Simulation of fracture behaviour of hydrogel by discrete element method
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The determination of fracture properties of hydrogels is of great importance while the hydrogel is used as medical scaffold or soft robotic. The
simulations of the mechanical properties were used to reduce the experiment cost and improve efficiency. Here, the work presents a novel
method to simulate the fracture behaviour of hydrogels based on discrete element method. Different with continuous methods, the
hydrogel was characterised by number of particles. The viscoelastic model and bonding model within the particle model were applied to
simulate the microscopic structure of hydrogels. By changing the critical parameters in the model, hydrogels with different mechanical
properties were also simulated. Puncture compression test and uniaxial tensile test based on the model were performed. The fracture
morphology, stress and strain during the tests were simulated. The results show that the model provides a novel and effective tool to

simulate the fracture process of hydrogels.

1. Introduction: Hydrogels are promising functional biomaterials
which were recently used as a biological scaffold and soft
robotics [1]. The low cost, wide availability and high
biocompatibility have led to a continually increasing usage in the
bio-medical and material field [2]. Multifunctional hydrogels
were developed [3, 4] so that the hydrogels were considered as
smart materials for controllable medical micromachines. Since
hydrogels are frequently used as scaffolds [5] or as the actuator
of soft robotic [6] in medical applications, the determination of
the fracture behaviour is of great importance to avoid a medical
accident such as the hydrogels could be broken in human body.
The ability of hydrogels to sustain a load without undue
deformation or failure should be precisely studied.

Physical and chemical interactions within hydrogels play a key
role in the mechanical properties [7]. This led to complicated pro-
cesses in fracture formation and development. Therefore, the frac-
ture properties were mostly studied by experiments such as
puncture, uniaxial compression and wire cutting methods [8].
Recently, the increasing use of simulation tools for studying the
materials properties reduced the experiment cost and improves effi-
ciency. However, the simulation of the fracture properties of hydro-
gels is not a simple task. Hydrogels have wide range modulus (from
the order of 1-1 x 10'% kPa) which is quite lower than the tradition-
al materials that are widely studied [7]. Besides, the hydrogels
support large deformations and present the hyperelastic behaviours
[9]. The width of the fracture area of hydrogels can be sizable.
Therefore, the continuum model is not suitable for the simulation
of the fracture of hydrogels.

Discrete element method (DEM) considers the materials as separ-
able solid particles. Compared to the continuum model, DEM pro-
vides an easy way to study the fracture behaviour under large
deformations and sizable crack. The model could also directly simu-
late the morphology before and after fracture [10]. However, DEM is
frequently used to solve problems in rock and soil mechanics [11],
concrete [12] etc. The swollen properties of hydrogel were studied.
However, the application of DEM to simulate the mechanical
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properties of hydrogels which support large deformations and
strain hardening was seldom reported. In the present Letter, DEM
was modified and applied to simulate the fraction test for hydrogels.

2. Model: Fig. 1 shows the illustration of the microscopic structure
of hydrogel and the discrete element model of the hydrogel. As
shown in Fig. la, hydrogels are network polymeric materials,
which have the cross-links at the intersection points of polymer
chains or have physical entanglements between polymer chains
generating cohesive forces. Besides, hydrogels are filled with large
quantities of water and show hyperelastic properties. To simulate
the mechanical properties of hydrogels, a ‘particle model’” which
consists of stiffness model, viscoelastic model and bonding model
was adopted in our simulation. The stiffness model is defined by
the normal and shear stiffness, K, and K, as shown in Fig. 1b.
The index ‘n’ presents the parameter in normal direction and ‘s’
presents the parameter in the shear direction. The normal stiffness
was defined by the normal force divided by normal displacement,
and the shear stiffness related the increment of shear force to the
shear displacement. The normal stiffness was considered as two
sub-springs. Considering the normal force and the moment, in each
At the normal force was calculated as follows for each spring:

1 1.
AF, = S KA1 & L B ALK, "
Fi= F 4 AF,

where v, presents the normal velocity of the two particles and 64-/-
presents the relative angular velocity, /;, presents the distance
between the two normal springs.

The shear force was calculated as follows:

AF, = K At,
t t—At (2)
F,=F, " +AF,
where v, presents the shear velocity of the two particles.
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Fig. 1 Microscopic structure of hydrogel and the DEM model for hydrogel
a Tllustration of the microscopic structure of the hydrogel

b Discrete element model for hydrogel, where the n_bond presents the
normal bond, s_bond presents the shear bond, K, presents the normal
stiffness, K presents the shear stiffness, ¥, and V; present the normal and
shear viscosity

¢ Diagram showing the DEM programme structure

The viscoelastic model was also applied, which was presented as
the normal viscosity 7, and shear viscosity 7. Therefore, the
normal and shear contact consist of a spring in series with a
dashpot. The viscous force was expressed as follows:

F:S = nSKSvS’ (3)
F:S = nnKnvn

After the force was calculated, the particle’s states including vel-
ocity, acceleration and position were updated according to
Newton’s second law of motion. To simulate the fracture properties,
bonding models were applied to every particle in normal and shear
contacts. The bonds were a kind of glue joining the two particles
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and bind the particles together. If the magnitude of the contact
force exceeded the bond strength, the bond would be broken. The
bond was used to simulate the cross-link and cohesion force of
hydrogels. n_bond presents a tension strength which bonds the par-
ticles together on the normal direction of the particles. The contact
bond is initially formed, and it will be broken when the normal
force is higher than the tension strength. Therefore, the bond on
normal direction will be broken when the following conditions
are satisfied:

F, > n_bond 4)

Considering the friction of hydrogel, the shear bond will be broken
when the following conditions are satisfied:

F, > F, tan ¢ + s_bond %)

where ¢ presents the friction angle.

To accomplish the puncture test and the tensile test, the ‘wall
model’ was adopted to simulate the substrate, clamp and the
punch. Common materials used for the substrate and punch are
polymethylmethacrylate and teflon. Therefore, the ‘wall model’
has the stiffness model and bond model, and friction between the
‘particle model’ and the ‘wall model’ was considered. The algo-
rithms of the calculation are shown in Fig. 1c. In each step, the
data of particles and walls were updated. Contact detection of par-
ticles and walls was conducted. Force for each particle was calcu-
lated from the particle position and the models. The stiffness
model, viscoelastic model and bonding model are used to calculate
the force—deformation relationship between particles. All of these
calculations were built up by using a common programming envir-
onment with graphical user interface (MATLAB 7.0).

3. Simulation and results of puncture experiment: A flat-faced
punch used in the puncture experiment was pushed into the

Fig. 2 Morphology of the hydrogel sample before and after the fracture
behaviour

a Hydrogel in puncture test before fracture

b Hydrogel in puncture test after fracture

¢ Hydrogel in tensile test before fracture

d Hydrogel in tensile test after fracture
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hydrogel samples, and the fracture displacement and strain energy
could be recorded. The strength of deferent hydrogels could be
recorded and compared by the tests [13]. In our simulations, the
puncture tests were performed by a flat-faced punch (10 mm
diameter) toward a hydrogel sample of 80 mm height and 60 mm
diameter a hydrogel sample was built up by particle model, and a
punch was built up by the wall model, as shown in Fig. 3a. The
white circle is the particle model, while the pink line shows the
connecting bond between each particle. After the hydrogel
sample was built up, the bond was generated between each
particle to simulate the cohesion effect in hydrogels. Besides, a
uniaxial tensile test was also performed by our simulations, as
shown in Fig. 3b. The ‘wall model’ was used as the rigid clamp.
The blue line presents the bond between wall and particles.

The change of the morphology during the simulation was cap-
tured, as shown in Fig. 2. Fig. 2a shows the deformation of hydro-
gel sample before the fracture happened. It is obvious that a large
deformation happened near the punch area which was similar to
the reported experimental results [10]. Fig. 2b shows the crack
near the punch after the fracture happened. Similarly, Figs. 2¢
and d show the morphology of the hydrogel in a tensile test. The
results of the puncture test show that the morphology of the hydro-
gel sample during the simulation is similar to the experimental
study.

In puncture test, the normal stress—displacement or force—dis-
placement curve can be recorded and the fracture properties can
be studied [14]. To verify, the model can be used to simulate hydro-
gels with different mechanical properties, two hydrogel samples
were simulated in the puncture test. The parameters for ‘high cross-
link hydrogel’ were as follows: normal stiffness (K,) was set as
0.9 x 10* N/m, the shear stiffness (K;) was set as 0.9 x 10%* N/m,
the n_bond was set to 0.9 x 10% N/m, s_bond was 0.9 x 10* N/m,
and viscous coefficient (7, and 1) was 0.01. The parameters for
‘low cross-link hydrogel’ is as follows: normal stiftness (K,,) was
set as 0.45x10*N/m, the shear stiffness (K;) was set as
0.45 x 10* N/m, the n_bond was set as 0.3 x 10* N/m, s_bond was
0.3x10* N/m, and viscous coefficient (n, and ng) was 0.01.
Fig. 4 shows the normal stress and the strain energy curves obtained
by DEM. As can been seen from the curves, the curves show the
fluctuation of normal stress and strain energy, and the black
arrows indicate the fracture point. For the curve of high cross-link
hydrogel, a peak corresponding to the initial fracture is observed,
followed by the highest peak caused by final fracture. The low
cross-link hydrogel has smoother force—distance curves. The
highest normal force was considered as the fracture point in the
puncture test. After the punch obtained the highest normal force,
the force curve significantly declined, showing that the structure
of hydrogel was fractured and lost the capability to support the

substrate
a

rigid clamp
b

Fig. 3 Schematic representation of the initial state
a Puncture test
b Uniaxial tensile test
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Fig. 4 Results of puncture test by DEM simulation
a Stress—displacement curve of puncture test
b Strain energy—displacement curves of hydrogel
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Fig. 5 Stress—strain curve of tensile test

punch. The two curves show that the high cross-link hydrogel
increased faster, and it took a longer distance to fracture the hydro-
gel, indicating that the high cross-link hydrogel is stronger than the
low cross-link hydrogel. After the fracture displacement, a consid-
erable decrease occurred and the strain energy suddenly dropped to
nearly zero. Experimental study of puncture test could obtain two
critical results: fracture force and fracture distance for different
samples [15]. In our simulation results, the curves for low and
high cross-link density hydrogels were obtained, and the fracture
force and fracture distance were obtained by the curves.
Compared to the low cross-link density hydrogel, the high cross-
link density hydrogel had a higher fracture force and fracture dis-
tance, which was similar to the experimental study.

Similarly, the tensile tests were performed for two types of
hydrogel samples. Typical stress—strain curves were obtained for
hydrogel samples, as shown in Fig. 5. The hydrogel sample with
low cross-link density fractured after strain=0.3, while the hydro-
gel sample with high cross-link density fractured after strain>0.6.
The slopes of the two curves also show that the high cross-linked
hydrogel has a higher modulus than low cross-linked hydrogel.
The simulation results of tensile tests demonstrate that hydrogels
with different tensile strength and large deformation (>0.5) can be
simulated by our model.

4. Conclusion: In summary, a mechanical model for hydrogel
based on the DEM was developed to investigate the fracture
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properties of hydrogels. The cohesion and viscoelastic effects of
hydrogels were considered and simulated by the model. A
puncture test was performed by the model to simulate the fracture
behaviour. The hydrogel sample was characterised by the particle
model and the punch and substrate were characterised by the wall
model. The results of the puncture test show that the morphology
of the hydrogel samples during the simulation is similar to the
experimental study. Besides, two types of hydrogel sample were
simulated, and typical strain energy curve was obtained indicating
that the model was suitable for the simulation of the fracture test.
The results show that this method will improve the simulation of
the fracture behaviour of hydrogels. In future work, a calibration
process will be further studied to precisely determine the
parameters between particles by mimicking the actual physical test.
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