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example, Levin et al. proposed a statistical mechanics-based
framework based on the entropic response of molecular
chains.18 Zhong et al. proposed a hyperviscoelastic model
based on varied water content in hydrogels.19 Several classes of
hydrogels exhibit highly nonlinear behavior, and the employ-
ability of hyperelastic material models can be envisaged. Xiang
et al. proposed a hyperelastic model based on entanglements in
polymeric chains of hydrogels.20 Later, this study was further
used to show the effect of water content on the mechanical
behavior of hydrogels.21 The latter elaborated studies are good
for the interpretation of structure−property relationships of
hydrogels, which can be further improved by introducing a
failure description. For example, the energy limiter introduced
by Volokh has been promising to describe failure in
constitutive models for several types of soft material.22

The phenomenon of cavitation has been widely explored for
fluids, mainly water.23,24 However, the mechanism of cavitation
is not well explored for water-based solids such as hydrogels.
The sophisticated experimental facilities needed to explore
cavitation in hydrogels have somehow restricted these studies.
The molecular structure and nonlinear elastic behavior of
hydrogels make the study of cavitation even more challeng-
ing.25,26 The recent developments in the description of failure
and fracture in constitutive models have paved the path for
observing the cavitation mechanism using numerical simu-
lations.

Summarizingly, the aim of this study is to prepare
imidazole−Ni2+-based physically cross-linked hydrogels and
their mechanical characterization. The study is followed by (1)
describing failure in a classical hyperelastic material model, (2)
the bulge test of hydrogels, which involves calibration of
material parameters using reverse finite-element (FE) method-
ology, (3) structure−property relationship, and (4) exploring
cavitation in hydrogels. We also analyze the effect of polymer/
water content on elastic modulus and energy limiters.

■ EXPERIMENTAL SECTION
Materials. 1-Vinyl imidazole (VIm) and nickel(II) chloride

hexahydrate were purchased from Thermo Scientific. Methacrylamide
(MAAm) and ammonium persulfate (APS) were purchased from
Sigma-Aldrich. N,N,N′,N′-Tetramethylethylenediamine (TEMED)
was purchased from Acros Organics. Deionized water (Millipore,

Merck) was used for all of the experiments. All chemicals were used as
received.

Preparation of Hydrogels. The physically cross-linked hydrogels
were prepared using a one-pot radical polymerization reaction.
Methacrylamide (2.77 g, 3.25 M), vinyl imidazole, and nickel(II)
chloride hexahydrate were added in deionized water (total volume 10
mL) and stirred vigorously at 30 °C for 30 min to dissolve. After that,
the solution was vortexed for 30 min, and 1 wt % APS and 20 �L of
TEMED were added. The resulting solution was poured into a Teflon
mold and kept for 12 h to form a physically cross-linked hydrogel.
The hydrogels were denoted as PMV-X-Ni, where X is the molar
percentage of VIm with respect to MAAm (i.e., 40, 50, 60, 70%),
while the molar ratio of VIm to nickel(II) chloride hexahydrate was
fixed at 4:1. The water content in the hydrogels was calculated as Wc
= (ws − wd)/ws, where ws and wd are the weights of the hydrogel in
the as-prepared and dried states, respectively.

UV−Vis Spectroscopy. A scanning spectrometer, GENESYS
10uv (Thermo Scientific), was used to measure the absorption spectra
of hydrogels in the range of 300−800 nm.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR
measurements of air-dried hydrogel samples were performed by
using a Nicolet 380 spectrometer (Thermo Fisher Scientific). The
spectra were recorded in the range of 600−4000 cm−1, with 64 scans
averaged for each measurement.

Rheological Studies. A Discovery DHR-2 rheometer (TA
Instruments) was used to examine the mechanical properties of the
hydrogels under shear deformation. Parallel-plates geometry with a
diameter of 20 mm and a gap of 1.4−1.6 mm was applied. Waterproof
sandpaper (240 grit) was attached to the plates’ surface to prevent
samples from slipping during deformation. All tests were carried out at
room temperature (25 °C). Amplitude sweep tests were performed at
a frequency of 1 Hz. Frequency sweep tests were conducted in the
frequency range of 0.1−250 rad/s at the strain amplitude of 0.1%.

Creep−recovery tests were carried out by continuous shearing at a
constant stress of 3 kPa for Ni-containing hydrogels (PMV-X-Ni) and
300 Pa for the original PMV-40 (creep stage) with subsequent instant
removal of the applied stress (recovery stage). The creep stage lasted
5 min, while the recovery stage lasted 15 min. The evolution of strain
over time was recorded for each of the stages.

Bulge Tests. The bulge test refers to the inflation of soft
materials/polymeric membranes, where a multiaxial state of stress is
observed (equibiaxial at the very top of the inflated material). The in-
house-developed bulge test device (Figure 1) is used in the current
study to interpret the equibiaxial tension generated in the material.
The hydrogel specimens of 3 mm thickness were clamped between
the upper flange (15 mm thick) and the bottom surface of the inflator.
There was a hole 30 mm in diameter to permit the inflation of the

Figure 1. Schematic diagram of the bulge test device used to inflate the hydrogel specimen.
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membrane. The pressure is supplied using a pressure flow controller
at a low pressure rate of 0.02 bar/s to avoid viscoelastic effects. Later
on, the supplied pressure inside the inflated membrane is recorded
using a pressure transducer (0−10 bar, 0.5% accuracy). The height at
the top of the inflated membrane is recorded using a laser distance
sensor. All of the components used in the device were well calibrated
prior to performing experiments. All of the data sets obtained from
various components were saved using an in-house developed NI
LabVIEW program. Four samples of each hydrogel were tested to
ensure repeatability, and a significance level of 0.05 is considered
while plotting the experimental data.

■ CONSTITUTIVE MODELING
The Helmholtz free energy per unit reference volume can be
written as

F F( , ) ( ) ( )f e= (1)
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and Γ(z, x) = ∫ x
∞tz−1e−t dt is the upper incomplete � function;

F is the deformation gradient; � f and � e correspond to failure
energy and elastic energy; W(F) is the strain energy function of
intact material; m is a dimensionless parameter, which controls
sharpness of transition to material failure; � is the energy
limiter; 1 is second-order identity tensor; ( ) is the
Heaviside step function, which prevents material healing:

( ) 0= if � = 0 and ( ) 1= , otherwise. The switch
parameter [� ∈ (−∞, 0)] is calculated using the evolution
equation
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where 0 < � ≪ 1 is the precision limit. We assume that the
hydrogel used in the present study is nearly incompressible
(detF = 1). We use thermodynamic reasoning explained by
Volokh et al.27 and calculate the first Piola−Kirchoff stress as
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We use the Yeoh model28,29 as the strain energy function,
which is written as
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where Ci are material constants and I1 = F:F is the first
principal invariant. Using eqs 4 and 5, we write
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where � is the Lagrange multiplier, which is generally
calculated using equilibrium conditions. The state of stress at
the very top of the specimen during the bulge test is
equibiaxial, for which the deformation gradient is written as
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where e1, e2, and e3 are Cartesian basis vectors and � is the
stretch in the axial direction. We use the above equations and
write the diagonal Piola−Kirchhoff stresses as
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Figure 2. Synthesis scheme for the preparation of PMV-X-Ni hydrogels.
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Since there is no unloading of material, we set
0 ( ) 1. We apply the equilibrium condition P3

= 0 and calculate the Lagrange multiplier (�) as
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Substituting � in eq 8, we obtain
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Furthermore, the Cauchy stress (�) can be calculated as
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■ RESULTS AND DISCUSSIONS
Synthesis and UV−Vis Characterization. The poly-

(methacrylamide-co-vinyl imidazole)-Ni hydrogel (denoted as
PMV-X-Ni, where X represents mol % of vinyl imidazole
relative to methacrylamide) was synthesized in a single step,
using varying molar ratios of methacrylamide and vinyl
imidazole in the presence of nickel salt (vinyl imidazole/Ni2+

at 4:1 ratio). The polymerization was carried out via free
radical polymerization using ammonium persulfate as the
initiator and TEMED as the accelerator. The synthesis scheme
can be realized in Figure 2. The water content for PMV-X-Ni
hydrogels is found to be 44, 41, 38, and 32% when X is 40, 50,
60, and 70%, respectively.

The coordination bond formation between imidazole and
Ni2+ could be easily observed visually by the deep blue color of
hydrogels upon the introduction of the nickel salt. The UV−vis
spectra (Figure 3) of PMV-40 (prepared without metal salts)
remained nearly flat in the range of 300−800 nm, while the
pure PMAAm hydrogel with nickel salt showed an intense
absorption peak at 393 nm and a weaker peak at 722 nm, with

a shoulder at 662 nm, due to the spin−obit coupling. These
characteristic absorption peaks are indicative of the octahedral
[Ni(H2O)6]2+ complex and further suggest that methacryla-
mide does not form any coordination bonds with the metal
salt.8,30 By contrast, PMV-Ni-40 exhibited absorption peaks at
370 and 605 nm, indicating a significant blue-shift due to the
substitution of water (ligand) by the imidazole (ligand) in the
coordination sphere of Ni2+, thereby confirming the formation
of the imidazole−Ni coordination bond.8,30

Further, FTIR spectroscopy was conducted to confirm the
formation of metal−ligand interactions. The spectrum of air-
dried PMV-40 hydrogel (Figure 4) exhibited a prominent peak

at 1651 cm−1, corresponding to C�O (amide I), and a
shoulder at 1596 cm−1, attributed to CN resonance, character-
istic of polymethacrylamide.31 Distinct peaks associated with
imidazole were observed at 1485 cm−1 (C�C and C�N
stretching), 1388 cm−1 (ring stretching), 1230 cm−1 (C−H
bending and C−N stretching), 1083 cm−1 (CH in-plane
bending and ring stretching), and 918 cm−1 (ring mode,
R6).32,33 The Ni2+−imidazole coordination bonds could be
evidenced by changes in imidazole peaks in the spectrum of
PMV-40-Ni (Figure 4), including the shift of 1083 cm−1 (CH
in-plane bending and ring stretching) to 1093 cm−1, the
decrease in the intensity of ring mode (R6) at 918 cm−1, and
the emergence of a new band at 940 cm−1.32,33

Mechanical Properties of the Hydrogels under Shear.
The effect of imidazole−Ni2+ coordination cross-links on the
mechanical properties of the PMV hydrogel was assessed
through rheological measurements at an oscillatory shear
deformation mode. The mechanical properties of PMV-40 and
PMV-40-Ni hydrogels were investigated by measuring storage
(G′) and loss (G″) moduli as a function of oscillation
frequency under a constant strain, in the region of linear
viscoelastic response of the material. The characteristic
relaxation time, 	 c, is defined as the inverse of the frequency
at which G′ equals G″ (crossover point). Above this frequency,
the hydrogel exhibits solid-like behavior, storing more energy
than it dissipates (G′ > G″), while below 	 c, it demonstrates
liquid-like behavior, dissipating more energy than it stores (G″
> G′). PMV-40 exhibited a crossover point at ∼0.4 rad/s,
whereas PMV-40-Ni consistently demonstrated solid-like
behavior (G′ > G″) across the entire experimental frequency
range (Figure 5a). Therefore, the crossover point of PMV-40-Figure 3. UV−vis spectra of the hydrogel films.

Figure 4. FTIR spectra of air-dried PMV-40 and PMV-Ni-40
hydrogels.
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Ni shifted to lower frequencies, suggesting slower relaxation.
Thus, the molecular parameters that govern 	 c are key to
determining the hydrogel’s ability to store and dissipate energy
under dynamic mechanical force. Moreover, PMV-40-Ni
exhibited significantly higher dynamic moduli, with a ∼300-
fold G′ increase and a ∼440-fold G″ rise (at 6.28 rad/s) when
compared to PMV-40. This shows that the metal-coordination
cross-links substantially promote the enhanced strength of the
hydrogel. Strain amplitude sweep test further supported the
PMA-40-Ni hydrogel’s superior mechanical performance over
PMA-40 (Figure 5b). The PMA-40 showed a more extended
linear viscoelastic region, with nonlinearity occurring at higher
strains than that of PMV-40-Ni. The introduction of metal-
coordination bonds made PMV-40-Ni more strain-sensitive,
with a crossover observed at lower strains than that of PMV-
40, indicating an increased energy dissipation at higher strains.
The enhanced mechanical properties of PMV-40-Ni originate

from imidazole−Ni coordination cross-links acting as sacrificial
bonds, preferentially breaking under load and effectively
dissipating energy. Figure 5c shows the curves, presenting
time-dependent behavior of the hydrogels under applied
constant stress (creep) with subsequent recovery once the
stress was removed. Fitting the experimental curve for PMV-40
by Burger’s model34 revealed that the steady-state viscosity and
instantaneous shear modulus were ∼5.4 × 103 Pa·s and 2.4
kPa, respectively, while the viscoelastic modulus was 0.9 kPa.
In comparison, for PMV-40-Ni, these values were much
higher: 3.4 × 107 Pa·s, 1600, and 450 kPa, respectively. As a
result, PMV-40-Ni developed a much lower strain than PMV-
40 at each time point, with the difference becoming more
pronounced as the creep time increased. Upon the removal of
the external stress, the instantaneous (elastic) and delayed
(viscoelastic) deformation recovered, while the plastic
deformation did not. This separation allowed the total

Figure 5. Storage (G′) and loss (G″) moduli curves as a function of (a) frequency, (b) strain amplitude, and (c) creep−recovery for PMV-40 and
PMV-40-Ni.

Figure 6. (a) Storage (G′) and loss (G″) moduli as a function of frequency and (b) creep−recovery curves for PMV-X-Ni hydrogels at room
temperature.
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deformation to be divided into reversible and irreversible
components. Elastic recovery was determined as a percentage
of the total deformation, and it was equal to ∼10.5% for PMV-
40 and ∼89.3% for PMV-40-Ni. These results confirm that
imidazole−Ni2+ cross-linking significantly enhances the
mechanical properties of the PMV-40 hydrogel by more than
100-fold and makes it more resistant to shear deformation,
with markedly improved elastic, viscoelastic, and viscous
characteristics.

The influence of coordination cross-links on mechanical
properties was further utilized to fine-tune the mechanical
properties. Figure 6a shows G′ and G″ at different frequencies
of oscillating strain for the hydrogels with varying VIm/MAAm
molar ratios. All hydrogels displayed a similar trend, with G′
and G″ increasing linearly with frequency, characteristic of gels
featuring transient mechanical cross-links.9 In addition to that,
both G′ and G″ values rose progressively as the imidazole
content increased, indicating the strengthening of mechanical
properties. However, this enhancement was modest, so that
only a ∼30% storage modulus increase was registered when the
imidazole content increased from 40 up to 70%. The results of
creep−recovery tests also confirmed that hydrogels with a
higher imidazole content demonstrate improved mechanical
properties (Figure 6b). Particularly, the parameters of Burger’s
model for the PMV-70-Ni hydrogel increased to ∼4.8 × 107

Pa·s and 2900 and 860 kPa for viscous, elastic, and viscoelastic
components, respectively. In addition, hydrogels with
increased imidazole content developed a smaller deformation
under the action of applied constant stress (2.8% for PMV-40-
Ni versus 1.8% for PMV-70-Ni). These results collectively
establish that imidazole−Ni coordination cross-links signifi-
cantly enhance the mechanical performance of the PMV
hydrogel, and this enhancement can be further improved to
some extent by varying the cross-linking density (by increasing
the portion of the imidazole component). The latter
observation motivated us to perform further mechanical
investigations on PMV-X-Ni hydrogels.

Failure under Biaxial Tension. The structural evolution
of bulge tests is elaborated in Figure 7. The structural integrity
of the hydrogels used in the current study is governed by the

strong physical cross-links surrounding Ni2+. Macroscopically,
as the pressure is increased initially, these physical cross-links
restrict the deformation; however, at large pressures, the
irrecoverable deformation or rupture of these cross-links allows
a substantial increment in 
 with a small increment in applied
pressure, making the response bilinear. The latter observation
is dominated by increasing the molar % of VIm. For the sake of
better understanding, readers are advised to see Supporting
Video (bulge test of PMV-60-Ni), where the latter
observations can be realized. The results obtained using
bulge tests are shown in Figure 8. For clarity, we reiterate that
as the molar percentage of vinyl imidazole relative to MAAm
increases, the amount of nickel salt also rises since the
imidazole-to-nickel ratio remains fixed at 4:1. It is observed
that with the increasing VIm molar %, the pressure at failure
(Pf) increases, whereas the height at failure (
 f) decreases. The
results reflect that with a change of 30% VIm molar ratio (X
varied from 40 to 70%), Pf increases by 280%, while 
 f
decreases by 19%.

The modeling and interpretation of bulge test results are not
trivial due to the presence of the nonuniform state of strain
throughout the inflated membrane. We opt for reverse finite-
element (FE) modeling to calibrate the material parameters.
The simulation and optimization are performed as per the
methodology elaborated by Balakhovsky et al.35 Simulations
were performed by discretizing the hydrogel specimen into 3-
noded axisymmetric shell elements (500 elements). The initial
stage and boundary conditions employed in the simulations are
shown in Figure 9. We constrained all of the degrees of
freedom at Z, and the symmetry boundary condition was
applied at X. The pressure shots are supplied at the bottom of
the elements. We observed that while performing experimental
investigations, when we clamp the upper flange after placing
the hydrogel, the material is slightly elevated at the center of
the specimen (XY). We measured the distance between X and
Y by taking readings from the laser distance sensor just before
and after clamping. Most often, the latter distance was ∼15
mm, which is the thickness of the upper flange.

The simulations were performed until the pressure reached
Pf, and the corresponding height of the inflated membrane (
)
was noted. We used the Yeoh model (eq 5) as the strain
energy function and optimized material parameters (C1, C2,
and C3) by minimizing the error. The simulations and
optimization were performed by writing the FE code in
MATLAB R2022b.36 Later, we use these parameters to
evaluate equibiaxial response at the center of the membrane
and, in this sophisticated way, call it experimental equibiaxial
results. The pressure versus height results obtained by
simulations are shown in Figure 8 by dotted lines, and the
obtained material parameters are elaborated in Table 1. The
material parameters obtained are further used to evaluate the
elastic modulus (E) using E = 6C1, assuming the material is in
the initial configuration, where I1 = 3. The cross-linking density
(�) is also calculated as � = E/3RT, where R and T are the gas
constant and the ambient temperature, respectively.28,37 The
cross-linking density increases with the increasing VIm content
in hydrogels (Table 1).

The experimental equibiaxial results are shown in Figure 10,
and the results obtained using the constitutive model including
the description of failure are denoted by dotted lines. The
ultimate stress (� u) increases with increasing the molar % of
VIm at a cost of reduced critical stretch (� u). � u increased by
80% and � u decreased by 22% when X is varied from 40 to

Figure 7. Structural evolution of PMV-X-Ni hydrogels during bulge
tests. Experimental data of PMV-40-Ni is used as an example for
elaboration.
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70%. The elastic modulus (E) increases with increasing X, and
it is observed that it increases linearly. The latter observation
justifies the linear reinforcement with an increasing molar
fraction of VIm (� Im). The energy limiter � increases up to � Im
= 0.6 (X = 60%), and then a marginal drop is observed for � Im
= 0.7 (X = 70%), where � Im is the molar fraction of VIm. It
should be noted that the aforementioned findings are for X ∈
[40, 70%]. The increment in elastic modulus with respect to
� Im can be calculated using eq 13 (Figure 11a), where � =

Figure 8. Pressure vs height for PMV-X-Ni hydrogels.

Figure 9. Initial stage of the finite-element model used for
simulations.

Table 1. Constitutive Model Parameters

hydrogel C1, MPa C2, MPa C3, MPa �, MPa �, mol/m3

PMV-40-Ni 9.59 × 10−2 8.92 × 10−3 −5.82 × 10−5 16 77
PMV-50-Ni 1.75 × 10−1 1.37 × 10−2 −1.07 × 10−4 21 141
PMV-60-Ni 4 × 10−1 2.92 × 10−2 −2.81 × 10−4 31 322
PMV-70-Ni 4.91 × 10−1 4.18 × 10−1 −4.41 × 10−4 30 396

Figure 10. Equibiaxial stress vs stretch for PMV-X-Ni hydrogels. The
dotted lines represent results acquired from theoretical modeling.
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8.025 MPa and E0.4 is the elastic modulus at � Im = 0.4.
Similarly, using eq 14 (Figure 11b), the change in � with
respect to � Im can be evaluated, where 
 1, 
 2, 
 3, and � 0.4 are
−28.33, 1050, −2666.67 MPa, and � at � Im = 0.4, respectively.

(13)

(14)

Cavitation. The mechanical deformation of hydrogels
tends to introduce the so-called negative pressure, which
favors the creation of microvoids by reducing intramolecular
cohesive forces. In Figure 12, we elaborate on the expansion of
a spherical void in the hydrogel. The hydrostatic tension (g)
during cavitation can be evaluated by17

(15)

where x = ri/Ri, y = ro/Ri, z = r/Ri, � 1 = R2/r2, and � 2 = r/R.
The enhanced elastic response in stiffer hydrogel restricts

the expansion of the cavity, thus lowering the critical
normalized radius.38 The critical hydrostatic tension at the
onset of material instability (gc) is proportional to the stiffness
of the hydrogel.39 The latter is the reason for increased gc with
increasing VIm molar % in hydrogel. The gc for PMV-70-Ni is
found to be ∼300% more than that of PMV-40-Ni. However,
the critical normalized radius (ri/Ri)c is observed to be ∼36%

more in PMV-40-Ni when compared with PMV-70-Ni (Figure
13).

■ CONCLUSIONS
This study focuses on the first comprehensive evaluation of
hydrogels under inflation−bulge tests, the constitutive

Figure 11. Variation of (a) elastic modulus and (b) energy limiter with respect to the molar fraction of VIm in PMV-X-Ni hydrogels.

Figure 12. Process of cavitation in the hydrogels.

Figure 13. Variation of hydrostatic tension with respect to the
normalized radius for PMV-X-Ni hydrogels.
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modeling including description of failure and structure−
property relationship. In this way, the overall mechanical
response of PMV-X-Ni hydrogels was analyzed. Initially, a
detailed study was performed to compare the mechanical
properties of PMV-40 and PMV-40-Ni hydrogels. The latter
comparison revealed that the hydrogels with added VIm had
superior rheological and mechanical properties. The next part
of the study involved a thorough investigation of mechanical
properties and material modeling of PMV-X-Ni hydrogels.

The bulge tests revealed that increasing the VIm content in
hydrogels increased the pressure at failure and decreased the
bulge height at failure. During the bulge test, the physical
cross-links were found to be stronger during the initial phase of
the experiment, and later, the weakened physical cross-links
exhibited a significant change in the expansion of the material
with a marginal increment in pressure.

The developed constitutive model was calibrated using an
inverse finite-element methodology-based optimization techni-
que, and the equibiaxial response of the hydrogel was
evaluated. The ultimate equibiaxial stress was enhanced by
80% when the VIm content was increased by 30%, whereas the
critical stretch decreased by 22%. The empirical relationship
developed for elastic modulus and energy limiter with respect
to the molar fraction of VIm is helpful in optimizing the
mechanical properties of PMV-X-Ni hydrogels as per the
application. The phenomenon of cavitation is very interesting
to analyze the critical hydrostatic tension for void growth,
which increases with the increase in the VIm content, but at
the cost of reduced critical normalized radius.

In conclusion, the studied hydrogels are potential candidate
materials for use in electronics and energy storage devices. In
such engineering applications, a thorough evaluation of
hydrogels under a multiaxial state of stress is advised to ensure
durability and fail-safe design. The developed methodologies
can be helpful in thoroughly analyzing the mechanical behavior
of hydrogels experimentally, and the constitutive models can
be further utilized for simulation-based design optimization.
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