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A B S T R A C T

Shockwave propagation in polyethylene glycol diacrylate (PEGDA) hydrogels is simulated for the first time using
nonequilibrium molecular dynamics simulations. PEGDA hydrogel models are built using the “perfect network”
approach such that each crosslink junction is comprised of six chain connections. The influence of PEGDA
concentration (20–70wt%) on shock behavior is investigated for a range of particle velocities (200–1000m/s).
In agreement with reported experimental results in the literature on gels with similar densities, shock velocity
and pressure in PEGDA hydrogels are found to increase with polymer concentration, within a range bounded by
pure water and pure polymer behaviors. Nonlinear relationships are observed for shock pressure and shock front
thickness as a function of concentration, and a logarithmic equation is proposed to describe this behavior. In
addition, the relationship between pressure and shock front thickness is compared with hydrodynamic theory.
Deviation from hydrodynamic predictions is observed at high particle velocities and this deviation is found to be
related to viscosity changes. A power-law relationship between strain rate and pressure in PEGDA hydrogels is
identified, similar to that of metals. However, a power-law exponent of 1.4 is computed for all gel concentra-
tions, whereas an exponent of 4 is typically reported for metals.

1. Introduction

Hydrogels are composite materials that consist of cross-linked
polymer networks swollen in water or biological fluids (Haraguchi,
2007). Their low stiffness and controllable permeability enable a wide
range of applications in biomedical and pharmaceutical fields (Hoare
and Kohane, 2008; Puoci and Curcio, 2013), such as in space filling
scaffolds and bioactive molecule delivery systems. Because hydrogels
can have similar viscoelastic behavior to human tissue, they may be
used to simulate tissue injuries under various deformation modes (El-
sherbiny and Yacoub, 2013; Drury and Mooney, 2003). While research
has been conducted to study the mechanical properties of hydrogel si-
mulants at quasi-static or low strain rate conditions (Kwon and
Subhash, 2010; Richler and Rittel, 2014; Naarayan and Subhash, 2017;
Subhash et al., 2011), those experimental results are not applicable to
hydrogels under high strain rate impact characteristic of ballistic in-
juries, because the mechanical response of polymeric materials, in-
cluding hydrogels, at high strain rate is significantly different than that
at low strain rate (Doman et al., 2006; Cronin and Falzon, 2009; Forte
et al., 2015; Vliet, 1995; Subhash et al., 2012).

Investigations into the dynamic response of hydrogels beyond 105

s−1 strain rate, where a shockwave occurs, are limited (Patel et al.,
1992; Demirci and Khademhosseini, 2016; Muniz and Geuskens, 2001;
Shepherd et al., 2009; Appleby-Thomas et al., 2014; Toyoda and Gupta,
2014). The primary focus of prior work was on the shock Hugoniot
relationship of hydrogels where experimental results are compared with
predictions made via the conservation laws associated with the hy-
drodynamic approximation (Grady, 2017). For example, Anderson et al.
(2017) found that the Tait equation of state can accurately predict
shock pressure of 5 wt% Gellan gum hydrogel within 2% error.
Appleby-Thomas et al. (2014) obtained the pressure versus density
Hugoniot of several tissue simulants and found that 25 wt% gelatin
made of porcine skin powder abides by the hydrodynamic prediction.
This observation was further extended to ballistic gels with different
gelatin concentrations by Toyoda and Gupta (2014). They compared
the shock responses of 10 and 20wt% ballistic gels subjected to particle
velocities up to 400m/s and noted that both shock velocity and pres-
sure increased with gelatin concentration. It was postulated that the
increase in bulk sound velocity and density at higher gelatin con-
centrations accounted for the differences in shock responses. However,
only two concentrations were investigated; thus, the detailed relation-
ship between shock response and concentration is still unknown.
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The hydrodynamic approximation assumes that the shock front is a
discontinuity (Landau and Lifshitz, 1987), but previous studies of
shockwave propagation in a range of materials (Holian, 1998; Holian
et al., 1980; Hoover, 1979; Brown et al., 2007; Hess, 1997) indicated
that a smooth transition region is observed at the shock front, defined as
the shock front thickness. An extended hydrodynamic function was
proposed (Hess, 1997) that includes the effects of dissipation mechan-
isms, such as viscosity and thermal conductivity, to provide an ap-
proach to characterize the shock front thickness as a function of shock
pressure. However, shock front thickness and potential deviations from
hydrodynamic theory have not been addressed in hydrogels. Further-
more, a power-law relationship between strain rate and stress with an
exponent of 4 is observed in experiments on many solid materials, ty-
pically metals. This is commonly known as the “fourth power-law”
(Grady, 2010). Deviations from this relationship are reported in com-
posite materials, and as hydrogels are a type of composite material, it is
necessary to explore the applicability of power-law relationships be-
tween strain rate and stress in hydrogels. Therefore, the objective of this
research is to investigate the influence of concentration on the dynamic
behavior of hydrogels, including the shock Hugoniot and shock front
thickness during shockwave propagation, with a special focus on the
applicability of hydrodynamic theory and power-law relationships to
hydrogels.

Experimental investigations into the shock response of hydrogels
are expensive and limited by the resolution of the equipment. The
molecular dynamics (MD) simulation method, which provides atomic
scale details of the interaction and motion of atoms, is commonly used
as a tool to explore beyond experimental capabilities. To date, MD si-
mulations have not been used to study shockwave propagation in hy-
drogels. However, this method has been used to extract shock re-
lationships in many other material systems. For example, early
nonequilibrium MD simulations of strong shockwaves in Lennard-Jones
liquids found that simulation results of density, temperature and pres-
sure agree with predictions based on a Navier-Stokes model (Holian
et al., 1980). The structure of polyvinylchloride (PVC) polymer under
shock loading was investigated by Neogi and Mitra (2016) They found a
bond dissociation mechanism that decreases the slope of the tempera-
ture versus mean stress Hugoniot after PVC reaches the glass transition
temperature. Investigations of this type provide a foundation to apply
MD simulations to study shock in hydrogels. Thus, this research uses
nonequilibrium MD simulations to simulate the shock responses of
hydrogels with various concentrations. All simulations are performed
using the LAMMPS code.

This paper is organized into four sections. Section 2 describes the
selection of hydrogel material and force fields, construction of hydrogel
models and methods for conducting shock simulations. Section 3 pro-
vides Hugoniot relationships for shock velocity, pressure and their
comparisons with experiments. The relationship between shock front
thickness, pressure and viscosity are explored. The influence of hy-
drogel concentration is investigated in each relationship. Section 4
summaries the work and provides conclusions.

2. Simulation setup

2.1. Hydrogel chemistry

A major challenge to model hydrogels is the complexity of most
hydrogel networks. The polyethylene glycol diacrylate (PEGDA) hy-
drogel is used in this research because it has representative features,
such as a simple covalently bonded crosslinked network, and sufficient
experimental data is available to validate the models. PEGDA is a
synthetic polymer that can be crosslinked by photochemical or redox
initiated free radical polymerization, where the diacrylate group serves
as the crosslinking agent. Previous experiments and simulations have
provided data of mesh size (Ju et al., 2009), equilibrium density (Witte
et al., 2004), water concentration and elastic modulus (Jang and

Goddard, 2007) for PEGDA hydrogels. Those data are useful in this
research to validate model construction and equilibration results. Note,
hydrogels commonly studied in ballistics/shock experiments have a
more complex structure; for example, collagen as the main component
of ballistic gelatin has a triple helix structure (Sperling, 2006) that has
not been successfully modeled yet in MD simulations.

2.2. Force fields

Since PEGDA hydrogels contain significant amounts of water (Okay,
2009), the accuracy of the interatomic potential for water molecules is
critical for the hydrogel simulation. Water force fields such as SPC/E
(Berendsen et al., 1987), TIP3P (Fischer and Karplus, 1996; Jorgensen
et al., 1983) and TIP4P (Abascal and Vega, 2005; González and Abascal,
2011) with rigid and flexible styles are compared via hydrostatic
compression tests in a cubic simulation cell with 42,700 water mole-
cules. Both TIP4P flexible and TIP3P flexible potentials predict less than
2% error in equilibrium density (0.996 g/cm3) and less than 3% error in
bulk modulus (2.538 GPa) as compared with IAPWS-95 standards. The
TIP3P flexible potential is more computationally efficient because no
additional charge center is required. Thus, this study utilizes the flex-
ible TIP3P (Liew et al., 1998) potential to model oxygen and hydrogen
atoms explicitly in water within the hydrogel.

Interatomic potentials for polymers are generally divided into re-
active force fields, such as ReaxFF (Van Duin et al., 2001), and non-
reactive force fields, such as OPLS (Rizzo and Jorgensen, 1999;
Jorgensen et al., 1984). Prior research has indicated that, although
reactive force fields allow for bond-breaking and other reactive actions,
their computational cost can be 30 times more than the nonreactive
OPLS force field (Mattsson et al., 2010). Considering that the models
used for shock simulations in this work are on the order of millions of
atoms, the PEGDA polymer chains in this study are modeled using the
OPLS united-atom force field to reduce computational cost. In the OPLS
united-atom force field, the methyl groups are combined into a united
atom. The total potential energy has the following form,

= + + + +U U U U U Utotal nonbond bond angle dihedral improper (1)

where the subscripts bond, angle, dihedral and improper interactions are
modeled by harmonic styles (Rizzo and Jorgensen, 1999). The non-
bonded energy is calculated by the function,
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where r is the distance between atoms i and j, re is the equilibrium
distance, ϵ and kcoul are the energy coefficients and q is the partial
charge. A cut-off distance of 10Å is applied in equilibration and
shockwave simulations for the Lennard-Jones contribution. The par-
ticle-particle particle-mesh (PPPM) method is used as the long-term
Coulomb corrections.

2.3. Construction of a perfect network hydrogel model

The “perfect network” model (Sun and Zhou, 2012; Lee et al., 2009;
Wu et al., 2009) refers to a hydrogel structure in which all chain ends
are connected to a unique node, and all nodes have exactly six chain
connections. Although this model ignores the distribution of crosslinks
and defects in hydrogels, preliminary studies have suggested that re-
sults using this model concur with experimental data regarding elastic
modulus (Lee et al., 2009) and density (Jang and Goddard, 2007). As
this is the initial study of its kind, this work uses the perfect network to
model the shock response of PEGDA hydrogels. PEGDA with degree of
polymerization (DP) of 13 and 23, denoted as PEGDA13 and PEGDA23,
are created using Moltemplate. A crosslinked junction with six PEGDA
chains is placed at the center of a simulation cell. Each PEGDA chain
breaks the double bond of the inner-side acrylate group and connects
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with the neighbor PEGDA chain in the junction as a closed ring struc-
ture. This structure as a crosslinked junction is fully extended in six
directions. To make the model statistically representative, the cross-
linked junction is replicated 5 times in x and y directions, and 75 times
in the z direction (shock direction) with periodic boundary conditions
in all directions. Water molecules are inserted into the simulation box
after replication to create hydrogel models with 20–70wt% PEGDA. All
results are presented in terms of PEGDA concentration unless otherwise
noted. Fig. 1 shows schematic representations of the junction replica-
tion and water insertion procedures in a cubic box. Three statistically
different hydrogel models are created at each water concentration,
using different random seed numbers for water molecule insertion and
temperature initialization. Model equilibration is performed in the
isothermal-isobaric (NPT) ensemble at 298K and 1 atm for 300 ps,
where thermodynamic properties such as temperature, pressure and
density are used to decide whether the equilibrium state is reached. The
equilibrium sizes of PEGDA13 models range from 1050Å to 2025Å in z
direction, and 70Å to 130Å in lateral directions depending on water
concentrations. The average mesh size of the hydrogel is calculated as
the length of the equilibrated model divided by the repeating units in
that direction, then averaged in three directions.

The average density and mesh size of perfect network models in
equilibrium along with experimental data for PEGDA13 hydrogels (Ju
et al., 2009; Witte et al., 2004) are shown in Table 1. Models with only
water and only PEGDA polymer are also built as reference points. The
error is computed as the maximum difference from the average value of
three statistically different models. The equilibration procedures using
the TIP3P and OPLS force fields capture the same trend as in experi-
ments (Ju et al., 2009). Specifically, equilibrium density increases and
mesh size decreases in hydrogels with higher polymer concentrations.

The equilibrium densities from MD simulations concur with experi-
ments (Witte et al., 2004), where the maximum percentage error is 2%
in the hydrogel model with 70 wt% water. The MD simulation mesh
sizes have better agreement with experiments at higher water con-
centrations. But, at lower water concentrations, average mesh sizes
from experiment decrease faster than that in simulations. Experimental
samples with higher PEGDA concentrations likely contain a higher
density of network defects and those defects promote lower average
mesh sizes, while the perfect model used here does not have defects.

Table 2 shows the comparison between density and mesh size for
PEGDA13 and PEGDA23 hydrogels at equilibrium. Minimal differences
are computed for density, where the maximum difference is 1.5% in
hydrogels with 60 wt% water. All PEGDA23 hydrogels have a higher

Fig. 1. Schematic representation of the perfect network model (a) before replication showing the ideal structure for the junction, (b) after replication in three
dimensions, and (c) after equilibration with water molecules.

Table 1
Equilibrium mesh sizes and densities of PEGDA13. Note that hydrogel con-
centrations are presented in terms of water content to be consistent with ex-
periments.

Water
content
(wt%)

Mesh size (Å) Density (g/cm3)

Simulation Experiment (Ju
et al., 2009)

Simulation Experiment
(Witte et al.,
2004)

100 N/A N/A 0.992 ± 0.001 0.996
80 26.3 ± 0.2 N/A 1.007 ± 0.001 1.021
70 21.8 ± 0.1 23 1.019 ± 0.002 1.043
60 19.9 ± 0.1 17 1.043 ± 0.002 1.067
50 18.7 ± 0.1 15 1.063 ± 0.001 1.083
40 17.3 ± 0.1 13 1.096 ± 0.002 1.103
30 15.9 ± 0.1 N/A 1.133 ± 0.001 1.123
0 14.1 ± 0.1 N/A 1.184 ± 0.001 1.183
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mesh size than PEGDA13 hydrogels, with an average difference of 4.5
Å. This is expected, as the higher degree of polymerization in PEGDA23
hydrogels naturally leads to an increase in mesh size with concurrent
reduction in density at higher polymer concentrations.

2.4. Shockwave propagation

There are two common methods to conduct shock studies using MD
(Holian, 1998). The multiscale shock technique (MSST) controls the
volume and temperature of the simulation cell to restrain the system to
the Hugoniot energy condition and Rayleigh line. This method is
computationally efficient because it does not require a large model;
however, this method does not allow for an analysis of key shockwave
details, such as the shock front thickness and strain rate, which are both
important aspects for this study. Thus, this study uses the none-
quilibrium momentum mirror method to generate a shockwave pro-
pagating through a large simulation cell, as shown in Fig. 2. The peri-
odic boundary is removed in the z direction, a particle velocity −Up
from 200m/s to 1000m/s is added to the current velocity of each atom
in the equilibrated hydrogel model, and the momentum mirror is placed
at the =z 0 plane. Atoms impacting the momentum mirror are perfectly
reflected back into the simulation cell with an opposite velocity gen-
erating a shockwave at the =z 0 plane propagating in the positive z
direction. MD simulations of shock are conducted in the microcanonical
(NVE) ensemble.

The hydrogel model is divided into 3000 thin bins along the z di-
rection. This bin resolution is determined via preliminary simulations as
necessary to capture the shape of the shock front thickness. The
shockwave front is tracked by thermodynamic properties such as den-
sity, pressure and temperature as a function of position along the z
direction of the model (Mattsson et al., 2010). Thermodynamic prop-
erties are calculated in each bin every 5 ps. For example, the pressure in
a bin is calculated by averaging atomic virial stress (Tsai, 1979) over
the volume of the bin as,

= − + +P Σ σ σ σ
V

( )
3 bin

11 22 33

(3)

where σ is the atomic virial stress in units of ×stress volume, and Vbin is
the volume of a small bin. The pressure is computed as the summation
of stress over the total number of atoms. Since the atomic stress consists
of kinetic and potential energy components, the velocity of the center of
mass of each bin is subtracted before the calculation of kinetic energy in

that bin to avoid the influence of particle velocity applied in the z di-
rection on the stress calculation. The calculated data is plotted as a
function of the bin position, and the discontinuity in thermodynamic
properties is identified as the shockwave front. Previous studies by
Holian (Holian et al., 1980) and Hess (Hess, 1997) on liquids provided
the pressure profile, P z( )c , of a shock front as,

= + − −P z P P P P z
L

( ) 1
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( ) 1
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where P2 is the pressure in the shocked state, P1 is the pressure in the
unshocked state, L is the thickness of the shock front and =z 0c cor-
responds to the center of the shock front. As the shockwave is generated
in this work in a sample at thermodynamic equilibrium (P1 = 0) from
the momentum mirror at =z 0, the pressure profile, P z( ), can be re-
written as,

= − +P z P az b( ) 1
2

[1 tanh( )] (5)

where P is the shock pressure, a describes the shape of the shock front
and b refers to the position of the shock front. Using this model, the
magnitude and position of the shockwave can be determined.

3. Shock simulation results

3.1. Shockwave profiles

Fig. 3 shows the shockwave profiles extracted from MD simulations
for PEGDA13 hydrogels with 20, 50 and 70wt% polymer concentra-
tions under 500 and 1000m/s particle velocities at 0.025 ns. The pro-
files smoothed by a Savitzky-Golay (SG) filter (Savitzky and Golay,
1964) and the hyperbolic tangent function in Eq. (5) is superimposed
onto the simulation data. The shock fronts are clearly identified from
the pressure discontinuity. The symmetric tanh function (Eq. (5)) pro-
vides a good estimation of the shock front shape at 500m/s particle
velocity. However, some asymmetry is observed at 1000m/s particle
velocity, as the pressure rise is faster at the shock front and more slowly
converges behind the shock front than captured by Eq. (5). Such
asymmetry increases with polymer concentration at 1000m/s, where
the shock profile of 70 wt% PEGDA exhibits the highest asymmetry
(Fig. 3f). This is likely due to increased interaction between PEGDA
chains in models with lower water contents.

The shock front thickness is approximated as the difference in z
position when +az btanh( ) reaches ± 0.995 and the shock front center
is calculated by + =az btanh( ) 0. The shock velocity is calculated as
the mean velocity of the shock front center plus the particle velocity.
Data prior to the formation of an equilibrium profile shape is not used
in the calculation. All analyses are conducted on three independent
models at each particle velocity, and the pressure and shock front
thickness presented and analyzed in the sections below are averages
over those three models.

In general, the calculated shock front thickness using the symmetric
tanh function (shown as the red boxes in Fig. 3) appears to be a rea-
sonable estimation of observed behavior. However, the asymmetry of
the shock front at high particle velocities, especially in hydrogels with
higher than 50wt% PEGDA concentration (Fig. 3e and f), does lead to
an underestimation of the shock front thickness when using Eq. (5). In
the situation of the highest asymmetry, the shock front thickness (ap-
proximated via the black box in Fig. 3f) may be 10–30Å larger than the
calculated value using Eq. (5), depending on how it is measured. The
implications of this discrepancy will be discussed in Section 3.4.

3.2. Shock Hugoniot relationships

The shock velocity versus particle velocity ( −U Us P) relationships
for shock in water and 20–70 wt% PEGDA13 hydrogels are plotted in
Fig. 4. The experimental data of 20 wt% ballistic gelatin from Shepherd

Table 2
Equilibrium mesh sizes and densities of PEGDA13 and 23 hydrogels. Note that
hydrogel concentrations are presented in terms of water content.

Water content (wt
%)

Mesh size (Å) Density (g/cm3)

PEGDA13 PEGDA23 PEGDA13 PEGDA23

70 21.8 ± 0.1 27.1 ± 0.1 1.019 ± 0.002 1.021 ± 0.001
60 19.9 ± 0.1 24.5 ± 0.1 1.043 ± 0.002 1.028 ± 0.002
50 18.7 ± 0.1 22.8 ± 0.1 1.063 ± 0.001 1.054 ± 0.003
40 17.3 ± 0.1 21.0 ± 0.1 1.096 ± 0.002 1.085 ± 0.001
30 15.9 ± 0.1 19.7 ± 0.1 1.133 ± 0.001 1.125 ± 0.001

Fig. 2. Schematic of shockwave generations by the momentum mirror method.
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et al. (2009) and poly(methyl methacrylate) (PMMA) from Marsh
(1980) are also included for comparison. The simulation data for hy-
drogels with 20 wt% PEGDA13 is in good agreement with experimental
results from 20wt% ballistic gelatin (Shepherd et al., 2009), which
provides validation of the hydrogel shockwave simulation. The equa-
tion of state (EOS) = +U SU Cs p 0 is applied to the −U Us P data. The
amorphous PMMA polymer with the highest density of 1.186 g/cm3 has
the highest Us for all values of UP and water with the lowest density of
0.996 g/cm3 has the lowest Us for all values of UP . As the hydrogel
density decreases from 1.131 g/cm3 to 0.998 g/cm3, the −U Us P re-
lationship indicates a smooth transition from polymer to water beha-
vior, and both the slope S and bulk sound velocity C0 of hydrogels show
decreasing trends (see the table in the lower right corner of Fig. 4).
These trends are consistent with the previous observation of Toyoda
and Gupta (2014) in 10 wt% and 20wt% ballistic gelatins. The slope S
is commonly referred to as the first pressure derivative of bulk modulus
(Grady, 2010), and the bulk sound velocityC0 is quadratically related to

the bulk modulus (Crockett et al., 2004). Thus, the observed changes in
S and C0 indicate that PEGDA hydrogels with higher water concentra-
tion exhibit lower bulk modulus. Thus, they are less compressible than
PEGDA hydrogels with lower water concentrations. The decrease in
compressibility leads to the decrease in S and C0 and subsequently
lower Us for all values of UP .

Fig. 5 shows the shock pressure as a function of particle velocity
( −P Up) for water and 20–70wt% PEGDA13 hydrogels along with ex-
perimental data for PMMA and 20wt% ballistic gelatin. The simulation
result for the 20 wt% PEGDA13 hydrogel model agrees with the ex-
periment (Shepherd et al., 2009). In the hydrodynamic prediction for
shock conditions, a material follows the conservation laws of mass,
momentum and energy (Grady, 2017). In Fig. 5, the conservation law of
momentum is applied to provide a trend line associated with hydro-
dynamic prediction,

Fig. 3. Shockwave profiles of 20, 50 and 70wt% PEGDA13 hydrogels under two particle velocities (blue). Black curves are SG filtered profiles. Red lines represent
Eq. (5). The calculated shock front thickness are shown by the red box. The black boxes are approximations of the shock front thickness considering the asymmetry in
the shockwave shape. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Comparison between simulation and experiment results on shock ve-
locity versus particle velocity ( −U Us p) Hugoniot for hydrogels with different
concentrations.

Fig. 5. Shock pressure versus particle velocity ( −P Up) Hugoniot for hydrogels
with different concentrations. The dotted lines show the hydrodynamic pre-
diction based on hydrogel density and the dots are simulation data points.
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− =P P ρ U U( ) s p0 0 (6)

where ρ0 and P0 are the initial density and pressure, respectively. Based
on the simulation setup, P0 is treated as 0 GPa. TheUs andUp are taken
from −U Us p data (Fig. 4) and the initial density is provided in Table 1.
Clearly, the 70 wt% PEGDA13 hydrogel has the largest upward con-
cavity while water has the lowest. This observation is consistent with
the results from the −U Us P Hugoniot because the slope of the −P UP
curve at each particle velocity is associated with S and C0. As discussed
in the −U Us P relationship, the bulk modulus of hydrogels increases
with PEGDA concentration, this contributes to the upward shift in −P UP
relationship at higher polymer concentrations. The shock pressure of
hydrogels with 60 wt% or lower PEGDA13 concentration follows clo-
sely with the hydrodynamic predictions. However, the shock pressure
of 70 wt% PEGDA13 hydrogels is 4.5% lower than the hydrodynamic
prediction. Note that the 70 wt% PEGDA13 hydrogel model contains
30 wt% water; this is lower than the equilibrium solubility of 34 wt%
water reported from experiments (Ju et al., 2009) in PEGDA hydrogels
with a DP of 13. Thus, fewer water molecules than the equilibrium state
are present in the 70wt% PEGDA hydrogel likely explaining the de-
viation between simulation results and hydrodynamic predictions made
by Eq. (6).

The pressure versus water concentration ( −P w) relationship for
PEGDA hydrogels with DP of 13 and 23 at particle velocities of 250,
500 and 1000m/s alongside the experimental data of PMMA (Marsh,
1980) and water (Nagayama et al., 2006) are shown in Fig. 6. No sta-
tistically meaningful difference is seen in shock pressure between
PEGDA13 and PEGDA23 hydrogels. For all particle velocities, the shock
pressure decreases as the water concentration increases. Furthermore,
the −P w relationship has increasing nonlinearity with increasing
particle velocity. Since no experiment has measured the shock profile in
PEGDA polymer, the PMMA polymer is included as an estimation be-
cause the two polymers have a similar density. Based on the non-
linearity from Fig. 6, a logarithmic function is proposed for pressure at
any Up as,

= + +P P a a wln( 1)poly 1 2 (7)

Here, Ppoly is the shock pressure in pure polymer and w is the water
content in the hydrogel. Since the shock pressure in PMMA matches the
extrapolation of the nonlinear trend for PEGDA hydrogel to 0 wt%
water concentration, it is used for Ppoly as an estimation. The two
boundary conditions of this equation cover the transition of shock
pressure from pure water to pure polymer. Data for the PEGDA13 hy-
drogels are used in the curve-fitting. The curve fit functions are extra-
polated to =w 100 and compared with experimental results of water

(Nagayama et al., 2006). Good agreements are obtained between the
extrapolated function and experimental data. Both a1 and a2 parameters
exhibit decreasing trends with increasing particle velocity, where a1
decreases from− 0.10 to− 1.08 and a2 decreases from 0.62 to 0.03 when
particle velocities increase from 250 to 1000 m/s.

3.3. Shock front thickness

While hydrodynamic theory assumes a discontinuity between
shocked and unshocked states, a finite width of transition between the
two states, defined as the shock front thickness, is observed in experi-
ments (Brown et al., 2007; Hess, 1997) and simulations (Holian, 1998;
Holian et al., 1980; Hoover, 1979). Prior research on shockwave
structure can be separated based on two material classes: liquid and
solid (primarily metal and ceramic materials). Holian (1998) showed
that the difference between liquid and solid is the mechanism of atom
movements to accommodate the dissipative flow during shockwave
propagation. Whereas liquid molecules have no resistance to shear
stress and shock propagates by viscous flow, in a solid, the transverse
movement is controlled by the intermolecular bonding of the materials.
Shockwave structure in hydrogels is expected to be more complex be-
cause states of water molecules affect the shock response (Sun and
Zhou, 2012), as some water molecules are constrained by the hydrogen
bonds from the polymer chains while others remain free to move in the
sample. Thus, it is necessary to characterize the influence of water
concentrations on the shock front thickness. However, directly applying
Eq. (7) to model such relationship is difficult, as there is limited data
available on the shock front thickness in a pure polymer Lpoly. Since the
−P w relationship is known, the alternative approach to characterize

the shock front thickness is to correlate it with pressure.
In Fig. 7, the shock front thickness versus pressure ( −L P) re-

lationships of 20–70wt% PEGDA13 hydrogels under particle velocity
from 200 to 1000m/s are plotted. As polymer concentration and par-
ticle velocity are two variables in the figure, their influences are dis-
cussed separately. For hydrogels with a constant polymer concentra-
tion, the nonlinear decrease in the shock front thickness at higher
pressure (solid line) is observed. Such behavior has been recognized in
prior shock studies (Holian, 1998; Hess, 1997) and more details will be
addressed in the following section. Interestingly, at a fixed particle
velocity, as the PEGDA concentration increases, the shock front thick-
ness increases with pressure in a linear fashion (dashed lines). This
relationship is seen at all particle velocities from 200 to 1000 m/s, as
shown in Fig. 7. To quantitatively characterize the unique correlation,
the linear function = −L a P a3 4 is used to fit simulation results, where
the R2 values of the function in all particle velocities are larger than

Fig. 6. Shock pressure versus water content for three particle velocities shown.
Arrows indicate experimental data for PMMA (Marsh, 1980) and water
(Nagayama et al., 2006). The abscissa is in terms of water content in the hy-
drogel.

Fig. 7. Shock front thickness-pressure relationship of water and 20–70 wt%
PEGDA hydrogels at various particle velocity.
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0.98. The coefficients a3 and a4 are presented in Fig. 8. Clearly, both a3
and a4 decrease as particle velocity increases, but with different trends,
where a3 exhibits a nonlinear decaying trend and a4 changes in a linear
fashion. Taking the correlation function L P~ , the relationships between
shock front thickness and water concentration can be characterized by
substituting the linear equations from Figs. 7 and 8 into the pressure
versus water content relationships (Eq. (7)) of PEGDA13 hydrogels re-
sulting in,

= + + +L a a a w a P alog( 1) ( )poly1 3 2 3 4 (8)

As shown in Fig. 9, the predictions based on Eq. (8) are in decent
agreement with simulation data for 1000 and 500m/s particle velo-
cities. The largest deviation occurs at a particle velocity of 250m/s,
where the magnitude of the oscillations in the pressure due to thermal
fluctuations (Fig. 3) begin to influence the precise measurement of the
shockwave profile. This could account for the lower accuracy of the
model in the shock front thickness versus water concentration re-
lationship at low particle velocity. The PEGDA23 hydrogels in the Fig. 9
exhibit slightly lower average shock front thickness than PEGDA13
hydrogels. As is reported in Table 2, the major difference is that the
PEGDA23 hydrogel has a larger average mesh size due to higher degree
of polymerization. Such an increase in mesh size enables more water
molecules between crosslink junctions and subsequently lower viscosity
in hydrogels. This could account for the decrease of shock front thick-
ness in hydrogels with higher DP.

3.4. Hydrodynamics and the fourth power-law

As shown in Section 3.3, a nonlinear relationship exists between the
shock front thickness and pressure. To study this nonlinearity, the
general power-law fit is applied to the data shown in Fig. 8 as,

= −L C P m
1 1 (9)

Shown in Fig. 10, the general power-law provides a good fit to the
−L P simulation data, where the R2 magnitudes are no less than 0.98.

As shown in the legend, the C1 parameter increases with PEGDA con-
centrations and the exponent, m1, which describes the degree of con-
cavity in the −L P relationship, is nearly constant around 0.65.
Minimal difference (<2%) is observed in C1 and m1 between 20wt%
PEGDA13 hydrogel and water. This suggests that PEGDA13 hydrogels
under 20 wt% polymer concentrations have a similar behavior as water
during shockwave propagation within this range of particle velocities.
However, such similarity disappears at higher polymer concentrations.

In fluid mechanics theory (Landau and Lifshitz, 1987), the extended
hydrodynamic function that includes transport properties of the mate-
rial describes the shock front thickness as,

⎜ ⎟= ⎛
⎝
∂
∂

⎞
⎠

−
−L aV V

P
P8

s

2
2

2

1
1

(10)

where a is positively related to shear viscosity, bulk viscosity and heat
conductivity (Hess, 1997), and V is the specific volume. The product of

∂
∂

−( )aV8 V
P s

2
12

2 is normally considered as a material constant, where Eq.

(10) could be written as = −L L P Pref ref
1 for linear hydrodynamics. The

shock responses of water and hydrogels along with the extended hy-
drodynamic function are plotted in Fig. 11. Clearly, the slopes of the
−L P relationships, which are described by the parameter m1, are

consistent for water and hydrogels. This indicates the mechanism of
shock deformation is generally independent of water concentration in
PEGDA hydrogels. The shock front thickness in water and hydrogels
approaches the hydrodynamic approximation at lower shock pressure
while the deviation increases at higher magnitudes of shock pressure. A
similar deviation was also found in an experimental analysis of shock
front thickness in water and liquid methanol by Hess (Hess, 1997),
where he proposed a parameter H as the hydrodynamic deviation that
converges to 1.0 in the limit of linear hydrodynamics. This deviation is
likely caused by changes in viscosity and thermal conductivity of hy-
drogels at higher pressure and temperature, whereas the extended hy-
drodynamic theory assumes those transport coefficients are in-
dependent of temperature and density (Landau and Lifshitz, 1987).
Moreover, MD simulations show that higher PEGDA concentrations
lead to higher deviations from a linear hydrodynamics model. This is

Fig. 8. Trends in linear curve-fit parameters a3 and a4 with particle velocity.

Fig. 9. Shock front thickness versus water content relationship at three particle
velocities shown. Arrows indicate reported experimental data for water
(Nagayama et al., 2006). The abscissa is in terms of water content in the hy-
drogel.

Fig. 10. Shock front thickness-pressure relationship of water and 20–70 wt%
PEGDA13 hydrogels. The trend lines are general power-law fit.
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associated with the increase of material constant L Pref ref as hydrogels
with higher polymer concentrations are expected to have higher visc-
osity.

To validate these explanations, it is necessary to estimate the
transport properties of materials under shock conditions. The numerical
solution of such estimation was provided by Grady (1998) as the “ar-
tificial viscosity”, which accounts for dissipative behaviors during
shockwave propagation. The artificial viscosity of a linear −U Us P
material is calculated as,

≅ =η SPτ Sρ U L1
4

1
4 p0 (11)

where τ is the rise time of the shockwave. Based on Eq. (11), the arti-
ficial viscosity of hydrogels and water are plotted in Fig. 12. Clearly, the
artificial viscosity increases with polymer concentration in the hy-
drogel. This supports data in Fig. 11 that an increase in viscosity leads
to larger deviations from linear hydrodynamic theory at higher polymer
concentrations. Furthermore, the artificial viscosity increases modestly
with particle velocity for water and hydrogels with less than 50wt%
PEGDA. Hydrogels with higher PEGDA concentration show increasing
artificial viscosity up to 500m/s, then a plateau is reached. This vali-
dates the previous explanation that an increase in transport properties
at higher particle velocities causes the deviation from the extended
hydrodynamic theory. The plateau in artificial viscosity at higher par-
ticle velocities for hydrogels with greater than 50wt% PEGDA is due to

challenges in computing the shock front thickness, due to presence of
asymmetry as explained in Section 3.1. Use of Eq. (5) leads to an un-
derestimated shock front thickness and consequently lower artificial
viscosity calculated from Eq. (11) (shown in the top right corner of
Fig. 12). Additionally, it is noted that the 20 wt% PEGDA hydrogels
share a similar artificial viscosity with water. This provides additional
evidence that water and 20wt% PEGDA hydrogels behave similarly
under shock conditions.

The previous discussions of the −L P relationship (Figs. 10–12)
show a clear deviation between the MD simulation results and shock
front thickness predicted by the theory of fluids (Landau and Lifshitz,
1987). This is somewhat expected as the hydrogels are fluid/solid
composites. In solids, the fourth power-law (Grady, 2010) is often ob-
served, which relates the maximum strain rate to the shock pressure,
ε P~̇ 4. The derivation of this relationship by Grady (1981) is based on
the assumption of a shock invariant in the form of = ∂ × ∂A E t where
the A is the shock invariant, ∂E is the energy difference between shock
and isentropic compression and ∂t is the shockwave rise time. It is
postulated that A is related to the viscosity of the material because it
accounts for the dissipation of energy and the shockwave structure
(Gabler et al., 2009). This theory has shown good agreement with
shockwave behaviors in metals. However, experimental data shows that
the fourth power-law does not accurately describe shock in many
composites (Grady, 2010), showing a smaller power-law component.

The −ε Ṗ relationship for 20–70wt% PEGDA hydrogels on a log-log
scale is shown in Fig. 13. Here, the volumetric strain rate ε ̇ is measured
by =ε U L̇ /p (Holian, 1998). The power-law function =ε C Ṗ m

2 2 is used
as a model for the simulation data. Clearly, the C2 parameter increases
with water concentration while them2 parameter is constant around 1.4
regardless of water concentration. Based on experimental results from
Brown et al. (2007) and Zhuang et al. (2003), a value between 1 and 2
is also observed in granular and laminated composites.

Clearly, the above results of −L P and −ε Ṗ relationships show that
hydrogels exhibit a shock response that deviates from both the hydro-
dynamic prediction of fluids and the fourth power-law relationship in
solid materials. The results presented here on PEGDA hydrogels with
various water concentrations are the first of its kind and provide a
unique insight into the features of shockwave propagation character-
istics, specifically focused on the influence of water concentration on
shock front thickness, induced pressure and viscosity. Such studies
provide guidance when designing surrogates or protecting materials
under high velocity impact.

Fig. 11. Shock front thickness-pressure relationship of water and PEGDA13
hydrogels in log-log scale.

Fig. 12. Plot of artificial viscosity versus particle velocity of water and
PEGDA13 hydrogels. The inset shows the underestimation of the shock front
thickness using Eq. (5) in the case of 70 wt% PEGDA hydrogel at 1000m/s.

Fig. 13. Plot of pressure versus strain rate in log-log scale for various con-
centrations of PEGDA13 hydrogels.
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4. Conclusions

Nonequilibrium molecular dynamics simulations with the “perfect
network” model are performed to investigate the dynamic behavior of
PEGDA hydrogels under shockwave propagation. Hydrogel models with
PEGDA concentrations from 20 to 70wt% PEGDA and two different
degree of polymerizations are employed to investigate the effect of
water concentration on the shock response. The shock Hugoniot of
hydrogels are found to be between water and PMMA polymer experi-
mental data, where the magnitude of the shock pressure depends on
water concentration, and thus the density. The shock velocity, shock
pressure and shock front thickness exhibit a nonlinear increase with
polymer concentration in hydrogels, which is attributed to changes in
material properties such as bulk modulus, viscosity and heat con-
ductivity. A logarithmic model is proposed to empirically describe the
influence of water concentration on shock pressure and shock front
thickness. The relationship between shock front thickness and pressure
is modeled via a general power-law. Deviations from linear hydro-
dynamic predictions are observed for hydrogels where the exponent
index = −m 0.651 is found to be independent of water concentration. At
lower polymer concentrations (up to 50 wt% PEGDA), the artificial
viscosity is found to increase with particle velocity. However, at higher
polymer concentrations, a plateau in artificial viscosity is reached when
particle velocity exceeds 500m/s. This plateau is associated with the
asymmetry of the shock profile, leading to an underestimation in the
calculation of the shock front thickness. The power-law relationship
between strain rate and pressure is explored in PEGDA hydrogels.
Instead of a value of 4, typical of metals, a value of 1.4 is observed
regardless of hydrogel water concentration.
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