN hydrogel can be expressed as

i
k
jjjjj

y
{
zzzzz= +

= ···
W C Nn kT

tanh
log

sinhi A B C
i i i

i

i

i

i, , (12)

Then, the principal Cauchy stresses of the MN self-growing
hydrogel can be calculated as

=
= ···

C N n kT

3i A B C

i i i i

i
1

, ,

1/3

1
2

(13a)

=
= ···

C N n kT

3i A B C

i i i i

i
2

, ,

1/3

2
2

(13b)

=
= ···

C N n kT

3i A B C

i i i i

i
3

, ,

1/3

3
2

(13c)

where Π is the hydrostatic pressure that can be determined by
using the boundary conditions. For self-growing hydrogels
subject to uniaxial tension, we have λ1 = λ, = =2 3

1 , and
σ2 = σ3 = 0; then, the true stress σ and nominal stress s of the
MN hydrogel can be calculated as follows

=
= ···

C N n kT

3
( )

i A B C

i i i i

i, ,

1/3
2 1

(14a)

=
= ···

s
C N n kT

3
( )

i A B C

i i i i

i, ,

1/3
2

(14b)

During the first loading−unloading cycle prior to growth,
the self-growing hydrogel reported by Matsuda et al.21 contains
two networks, namely, networks A and B. Substituting eqs 1a,
1b into 14b and considering the volume conservation
conditions that NAnAvA = 1 and NB0nB0vB = 1, the nominal
stress of the DN hydrogel can be obtained as

i

k
jjjjjj

Ä
Ç
ÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz

É
Ö
ÑÑÑÑÑÑÑÑ

y

{
zzzzzz

=

+

s
C kT

v n
q p C

C kT

v n

3
exp

1
2

( )

3
( )

B
1/3

B

B B0 B
B B B

max
B

1/3

A
1/3

A

A A A

2

(15)

where vA = vB = v are the volume of one link in networks A and
B, respectively.

2.4. Strengthening of Self-Growing Hydrogel after
Growth. As aforementioned, in the experiments of Matsuda et
al.,21 hydrogel samples are cyclically stretched with a 1 h
growth period between each two consecutive loading−
unloading cycles, as shown in Figure 1e. During the first
loading−unloading cycle, large amounts of mechanoradicals
are formed in self-growing hydrogels due to chain breakage.
Within the incubation time between the first and second
cycles, the generated mechanoradicals trigger the polymer-
ization of supplied monomers to form a new network, namely,
network C, thereby completing the first growth period of the
self-growing hydrogels. The newly formed network C contains
short chains that can break in subsequent loading cycles, thus
strengthening the self-growing hydrogel. Therefore, the
network alteration theory shown in eqs 1a and 1b also applies
to network C, that is, = [ ]N N p Cexp ( )C C C C C0

max 1/3 ,

= [ ]n n q Cexp ( )C C C C C0
max 1/3 . As suggested by eq 15, the

initial chain length nC0 and volume fraction CC of network C
directly influence the stress−stretch behavior of the network,
which can be determined by using the results in Section 2.2 as
follows. It is noteworthy that the newly formed network C is
attached to network B, which certainly leads to the existence of
interplay between the two networks. However, due to the
significantly different chain lengths of the two networks,
following conventions in previous works,25−27 we treat them as
two independent networks and ignore their interplay.
In this work, we focus on self-growing hydrogels prefed with

a monomer/cross-linker solution, which constitutes a closed
system. During the growth process, the hydrogel does not
exchange matter with surroundings, and the supplied
monomers and cross-linkers contained in the solvent of the
hydrogel are polymerized to form the new network C. The
increase in the volume of polymer networks equals the
decrease in the volume of the solvent, so that the hydrogel
volume remains constant during the self-growth process. Note
that the final concentrations clif and cclf for the network C can be
obtained following the procedure described in Section 2.2.
Then, the volume fraction of network C in the hydrogel can be
calculated as

=C vcC li
f

(16)

where v is the volume of one link of chains in the network C.
In a polymer network, a cross-linker that has Φ number of

double bonds can cross-link 2Φ chains, and one chain is
connected to two cross-links at its two ends. Therefore, the
number of chains in a network should be equal to Φ times that
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of cross-links. For the newly formed network C, in a unit
volume of the self-growing hydrogel, the number of cross-links
of network C is cclf ; hence, the number of chains of network C
is Φcclf . Considering that the number of links of network C per
unit volume of the gel is clif , the chain length of the newly
formed network C can thus be determined as

=n
c
cC0
li
f

cl
f (17)

where the value of Φ depends on the cross-linker functionality.
In the experiments of Matsuda et al.,21 the cross-linker used is
MBAA, which contains two C�C double bonds, such that Φ
= 2.
Because the new network C comes from the internal solvent

of the self-growing hydrogel, its formation does not affect the
mechanical behaviors of networks A and B. For example, the
volume fractions of networks A and B and the maximum
stretch of network B in the loading history ΛB

max are not
influenced by the formation of network C. As we discussed
above, the newly formed network C should serve the role of a
brittle network (Figure 1c) that then breaks during subsequent
deformation to trigger further network formation; the
mechanical behavior of network C is the same as that of
network B and can therefore be described by the network
alteration model. To this end, the nominal stress of the self-
growing hydrogel after first growth�which contains networks
A, B, and C�can be expressed as
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(18)

From eq 18, it can be concluded that during the second
loading, if the stretch does not exceed the maximum stretch
level of the first loading cycle, then only network C breaks to
generate mechanoradicals and trigger subsequent network
formation. Otherwise, both networks B and C contribute to
mechanoradical generation and the formation of a new
network.
After the second loading/unloading cycle, the hydrogel

undergoes the second self-growth in the presence of remaining
monomers and cross-linkers in the hydrogel solvent, forming a
new network D. The mechanical response of the hydrogel after
second growth�which consists of networks A, B, C, and D�
can be derived according to the procedure described in Section
2. The growth process of self-growing hydrogels can be
repeated until the monomers/cross-linkers are completely
consumed or the hydrogel is fractured.
For convenience, parameters of the chemomechanical model

to describe the growth and deformation of self-growing
hydrogels are summarized in Table 1.

3. RESULTS AND DISCUSSION
In this section, the chemomechanical model presented in
Section 2 is applied to simulate the growth and strengthening
of self-growing hydrogels�these hydrogels are subjected to
cyclic stretching with a 1 h growth time between every two
consecutive loading−unloading cycles.21 Key aspects of the

Table 1. Key Model Parameters for Self-Growing Hydrogels

parameter (unit) definition

ni i = A, B, ··· number of freely jointed links on a chain (i.e., chain length) of the ith network
ni0 i = B, C, ··· initial number of freely jointed links on a chain (i.e., initial chain length) of the ith network
v (m3) volume of a freely jointed link of polymer networks
pi i = B, C, ··· damage parameter that characterizes the decrease of chain density of the ith network
qi i = B, C, ··· damage parameter that characterizes the increase of chain length of the ith network
Ci i = A, B, ··· volume fraction of the ith network in the hydrogel
Λi i = A, B, ··· stretch of the ith network
Λi
max i = B, C, ··· maximum stretch of the ith network in the loading history

cld (1/m3) number of links entering inactive dangling chains per unit volume of the hydrogel
cbc (1/m3) number of broken chains per unit volume of the hydrogel
kpm (L·mol−1·s−1) propagation rate of monomers
kpc (L·mol−1·s−1) propagation rate of cross-linkers
kc (L·mol−1·s−1) cross-linking rate of cross-linkers
kt (L·mol−1·s−1) termination rate of free radicals
[cmo], [cmo0 ], [cmof ]
(mol·L−1)

current/initial/final molar concentration of supplied monomers per unit volume of the hydrogel during the growth period

[ccr], [ccr0 ], [ccrf ] (mol·L−1) current/initial/final molar concentration of supplied cross-linkers per unit volume of the hydrogel during the growth period
[cra], [cra0 ], [craf ] (mol·L−1) current/initial/final molar concentration of free radicals per unit volume of the hydrogel during the growth period
cra (1/m3) number of radicals per unit volume of the hydrogel
[cli], [cli0], [clif ] (mol·L−1) current/initial/final molar concentration of freely jointed links of the newly formed network per unit volume of the hydrogel during the

growth period
clif (1/m3) final number of freely jointed links of the newly formed network per unit volume of the hydrogel at the end of one growth period
[ccl], [ccl0 ], [cclf ] (mol·L−1) current/initial/final molar concentration of cross-links of the newly formed network per unit volume of the hydrogel during the growth

period
cclf (1/m3) final number of cross-links of the newly formed network per unit volume of the hydrogel at the end of one growth period
Φ cross-linker functionality
β number of monomers and incompletely reacted cross-linkers in one freely jointed link
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growth process, including chain-rupture-induced mechanor-
adical generation, polymerization of monomers and cross-
linkers, the formation of the new network, and its influence on
the mechanical behavior of self-growing hydrogels, are
analyzed. Unless otherwise stated, the values of model
parameters given in Table 2 are used in numerical simulations
in this section.

3.1. Concentration of Mechanoradicals. Force-induced
chain scission and the associated mechanoradical generation
are the triggers that initiate the formation of a new network. As
reported by Matsuda et al.,21 the concentration of mechanor-
adicals significantly affects the growth process of DN
hydrogels. Herein, by using eq 5, we study the effects of key
model parameters on the concentration of mechanoradicals,
including the volume fraction CB of network B, the value of pB
− qB, and the maximum stretch ΛB

max of network B. For a DN
hydrogel subject to uniaxial tension during the first loading,

= +C ( 2 )/3B
max

B
1/3 2 1 , where λ represents the uni-

axial stretch applied to the hydrogel. Figures 2a and 2b
illustrate the influence of pB − qB and CB on mechanoradical
generation, respectively. Both plots show that the concen-
tration of mechanoradicals increases with increasing stretch, as
higher stretches break more polymer chains and thus produce
more mechanoradicals. As indicated by eq 5, it is not the
absolute values of pB and qB that determine the concentration
of mechanoradicals but the difference between them. In Figure
2a, we take CB = 0.033. Figure 2a shows that the concentration
of mechanoradicals increases as the value of pB − qB increases,
since a higher pB − qB means that more links enter the inactive
dangling chains, indicating a higher degree of chain breakage.
For Figure 2b, we use pB − qB = 0.0003 and fix the volume
fraction of polymer networks of the gel, i.e., CA + CB = 0.1. It is
found that increasing the volume fraction of network B leads to
higher mechanoradical concentrations because, with increasing
volume fraction of network B, the number of broken chains per

unit volume of the gel increases, yielding more mechanor-
adicals generated.
Notably, Matsuda et al. report that the mechanoradical

concentration in fully necked DN hydrogels is estimated to be
of the order of 10−5 M (i.e., mol/L),21 which is highlighted as
the light blue region in Figure 2. At the same level of stretch
(i.e., λ = 5.7), our model essentially predicts mechanoradical
concentrations of the same order of magnitude as the
experimental measurements. To this end, in the following
section of this paper, we choose pB − qB = 0.0003 and CB =
0.033 for all numerical simulations, which gives the initial
mechanoradical concentration [cra0 ] = 2.8 × 10−5 M at λ = 6.

3.2. Chemical Kinetics of the Polymerization of
Monomers and Cross-Linkers. The polymerization of
monomers and cross-linkers takes place when dissociative
monomers and cross-linkers meet mechanoradicals, which
eventually leads to the formation of the new network. The
chemical kinetics of the process�which is governed by eqs 6,
8, and 9 presented in Section 2�is mainly determined by four
parameters, including the propagation rate of the monomer
kpm, the propagation rate of the cross-linker kpc, the cross-
linking rate of the cross-linker kc, and the termination rate of
radicals kt. In this work, we setkpm = kpc = kp for simplicity.
In Figure 3, we plot the concentration−time profiles of

various reaction rates during the first growth period of 1 h
(Figure 1e). As mentioned above, based on the simulation
results in Section 3.1 and the experiments of Matsuda et al.,21

the initial mechanoradical concentration [cra0 ] = 2.8 × 10−5 M
is used here. In Figure 3a, given the values of kp, kc, and kt, the
total concentration of links on polymer chains in the new
network C (i.e., [cli]) is plotted as a function of the growth
time. It is clear that [cli] increases rapidly in the early stages of
growth and gradually saturates, indicating that most of the
reactions occur in the early stages of growth. In Figure 3a,
three curves with comparatively large kp (i.e., red, blue, and
yellow curves) have nearly the same [clif ] at the end of the 1 h
growing period, with a value of about 0.14 M. Note that as
shown in Table 2, the sum of [cmo0 ] and [ccr0 ] is 0.144 M. That
is, for these three cases of large kp, monomers and cross-linkers
are almost fully consumed within 1 h because of the high rate
of monomer and cross-linker incorporation into polymer
chains. We take the red curve (with kp = 1 × 104 L·mol−1·s−1,
kt = 1 × 104 L·mol−1·s−1, and kc = 2 × 102 L·mol−1·s−1) as the
baseline case and compare it with the other three cases to
assess the effects of reaction rates on the polymerization
process. The comparison between the red and green curves
shows that a larger kp leads to higher [cli] because more
monomers and cross-linkers participate in the polymerization

Table 2. Values of Key Model Parameters Used in This
Work

nA nB0 v (m3) CA
500021 5021 1.8 × 10−2833 0.06733

CB kpm, kpc, kp (L·mol−1·
s−1)

kt (L·mol−1·
s−1)

kc (L·mol−1·
s−1)

0.03333 1 × 10446 1 × 10446 1.7 × 10246

[ccr0 ] (mol·L−1) [cmo0 ] (mol·L−1) pB qB
0.07221 0.07221 0.1743 0.174

Figure 2. Simulation results of mechanoradical concentration as a function of applied stretch. (a) Concentration−stretch curves with various values
of pB − qB. (b) Concentration−stretch curves with different volume fractions of network B.
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reaction before all free radicals are terminated. Comparing the
red and blue curves indicates that a lower kt causes the
concentration to change more drastically at the beginning, thus
reaching equilibrium faster because a lower kt allows more
radicals to participate in polymerization reactions before their
termination. Moreover, the red and yellow curves almost
overlap, indicating that kc has little effect on [cli] since kc is
several orders of magnitude lower than the value of kP in the
model.
As mentioned earlier, the incompletely reacted cross-linkers

are incorporated into the polymer chains as links, while fully
reacted cross-linkers become cross-links. In Figure 3b, the
variation of cross-link concentration [ccl] with time is
presented. We also take the red curve (kp = 1 × 104 L·
mol−1·s−1, kt = 1 × 104 L·mol−1·s−1, and kc = 2 × 102 L·mol−1·
s−1) as the baseline case. When varying kp to a smaller value
(from the red curve to the green one), fewer cross-linkers are
incorporated into polymer chains as links so that more cross-
links are formed, resulting in higher [ccl]. Reducing kt�from
the red curve to the blue one�causes the concentration [ccl]

to change more sharply at early stages of growth and saturate
faster as more radicals are involved in the polymerization
reaction. When kc is decreased from 2 × 102 L·mol−1·s−1 (the
red curve) to 2 × 101 L·mol−1·s−1 (the yellow curve), fewer
cross-linkers are fully reacted so that the plateau of the yellow
curve becomes much lower. Besides, the initial concentrations
of monomer and cross-linker (i.e., [cmo0 ] and [ccr0 ]) affect the
chemical kinetics of the polymerization process as well (Figure
S1).

3.3. New Network Generated during Self-Growth. A
new network C is formed due to the polymerization of
monomers and cross-linkers in the hydrogel solvent. According
to eqs 16 and17, the volume fraction CC and chain length nC0
of the newly formed network can be evaluated by using the
results in Section 3.2. In this regard, the structure of the new
network can be adjusted by changing the initial concentrations
of monomer and cross-linker (i.e., [cmo0 ] and [ccr0 ]). Figure 4a
shows that when fixing [ccr0 ] to 0.072 M, both the chain length
and volume fraction of the new network are linearly
proportional to [cmo0 ] after the 1 h growth period. In making

Figure 3. Simulation results of the concentration of freely jointed links and cross-links on polymer chains of newly formed networks. (a) Evolution
of link concentration [cli] over the 1 h growth time for various reaction rates (the red line and the yellow line are almost overlapped). (b) Evolution
of cross-link concentration [ccl] over time for various reaction rates.

Figure 4. Effects of initial monomer/cross-linker concentrations on the chain length and volume fraction of the newly formed network C. (a)
Resulting chain length and volume fraction of network C after 1 h growth as a function of initial monomer concentration [cmo0 ]. In making this plot,
[ccr0 ] is set to 0.072 M. (b) Resulting chain length and volume fraction of network C after 1 h growth as a function of initial cross-linker
concentration [ccr0 ]. For this plot, [cmo0 ] is set to 0.072 M.

Figure 5. Strengthened mechanical behavior of self-growing hydrogels after 1st growth. (a) Stress−stretch curves of self-growing hydrogels with
different volume fractions CC. (b) Stress−stretch curves of self-growing hydrogels with different chain lengths nC0.
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Figure 4b, we set [cmo0 ] = 0.072 M. It shows that after the 1 h
growth period, the volume fraction of the new network
increases linearly with increasing [ccr0 ]. Moreover, the chain
length nC0 of the new network C decreases rapidly and
gradually approaches a stable value as [ccr0 ] increases. It is
worth noting that for [ccr0 ] = [cmo0 ] = 0.072 M� consistent with
the values used in the experiments of Matsuda et al.,21 the
newly formed network C accounts for 1.51% of the gel volume,
and the initial chain length nC0 is about 59.

3.4. Stress−Stretch Response of the Gel after Self-
Growth. After the formation of network C during the self-
growth process, the hydrogel became a triple-network
hydrogel. According to eq 18, the network properties,
including the initial chain length nC0 and the volume fraction
CC of network C, directly affect the stress−stretch behavior of
the self-growing hydrogel. Figures 5a and5b plot the nominal
stress−stretch curves of hydrogels with different initial chain
lengths nC0 and volume fraction CC, respectively. As mentioned
above, the material parameters displayed in Table 2 are
adopted in the numerical simulations. The yellow dashed lines
represent the stress response of the DN hydrogel in the first
loading−unloading cycle before self-growth, showing a large
hysteresis loop that indicates significant energy dissipation due
to chain breakage. The other solid curves correspond to the
stresses of the hydrogel during second loading after first
growth.
In making Figure 5a, nC0 is fixed to 59, and it can be seen

that after growth, the gel exhibits higher strength and modulus
at the second loading than at the first unloading. In addition,
the higher the volume fraction CC of the newly formed
network C, the higher the strength and modulus, since a higher
CC indicates that there are more chains per unit volume of the
hydrogel to bear forces. Figure 5b discusses the effect of the
initial chain length nC0, where CC = 0.0151. Network C with
longer chains leads to lower hydrogel strength, while network
C with shorter chains results in enhanced hydrogel strength
but more pronounced softening because short chains easily
approach their stretch limit, thereby increasing the stress level
of the hydrogel but causing the gel to soften.33 Similarly, other
factors, like mechanoradical concentration, initial concen-
tration of monomers and cross-linkers, etc., can also affect the
stress−stretch behaviors of the self-growing hydrogel after
growth. The results and discussions are presented in the
Supporting Information (Figures S2−S5).

4. STRENGTHENING OF SELF-GROWING HYDROGELS
SUBJECT TO REPETITIVE STRETCHING AND
GROWTH

Matsuda et al. showed that DN gels could grow sustainably in
strength and size under repetitive stretching with a continuous
supply of monomers and cross-linkers.21 To demonstrate the
idea, the researchers conducted two sets of experiments. In the
first set of experiments, DN gels were prefed with a mixed
solution of monomer and cross-linker before testing but were
not immersed in the solution anymore during the repetitive
stretching and growing process. During the experiments, there
was no exchange of substances between the hydrogel and its
surroundings, forming a closed system. As for the second set of
experiments, they performed repeated stretching of DN gels
that were immersed in the mixed solution of monomers and
cross-linkers all of the time, such that the monomers, cross-
linkers, and water molecules could diffuse into the gel and
change the gel volume, component concentrations, and the

reference state continuously, which yielded an open system.
Therefore, a fully coupled diffusion and growth model needs to
be established to simulate the open system, which is more
complicated than the closed system. Note that the chemo-
mechanical model developed in Section 2 only holds for the
closed system. The open system will be investigated in our
future work. Herein, we focus on the self-growth of the closed
system. According to the experiments of Matsuda et al.,21 the
closed-system hydrogels underwent four loading−unloading
cycles (each with a maximum stretch of 6), with a growing
time of 1 h between two consecutive cycles. It was revealed
that the first growth leads to a significant stress increase during
the second loading, and the stress−stretch curve of the self-
growing hydrogel shows a large hysteresis loop in the second
loading−unloading cycle. However, the second growth merely
causes a slight stress increase in the third loading compared to
the stress−stretch curve of the second unloading.21 Similarly,
the effect of third growth is also negligible.
To understand the experimental findings of Matsuda et al.21

and to validate our chemomechanical model, we next simulate
the mechanical behaviors of the closed-system self-growing
hydrogels over loading−unloading cycles using the chemo-
mechanical theory presented in Section 2. According to
Matsuda et al., the stress−stretch curves of the third and fourth
cycles in the experiments are very similar, such that we only
study the first three cycles in the simulations. In order to relate
the simulation results to the experiments of Matsuda et al., the
key model parameters used in the simulations are as follows: In
the experiments,21 the concentrations of monomers and cross-
linkers in the mixed solution are both 0.08 M because the
concentrations of monomer and cross-linker in the internal and
external solutions are consistent.48 In the modeling, the initial
volume fraction of the polymer network is CA + CB = 0.1
(Table 2), so the initial concentrations of monomers and
cross-linkers per unit volume of the DN gel are both 0.08 M ×
(1 − CA − CB) = 0.072 M. The maximum stretch of each
loading is set to λmax = 6 in accordance with the experiments,
so that in the nth loading−unloading cycle, only the new
network generated in the (n − 1)th growth period ruptures and
produces mechanoradicals. As mentioned above, qi and pi are
two damage parameters that determine the degree of damage
of the polymer network and can be obtained by fitting the
experimental data.49 After fitting to the experimentally
measured mechanoradical concentration in the first cycle, we
obtain pi − qi = 3 × 10−4 (Figure 2). However, due to the lack
of experimental data in the second and third cycles, we keep
the value of pi − qi the same in the second and third cycles for
simplicity. By setting pi − qi = 3 × 10−4 for each network of the
self-growing hydrogel, we can readily calculate the concen-
tration of mechanoradicals at the beginning of each growth
period. Elastomers and hydrogels of different chain lengths
have different damage parameters.49 As for self-growing
hydrogels, polymer networks with shorter chain lengths and
higher chain densities face more pronounced damage, thereby
possessing higher damage parameters. We try to fit the
experimentally measured stress−stretch behaviors, especially
the ultimate stresses at the maximum stretch of λ = 6. It is
found that the three sets of parameters in Table 3 give
theoretical predictions consistent with the experimental
measurements by Matsuda et al.21 (Figure 6b). Based on the
experiments, the growth time between two consecutive
loading−unloading cycles is taken to be 1 h. The formation
of network C and its influence are extensively discussed in
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Section 2. Similarly, the network structure and mechanical
behavior of network D formed during the second growth can
be obtained by following the procedures presented in Section
2. In the following, we use our chemomechanical theory to
obtain the stress−stretch curves of self-growing gels in cyclic
loading−unloading cycles and validate our theoretical model
by comparing the theoretical predictions to the experimental
results of Matsuda et al.21

Figure 6 shows the cyclic loading−unloading curves of self-
growing hydrogels of the closed system obtained from
simulations and quantitatively compares the stresses at λ = 6
of self-growing hydrogels predicted by theoretical modeling to
that experimentally measured by Matsuda et al.21 Our model
captures the following main features of the growth process of
self-growing hydrogels, which is in good agreement with the
experimental observations of Matsuda et al.21

• As presented in Figure 6a, the first loading−unloading
cycle has a large hysteresis loop, indicating the
destruction of the sacrificial network B. Meanwhile,
many mechanoradicals are generated to trigger self-
growth in the next growth period.

• Network C is formed during the first growth of 1 h
between the first and second loading−unloading cycles.
After the first growth, the hydrogel exhibits higher
modulus and strength during the second loading than
the damaged DN gel during the first unloading, implying
that the gel is strengthened due to the newly formed
network C during the first growth. In addition, the large
hysteresis loop that appears during the second loading−
unloading cycle demonstrates that the newly formed
network C is brittle, which breaks and generates
mechanoradicals as well.

• After the second 1 h growth period between the second
and third loading−unloading cycles, the mechanical
properties of the hydrogels do not show noticeable
enhancement during the third loading−unloading
process. The stress−stretch curve almost overlaps with
the unloading curve of the second loading−unloading
cycle, which indicates that the hydrogel is hardly
strengthened during the second growth. This is because
the closed system contains only finite monomers and
cross-linkers, which are almost completely consumed

during the first growth, such that a limited amount of
monomers and cross-linkers participate in the new
network formation during the second growth, giving rise
to only slight growth.

• We calculate the energy dissipation ratio of each cycle,
which is defined as the ratio of energy dissipated to work
done in each cycle. They are 47.4% in the first cycle,
30.8% in the second cycle, and 2.2% in the third cycle,
respectively. The energy dissipation ratio decreases over
cycles, with the energy dissipation ratio in the third cycle
being much smaller than that of the first two cycles.

• Figure 6b shows the ultimate stresses at λ = 6 in
Matsuda’s experiments and our theoretical modeling.
We first obtain the results that the experimentally
measured ultimate forces at λ = 6 in the first three cycles
are 1.49, 1.85, and 1.92 N, respectively. The dimensions
of the sample’s cross section are 1.5 mm in thickness and
2 mm in width. Then, the corresponding ultimate
stresses in each cycle can be calculated, which are 0.497,
0.617, and 0.640 MPa, respectively. Meanwhile, the
ultimate stresses predicted by our theoretical model are
0.494, 0.627, and 0.651 MPa, respectively, for the three
consecutive cycles. The experimentally measured and
theoretically predicted ultimate stresses are pretty close,
which demonstrates that our model can accurately
capture the important features of the growth process of
the self-growing hydrogels.

5. CONCLUSIONS
In this work, we develop a chemomechanical model for the
study of a mechanoresponsive self-growing hydrogel, an
emerging polymeric material that can self-grow and strengthen
under repeated mechanical stresses. Based on the chain
alteration model for DN hydrogels, we put forward a
quantitative expression for the generation of mechanoradicals
and combine it with the chemical kinetics of new network
polymerization initiated by mechanoradicals, eventually
obtaining the chemomechanical model of self-growing hydro-
gels. Through systematic parametric studies, we quantitatively
illustrate the significance of key factors that affect the self-
growing process of hydrogels, such as the concentration of
mechanoradicals, the reaction rates of monomers and cross-
linkers in the presence of mechanoradicals, etc. Finally, we
quantitatively predict the strengthened mechanical behavior of
self-growing hydrogels over repetitive stretching and growth.
The results are in good agreement with the observations in the
experiments.21 This work quantitatively reveals the chemo-

Table 3. Damage Parameters for Networks B, C, and D

qB pB qC pC qD pD
0.174 0.1743 0.19 0.1903 0.02 0.0203

Figure 6. Strengthening and self-growing behaviors of hydrogels subjected to repetitive stretching and growth. (a) Stress−stretch curves of self-
growing hydrogels subjected to repetitive stretching and growth. Insets: time profiles of the repetitive stretching and growth of self-growing
hydrogels. (b) Comparison of ultimate stresses between theory and experiment at the maximum stretch λ = 6 in cyclic loading−unloading tests.
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mechanics underpinning the growth and strengthening of self-
growing hydrogels.
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