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Abstract—Blast-related traumatic brain injury is the most
prevalent injury for combat personnel seen in the current
conflicts in Iraq and Afghanistan, yet as a research community,
we still do not fully understand the detailed etiology and
pathology of this injury. Finite element (FE) modeling is well
suited for studying the mechanical response of the head and
brain to blast loading. This paper details the development of a
FE head and brain model for blast simulation by examining
both the dilatational and deviatoric response of the brain as
potential injury mechanisms. The levels of blast exposure
simulated ranged from 50 to 1000 kPa peak incident overpres-
sure and 1–8 ms in positive-phase duration, and were compa-
rable to real-world blast events. The frontal portion of the brain
had the highest pressures corresponding to the location of initial
impact, and peak pressure attenuated by 40–60% as the wave
propagated from the frontal to the occipital lobe. Predicted
brain pressures were primarily dependent on the peak over-
pressure of the impinging blast wave, and the highest predicted
brain pressures were 30% less than the reflected pressure at the
surface of blast impact. Predicted shear strainwas highest at the
interface between the brain and the CSF. Strain magnitude was
largely dependent on the impulse of the blast, and primarily
caused by the radial coupling between the brain and deforming
skull. The largest predicted strainswere generally less than 10%,
andoccurred after the shockwave passed through the head. For
blasts with high impulses, CSF cavitation had a large role in
increasing strain levels in the cerebral cortex and periventricular
tissues by decoupling the brain from the skull. Relating the
results of this study with recent experimental blast testing
suggest that a rate-dependent strain-based tissue injury mech-
anism is the source primary blast TBI.

Keywords—Finite element model, Blast overpressure,

Blast injury, Traumatic brain injury, Injury mechanism,

CSF cavitation.

INTRODUCTION

Since 2004, U.S. military hospitals and Veterans
Administration (VA) medical centers have seen con-
vincing evidence of an increase in traumatic brain
injuries (TBI) in military personnel, largely attributed
to blast-related events.38,53 Improvised explosive
devices (IEDs) were the source of nearly 80% of the
casualties reported to the Joint Theater Trauma
Registry (JTTR) from 2001 to 2005.39 The use of hard-
plated thoracic armors increases the human threshold
to blast exposure, causing a shift in vulnerability from
the thorax to the head.56 Early reports estimated the
incidence rate of TBI in combat veteran is between 13
and 22%.49,51 Blast-related TBI have both acute and
chronic sequellae, and detailed etiology and pathology
are still not fully understood.10

Blast-related neurotrauma research has focused on
primary blast injuries, produced by the direct
impingement of the pressure wave on the head rather
than from fragment penetration (secondary), blunt
impact (tertiary), or chemical/thermal (quaternary)
exposure.4 Finite element (FE) modeling is well suited
for studying the mechanical response of the head to
primary blast loading, and researchers have recently
developed FE models to improve our understanding of
blast TBI (Table 1).9,11,30,32,37,40,50 However, current
FE models for brain injury are exploratory until a
robust set of validation data is available.

Amajor limitation of some current blastmodels is that
their loading conditions are not representative of real-
world blast events. Typical IED exposures resulting in
blast injury were reported to be from detonations of 105-
and155-mmartillery rounds (equivalent to2.4 and7.3 kg
TNT, respectively) at a standoff distances between 5 and
10 m.33 The Conventional Weapons Effects Program
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(CONWEP)20 can calculate the blast exposures produced
from these charges, and indicate that the real-world blast
threat ranges from 50 to 1000 kPa peak overpressure and
2–6 ms in duration.ManyFEmodels simulate exposures
based on small charge sizes (<1 kg TNT) at a very close
standoff (<1 m),9,30,37 which may reproduce realistic
peak overpressure but very low positive-phase duration
or impulse.20 Additionally, models that do simulate real-
world blast events only consider a single blast condi-
tion,32,50 making it difficult to assess the biomechanics
thatmay cause injury fromblast impact. Pulmonaryblast
injury risk is dependent on both peak overpressure and
duration (or impulse), and it is hypothesized that the
injury mechanisms associated with short duration blasts
differ from those associated with long duration blasts (cf.
Panzer et al.42). Furthermore, recent experimental
research using animal models suggested that blast TBI
may also be dependent on peak overpressure and dura-
tion,44,45 implying that computational models need to
simulate a wide range of blast exposures to understand
the potential injury mechanisms.

An additional question in FE blast modeling is how
CSF cavitation formation and collapse affects the
mechanical response of the brain to blast loading. CSF
cavitation has long been speculated to be a brain injury

mechanism for blunt impacts24,36 and blast,31 but only
a few FE blast brain studies have included CSF cavi-
tation in the model.32,40,54

This paper details the development of a FE head
and brain model for simulation of exposures compa-
rable to real-world blast events. The model provides
insight into the biomechanics of primary blast expo-
sure to the head by examining the dilatational and
deviatoric response of the brain as potential mecha-
nisms for blast brain injury. This study also investi-
gates the response of the brain to the presence of CSF
cavitation. The results of this study can guide blast
modeling and experimentation, and provides a foun-
dation to investigate and design blast protective
countermeasures.

MATERIALS AND METHODS

We developed a plane-strain FE model of the
human head and brain and positioned it within a blast
domain model using the LS-Dyna hydrocode
(v971.R5.1; Livermore Software Technologies Corp.,
Livermore, CA), and ran all simulations for 10 ms with
a time step of 82 ns.

TABLE 1. A survey of FE models for blast brain injury and their blast loading conditions (CONWEP calculations in parenthesis).

Study

Head model type and

mesh details Charge size (kg TNT) Standoff (m)

Peak incident

overpressure (kPa)

Duration

(ms)

Cronin et al.11 Plane Strain Model

No details given

(1.648) (1.65) 427 2.0

(5.775) (2.84) 330 3.0

(24.3) (5.21) 247 5.0

Moore et al.30

Nyein et al.37
3D model

808,766 tet elements

2.9 mm (mean size)a

0.0648 0.60 506 (377b) (0.67)

0.324 0.60 1834 (1259b) (1.11)

0.00316 0.12 (1452) (0.21)

Moss et al.32 3D model

No mesh details given

2.944c 4.60 (1001d) (4.28d)

Taylor and Ford50 3D model

1 mm (voxel)

Hexahedral

3.18b 2–3 (1.266b) 1300 (2.35)

Chafi et al.9 3D model

27,971 hex elements

5.2 mm (mean size)a

0.038 0.80 (133) (0.76)

0.093 0.80 (258) (0.78)

0.227 0.80 (507) (1.06)

Panzer et al.40 Plane strain model

7650 hex elements

1.5 mm (mean size)

(0.291) (2.55) 50 2.0

(0.501) (2.16) 100 2.0

(1.31) (2.16) 200 2.0

(1.56) (1.53) 500 2.0

(1.42) (1.09) 1000 2.0

(13.5) (1.67) 2000 2.0

(7.85) (7.65) 50 6.0

(13.5) (6.47) 100 6.0

(35.4) (6.49) 200 6.0

(41.8) (4.58) 500 6.0

(39.0) (3.29) 1000 6.0

aEstimated from a head volume of 4000 cm3 (Note: It takes five tet elements to make one hex element).
bDiscrepancy between reported value and CONWEP calculation.
cEquivalent charge size in TNT.
dBased on hemispherical blast CONWEP calculations.
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Head Model

Model geometry was based on an axial slice photo of
the high-resolution (0.33 mm/pixel, 0.33 mm slice
thickness) female dataset (age: 59, height: 1.65 m) from
the Visible Human Project1 at the anterior-most por-
tion of the frontal lobe (Fig. 1). The scalp was modified
to remove the excess posterior skin, and the geometry
was scaled to match the head anthropometry of the
50th percentile male US Army personnel.15 The model
consisted of seven parts: CSF (including ventricles),
grey matter, white matter, deep nervous tissue (thala-
mus, caudate and lentiform nucleus), inner and outer
tables, diploë, and scalp. A 2 mm thick CSF layer was
added between the skull and cerebral cortex,23 and the
diploë was set to 40% of the skull thickness.25

Previous blast FE analysis showed the deviatoric
response in a solid was highly sensitive to solid mesh
sizes during blast simulation.41 Coarser solid meshes
under-predict stress magnitude compared to finer solid
meshes with the same loading conditions, particularly
in locations of stress concentration such as at the
interface between the skull and the brain. To ensure
that the model captured these local stress gradients, the
head mesh size was selected based on the results of a
mesh convergence study using the same blast condi-
tions in this study (see Electronic Supplementary
Material). The head mesh comprised of a single layer
of 29,088 hexahedral Lagrangian elements (1 mm
thick) with an average characteristic length of 0.8 mm,
which is more refined than most other blast models
(Table 1). Based on a mesh convergence study on this
model the current head mesh had a 3% error in peak
stress distribution in the brain compared to a head
mesh twice as refined (Online Appendix A).

High rate material properties where emphasized
when choosing materials for head model (Table 2).
The deviatoric response of brain tissue was modeled

using a linear viscoelastic (LVE) constitutive model
based on experimental data of white matter tested in
shear up to 6300 Hz.34 Grey matter and the deeper
nervous tissues materials were based on their relative
stiffness to white matter: white matter was 50% stiffer
than grey matter,22 and the thalamus was 30% stiffer
than white matter.43 Since the regional variation
of brain tissue relaxation was not significant,43 the
reduced relaxation function of each brain material
remained the same. The deviatoric response of skull
and scalp materials were also modeled using LVE
constitutive models,14,28,29 and the dynamic viscosity
of CSF at body temperature was included in the CSF
material model.7

The volumetric response of CSF, brain tissue, and
scalp were modeled using the Mie-Gruneisen equation
of state (EOS) (Eq. (1)) using the constants for water.26

The volumetric response of the skull was based on
linear elasticity (i.e. constant speed of sound). While
the linear elastic EOS describes the volumetric
response similarly to the Mie-Gruneisen EOS for the
low levels of volumetric compression seen in these
simulations (<0.5%), it may be insufficient for
describing pressure wave propagation through the
material and at transmission interfaces for more severe
blast cases with higher pressures.

PEOS ¼ q0C
2l

1� 1� c=2ð Þl
½1�ðS1� 1Þl�2

for l>0 ðcompressionÞ

PEOS ¼ q0C
2l for l<0 ðexpansionÞ;

where l¼ q
q0

� 1 ð1Þ

Models with and without CSF cavitation were
simulated since it remains unclear whether CSF cavi-
tation occurs within the skull during a blast event.
Cavitation was modeled using the cut-off pressure

FIGURE 1. Brain geometry from photo (left; Visible Human Project) and plane-strain model (right).
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method in LS-Dyna,17 which limits the tensile pressure
of the CSF passed a certain threshold (Eq. (2)). Cavi-
tation pressure was set at 2100 kPa, although this
level can only been speculated.24 Similar CSF cavita-
tion methods and pressure thresholds were used in
other head FE models.32,40,54

P ¼ max PEOS;PCAVð Þ for CSF cavitation ð2Þ

Blast Model

Previous blast FE analysis showed the volumetric
response in a solid was highly sensitive to air mesh sizes
during blast simulation.41 Coarser air meshes under-
predict pressure magnitude compared to finer air
meshes with the same blast conditions, particularly in
fast-rising pressure waves like at the shock front. In a
blast simulation, the air mesh is often the largest
computational cost in the model, and compromises are
made between pressure wave accuracy and computa-
tional efficiency. The air mesh size was selected based
on the results of a mesh convergence study using the
same blast conditions in this study (see Electronic
Supplementary Material). The blast was modeled using
a single layer 308,000 hexahedral Eulerian mesh with a
minimum length of 2 mm. Based on a mesh sensitivity
analysis, the current air mesh had a 6% error in peak
pressure distribution in the brain compared to an air
mesh twice as refined, but only 25% the computational
cost.

Compressible gas dynamics were calculated using a
2nd order van Leer advection scheme with half-shift-
index17; Shocks were treated using an artificial bulk vis-
cosity approach to eliminate oscillations from disconti-
nuities by smearing the shock over three to five elements.
In this study, the artificial bulk viscosity parameters were
not modified from the default LS-Dyna parameters be-
cause this setting produced good shock fronts for the
mesh size and overpressures simulated.41 Furthermore,
the pressure response of the brain model showed little
sensitivity (±2%) to large variations of the bulk viscosity
parameters (±100%), no sensitivity for the strain
response, and spurious oscillations wereminimal (Online
Appendix B). Using these modeling conditions, this sol-
ver and setup reproduced the analytical solution for 1D
shock tube response with good accuracy.41 The fluid–
structure interaction algorithm within LS-Dyna coupled
the Lagrangian and Eulerian models.

The blast domain consisted of air modeled using the
ideal gas law (c = 1.4) with initial standard atmo-
spheric conditions (P0 = 101 kPa, q0 = 1.23 g/mm3).
An optimization study aimed at reducing the size of
the domain without introducing errors associated with
the boundaries help determine the size the blast
domain. The head was positioned in the middle of the
blast domain with the front of the head model located
300 mm from the source boundary (Fig. 2).

The blast wave entered the model by prescribing
thermodynamic state (pressure and density) and flow
velocity at one boundary of the blast domain (Fig. 3).

TABLE 2. Summary of material properties in the model.

Part Component

Material parameters

Bulk properties Shear properties

Brain White matter q = 1.06 g/cm3

C = 1437 m/s

S1 = 1.979

C0 = 0.110

G1 = 50 kPa

G2 = 6.215 kPa

G3 = 2.496 kPa

G4 = 1.228 kPa

G5 = 1.618 kPa

G¥ = 0.27 kPa

b1 = 100 ms21

b2 = 4.35 ms21

b3 = 0.2 ms21

b4 = 0.0053 ms21

b5 = 5.1e26 ms21

Scalp q = 1.13 g/cm3

C = 1392 m/s

S1 = 1.979

C0 = 0.110

G1 = 355 kPa

G2 = 399 kPa

G3 = 35.6 kPa

G¥ = 408 kPa

b1 = 0.005 ms21

b2 = 0.05 ms21

b3 = 0.5 ms21

CSF q = 1.00 g/cm3

C = 1484 m/s

S1 = 1.979

C0 = 0.110

Pcav = 2100 kPa

l = 0.8 9 1023 Pa s

Skull Inner & outer tables q = 2.00 g/cm3

K = 10,227 MPa

G1 = 2289.6 MPa

G2 = 4708.5 MPa

G¥ = 4720.3 MPa

b1 = 0.03 ms21

b2 = 275 ms21

Diploë q = 1.30 g/cm3

K = 1297.4 MPa

G1 = 491.8 MPa

G2 = 1011.4 MPa

G¥ = 1013.9 MPa

b1 = 0.03 ms21

b2 = 275 ms21

PANZER et al.



This technique allowed for a fully developed blast
wave using a truncated domain (reducing the number
of elements for computation). Initially, the sides of the
domain were slip boundaries to maintain the planar
nature of the blast wave. The boundary conditions
were switched to non-reflecting boundaries (imped-
ance-matched outflow to reduce the effects of the
boundary) just prior to the reflected shock wave
reaching the edges. This method of switching bound-
ary types was crucial in reducing the total width of
the blast domain while maintaining planar blast
wave conditions for most of the simulation (Fig. 3,
Video—Electronic Supplementary Material). The
boundary opposite the source was modeled as a free
boundary (Dirichlet boundary with ambient pressure
conditions), which was more representative of the
infinite-domain response than using a non-reflecting

boundary treatment because the flow conditions were
advection-dominant (verified using a much larger
domain size).

Blast Conditions

We simulated eighteen different cases with blast
waves ranging between 50 and 1000 kPa peak incident
overpressure, and between 1 and 8 ms of positive
phase duration (Fig. 4). These cases range over a
number of previously defined blast injury criteria,5,45,46

and span a range of pressures and durations commonly
seen during combat operations. The peak overpres-
sure-duration characteristics for two commonly used
munition types (for standoffs between 1 and 15 m)
were calculated using CONWEP and included as a
real-world reference to the blast conditions simulated.

FIGURE 2. Layout of the blast domain (width and depth not to scale).

FIGURE 3. The time progression of pressure showing the impingement of the simulated blast wave on the head model (pressure
in head not shown).
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Statistical Methods

A univariate general linear model was used to assess
the effect of the blast wave parameters (peak over-
pressure, duration, impulse) on the mechanical
response of the brain, using the 95th percentile peak
value response (pressure, von Mises stress, maximum
shear strain, strain rate) as the outcome. Peak incident
overpressure and incident impulse were converted to
peak reflected overpressure and reflected impulse
using the Rankine-Huigoniot relations,21 because the
reflected pressure is more representative of the loaded
applied to the head than the free-stream incident
pressure. Test for significance was 5% (a = 0.05).

RESULTS

A summary of the results for the non-cavitating and
cavitating head models exposed to eighteen blast con-
ditions of varying severity is shown in Table 3. To
avoid having the values from a single element charac-
terize the response of the brain, the pressure, stress,
strain and strain rates listed in Table 3 are the 95th
percentile peak values from that particular blast con-
dition. Coefficients for the general linear model are
shown in Table 4.

Dilatational Response to Blast

Regardless of severity, the largest pressures mea-
sured throughout most of the brain were from the

initial brain shock wave produced from the blast wave
impacting the head. The highest values of peak brain
pressure were concentrated in the frontal portion of the
brain corresponding to blast impact site on the head
(Fig. 5), and attenuated 40–60% as the wave propa-
gated from the frontal lobe to the occipital lobe. Peak
pressures in the brain were 30% less than the peak
reflected pressure measured at the surface of the head.

CSF cavitation produced a number of localized
high-pressure regions in brain tissues adjacent to the
CSF, including the periventricular tissues, caused by
cavitation collapse (Fig. 5). This phenomenon
appeared in the most severe blast conditions (condi-
tions 8–18), but only in the largest impulse blast cases
(conditions 15 and 18) did the effects of CSF cavita-
tion contribute to an increase in peak brain pressure
greater than 4% over the non-cavitating model
(Table 3).

For the non-cavitating model, peak brain pressure
was only dependent on the peak pressure of the blast
wave (p< 0.001), and not the blast duration (p = 0.93)
or blast impulse (p = 0.16). In the cavitating head
model, peak brain pressure was dependent on the peak
pressure and impulse of the blast wave (p< 0.001 and
p = 0.007, respectively), while blast duration was not
significant (p = 0.31). Impulse was a significant factor
for the pressure distribution in the cavitating model
because increasing impulse exacerbated the amount of
cavitation for a given blast peak overpressure condi-
tion, leading to more cavitation collapses and localized
high-pressure regions.

FIGURE 4. Peak incident overpressure and duration conditions for blast simulation compared to human primary blast injury
criteria and real-world blast threats.
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Overpressure durations within the brain caused by
the initial impact of the shock wave ranged from 0.3 to
1.2 ms, substantially less than the overpressure dura-
tion of the incident blast waves (1–8 ms) (Fig. 6a).
Following the initial shock wave, the non-cavitating
model had transient brain pressures dominated by
frequencies at 305, 610, and 6300 Hz regardless of
blast level (Fig. 6b). In the cavitating model, the
presence of CSF cavitation limited the amount of
tensile pressure experienced in the brain tissue, and
effectively dampened out much of the post-blast tran-
sient pressure response (Fig. 6a). Cavitation occurred
early in the simulation, and was not associated with the
negative pressure-phase of the blast.

Deviatoric Response to Blast

The highest shear strains and vonMises stresses were
concentrated in the cerebral cortex at the interface
between the brain and the CSF (Fig. 7). High vonMises
shear stresses were also located deeper in the brain at
grey-white matter interfaces. Deformation of the deeper
tissues was typically 4–6 times less than in the cerebral
cortex. The peak strain levels measured in both the
cavitating and non-cavitating models were all less than
10% strain except for the largest blast case using the
cavitating CSF model. The highest tissue strains devel-
oped later in the simulation after the initial blast wave
had passed through the head (Fig. 8a). Long-term brain
deformation was caused by the Radial coupling
mechanics between the brain and the skull, which was
oscillating in a flexuralmode excited by the blast impact.

CSF cavitation had a greater effect on the defor-
mation of the brain than it did on the pressure
response (Fig. 7). The presence of cavitation caused
the brain tissue to decouple from the skull, allowing
the less-constrained brain material to deform more
easily. The largest relative increases in brain tissue
strain caused by CSF cavitation were in the occipital
region of the brain, and in the periventricular tissues
(Fig. 8b). There was less than 5% difference in peak
stress/strain between the cavitating and non-cavitating
model for the blast conditions with less than 200 kPa
peak incident pressure (Table 3). However, for blast
conditions 15–18 the cavitating model had more than a
20% increase in the peak stress/strain than the non-
cavitating model.

For the non-cavitating model, the peak brain shear
strain was dependent on the both the peak pressure
and impulse of the blast wave (p< 0.001 for both
respectively), and not the blast duration (p = 0.43). In
the cavitating model, only the blast impulse was a
contributing factor for the shear strain in the brain
(p = 0.003), while blast peak pressure and duration
was not significant (p = 0.11 and p = 0.32, respec-
tively). Analysis on the stress response of the brain
showed the same findings.

Strain rates were greater in the cavitating model
than the non-cavitating model (Table 3). Peak strain
rates coincided with CSF cavitation collapse, and the
highest peak strain rates were in the cerebral cortex
and the periventricular tissues. Strain rate was depen-
dent on peak pressure and impulse for both models,
but not duration.

TABLE 3. Summary of the peak brain tissue responses (95th percentile) for each blast condition.

Blast conditions Non-cavitating model Cavitating model

Incident

overpressure

(kPa)

Duration

(ms)

Incident

impulse

(kPa ms)

Charge

size

(kg TNT)

Charge

distance

(m)

Pressure

(kPa)

von Mises

stress

(Pa)

Shear

strain

(%)

Strain

rate

(s21)

Pressure

(kPa)

von Mises

stress

(Pa)

Shear

strain

(%)

Strain

rate

(s21)

50 1 17.1 0.037 1.28 65.7 19.5 0.07 12.3 65.7 19.5 0.08 12.3

50 2 34.1 0.291 2.55 68.9 30.2 0.14 13.0 68.9 30.2 0.14 13.0

50 4 68.3 2.33 2.10 70.6 36.4 0.20 13.0 70.6 36.4 0.20 13.0

50 8 136.6 18.6 10.2 71.5 52.7 0.30 13.6 71.5 52.7 0.30 13.6

100 1 27.9 0.063 1.08 161.9 36.8 0.16 14.3 161.7 36.7 0.16 14.2

100 2 55.7 0.501 2.16 163.2 62.3 0.32 15.7 163.2 62.3 0.32 15.7

100 4 111.4 4.01 4.32 166.2 92.8 0.51 17.1 166.2 92.7 0.51 17.1

100 8 222.4 31.9 8.62 168.4 138.9 0.75 21.6 170.5 138 0.72 25.4

200 1 51.4 0.168 1.09 398.2 86.8 0.44 21.0 398.4 86.5 0.44 30.4

200 2 101.8 1.31 2.16 414.6 119.0 0.58 23.9 415 124.2 0.58 39.3

200 4 204.1 10.5 4.33 422.0 178.3 0.91 29.7 423.3 186.6 0.93 54.9

200 8 407.7 83.9 8.65 407.7 236.6 1.26 35.2 421.6 232.3 1.20 68.6

500 2 157.9 1.56 1.53 1414.3 324.9 1.28 62.2 1416.5 301.3 1.40 128.3

500 4 314.7 12.4 3.05 1461.8 453.3 2.08 75.8 1466 490.2 2.43 172.6

500 8 629.5 98.8 6.10 1495.3 688.0 3.88 87.2 1716.1 892.5 4.75 221.6

1000 2 200.6 1.42 1.09 3680.3 671.0 2.83 134.5 3681.8 811 3.65 317.4

1000 4 403.0 11.5 2.19 3810.1 1233.1 6.04 175.1 3931.1 1701.5 8.48 547.0

1000 8 806.1 92.0 4.38 3900.7 1742.5 8.72 222.4 5805.1 4593.9 21.84 960.5
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Skull Response to Blast

The radial coupling between the brain and the skull
was a major source of both the pressure and stress
response throughout the brain following the initial
exposure to the blast wave. Upon impact of the blast,
the skull in the non-cavitating model would oscillate at
a frequency of approximately 305 Hz in the first flex-
ural mode, where the strain of the head length was out
of phase with the strain of the head breadth (Fig. 9a).
This mode shape and frequency was consistent for all
blast conditions, with only the magnitude of the
deformation varying with blast condition. In the cav-
itating CSF model, skull deformation amplitude was
much larger than in the non-cavitating model but the
mode shape remained the same (Fig. 9a). Decoupling
the brain from the skull due to CSF cavitation also
caused the skull to oscillate at a lower frequency than
in the non-cavitating model (Fig. 9b).

DISCUSSION

We developed a detailed model of the human head
for the simulation of the brains response to a wide
range of real-world threats. Since a robust set of
experimental data was not currently available for val-
idating any human head model in blast, it was more
practical to develop an exploratory plane-strain blast
model before attempting to develop a complex 3D
head model. We can examine many of the important
aspects of numerical blast modeling in detail using this
model, where it is often not feasible on a more com-
plicated model.

One such advantage was that the mesh could be
spatially resolved to capture the high-frequency waves
associated with blast: the shock wave from a free-field
blast has relevant frequency content up to 40 kHz.3

When wave propagation is considered important in an
FE model, the mesh should be six to ten elements per
wavelength in order to reduce numerical dispersion.6

At ten elements per wavelength, the current air and
head mesh sizes could effectively propagate pressure
waves with frequencies up to 18 kHz in air, and
140 kHz in brain tissue without accumulating signifi-
cant numerical dispersion. However, with brain tissue
having a frequency-dependent shear speed ranging
from 1 to 1.5 m/s,48 the model may only be effective in
propagating pure shear waves for frequencies up to
150 Hz. Further mesh refinement to capture shear
wave frequencies up to the skull resonant frequencies
may be required, and should be confirmed with further
mesh convergence studies. Another consideration for
using a fine FE mesh is that proper use of artificial
bulk viscosity will smear the shock over three to five
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elements,55 resulting in longer pressure rise times for
coarser meshes or incorrect bulk viscosity settings.

However, there were limitations to using a plane-
strain approach. In a 3D environment, the aerody-
namics of the head allow for the blast to better flow
around the head, so in this sense the plane-strain
model was conservative. The model does not consider
out-of-plane motion of the head, which might be
important for brain shear stain if sagittal rotation
develops following exposure. Anatomical features not
represented in the model (face, orbits, paranasal si-
nuses, etc.) may influence the transmission of the shock

wave into the brain during a frontal blast. The varia-
tion of the skull properties (thickness and microstruc-
ture) through the sagittal and coronal planes
potentially introduces a different frequency response in
the skull than those modeled with the plane-strain
approach.

We recognize these limitations, and consider that
the magnitudes of the biomechanical measures (pres-
sure, strain) and the frequency spectrum of these
transients predicted with the plane-strain model will
likely change in the 3D environment. Ruan et al.47

compared the strain and pressure response of a

FIGURE 5. Comparison of the distributions peak brain tissue pressure between the non-cavitating (left) and cavitating (right)
models for the 500 kPa/4 ms blast condition.

FIGURE 6. (a) Comparing the time-history and (b) frequency spectrum for the pressure in the frontal portion of the brain between
the models for the 500 kPa/4 ms blast condition.
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plane-strain model of the head (coronal slice) with an
axisymmetric model of similar size, subjected to an
impact loading. They found that the axisymmetric
model was much stiffer than the plane-strain model,
which resulted in strains in the plane-strain model up
to 12 times larger than in the axisymmetric model.47 To
confirm these results, we compared the response of an
axisymmetric spherical model to blast loading41 to the
response in a plane-strain spherical model with the
same radial dimensions, material properties, and
loading conditions. The plane-strain model had peak
shear strains approximately seven times larger than the

axisymmetric model, and peak pressures approxi-
mately 1.5 times larger, making the plane-strain
assumption conservative for blast brain injury model-
ing. The increase in strain was from the greater com-
pliance and loading of the plane-strain model, and the
increase in pressures was from less attenuation of the
pressure wave from being constrained in plane. Thus,
the conclusions in this study were based on the relative
effects of the brains response to certain parameters
(either blast conditions or cavitation), providing
insight into the response of skull and brain to blast
exposure.

FIGURE 7. Comparison of the distributions of peak von Mises stress (top) and shear strain (bottom) between the non-cavitating
(left) and cavitating (right) models for the 500 kPa/4 ms blast condition.
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Brain Response to Blast

Over the wide range of blast conditions simulated,
the maximum pressure levels within the brain were
primarily dependent on the overpressure conditions of
the blast wave. The insensitivity of pressure response to
the blast duration was likely because the speed of
sound in the skull and brain were much quicker than
that of air. The higher sound speed propagated pres-
sure away from the impact site faster than it was loa-
ded, as evidenced by the 0.8–1.2 ms pressure pulse in
the brain compared to the 1.0–8.0 ms pressure pulse of
the blast. The length of the overpressure pulse in the
brain tissue is likely an important consideration for

ex vivo tissue studies attempting to replicate the
internal conditions of blast exposure.

The deviatoric response of the brain was driven
largely by skull deformation and not head motion (i.e.,
rigid body inertia), confirming previous computational
results.32 Strain developed mainly in the cerebral cor-
tex as it moved relative to the vibrating skull.
Decreasing the radial coupling between the brain and
the skull (via CSF cavitation) increased the lag between
the brain and skull and augmented strain levels. It is
important to consider that maximum stresses and
strains occurred after the initial shock wave passed
through the head. Many FE models did not run

FIGURE 8. (a) Comparing the time-history for shear strain in the frontal and occipital portions of the brain between models and (b)
the distribution of the relative increase in the peak brain strain due to cavitation for the 1000 kPa/4 ms blast condition.

FIGURE 9. (a) Comparing the time-history and (b) frequency spectrum of the skull strain between the models for the 500 kPa/4 ms
blast condition.
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the simulation past 2 ms,30,37,50 only capturing the
response of the brain during the incident wave and not
the response caused by the coupling between the brain
and the deforming skull. If high-rate strain response
from skull deformation following blast exposure is the
primary mechanism for blast TBI, then it is critical
that models are simulated long enough to capture these
effects.

The skull deformation was primarily of the 1st mode
of flexure, which had a natural frequency of approxi-
mately 305 Hz when the brain coupled with the skull
and 169 Hz when CSF cavitation caused the brain to
decouple. No evidence of localized skull flexure (skull
ripple), as initially reported by Moss,32 was seen in the
simulations despite the plane-strain model being more
susceptible to this type of deformation than an ellip-
soid. The difference may be from modeling a skin layer
over the skull. The skin likely attenuates pressure wave
at the skull, and disperses the loading area so that the
shock load is not concentrated locally on the skull.
Regardless of these differences, it is apparent that skull
deformation plays an integral role in the loading of the
brain during blast exposure. Bolander et al.8 recently
demonstrated a correlation between skull strain and
intracranial pressure in rats exposed to a shock wave,
confirming the findings in this study. There is a need for
empirical data on the deformation of human skulls
exposed to blast loading to validate the skull mechanics
in computational models.

Minimizing skull deformation may be an important
consideration for improving helmet design in blast.
The results of this study suggest that reducing the total
impulse transferred to the head will reduce the amount
of strain developed in the brain. Military helmet design
strategies similar to those used for helmets that miti-
gate blunt impact forces (increased helmet-head
standoff, energy-dissipative padding, etc.) are likely to
reduce the skull deformation in blast. In a parametric
study on helmet padding design for blast brain
response, Panzer et al.40 found that low-density
crushable helmet padding best dissipated the energy
transferred from the helmet to the head, and this
resulted in lower brain strain.

Cavitation

CSF cavitation has long been hypothesized as a
cause of brain injury in both automotive head
impacts24,36 and blast impacts.31 However, it remains
unclear whether CSF cavitation occurs during these
impact events and at what tensile pressures. In labo-
ratory conditions and devoid of nucleation sites, the
cavitation pressure of water (by stretching) ranged
from 2100 kPa (aerated tap water) to 220 MPa
(de-gassed distilled water).18 Fluid cavitation pressure

is dependent on a number of factors including tem-
perature, surface tension, dissolved gas, presence of
particles and nucleation sites.18 Since the constituents
of CSF differ from water, the pressure level at which
CSF cavitation will occur may not be the same as
water. Additionally, structures in the subarachnoid
space may provide some tensile support that would
alter the effective cavitation threshold of the CSF.

Few empirical studies exist on the cavitation phe-
nomenon in CSF during inertial or impact loading to
the skull, despite cavitation being an early hypothesis
for the injury mechanism of concussion.16 Impact
studies using anthropomorphic surrogates have been
able to reproduce cavitation in the brain and CSF,24,35

but there is no direct empirical evidence that CSF
cavitation occurs in vivo from in blast, blunt or inertial
loading, not is there clinical evidence that cavitation is
an injury mechanism.

The results of this study indicate that the presence of
CSF cavitation at 2100 kPa has a substantial impact
on the response of the brain in more severe blast
conditions. Wardlaw et al.54 reported on the possibility
for CSF cavitation to occur in blast using a 3D ellip-
soid head model. In conclusions similar to this study,
they found that the periodic formation of CSF cavi-
tation and collapse was related to skull deformation.
However, they did not quantify the effect of CSF on
the mechanics of the brain. The current study found
that in addition to creating localized regions of high
pressure when the CSF cavitation collapsed (the
mechanism for traditional cavitation damage), the
presence of CSF cavitation allowed the brain to
decouple from the skull resulting in an increase in
brain strain. CSF cavitation also occurred early in the
simulation because of the inertial and deformational
effects between the brain and skull, and not during the
negative pressure phase of the blast as previously
hypothesized.31

CSF cavitation may also play a role in damaging
deeper neural tissues. The periventricular tissues
experienced higher levels of strain when CSF cavita-
tion occurred in addition to the elevated levels of
pressure from cavitation collapse. Periventricular white
matter changes are commonly seen on MRI scans of
persons with Alzheimer disease,19 and diffuse radiation
injury of the brain.52 In this model, results show
greater potential for tissue damage at anatomic loca-
tions that are with relatively poor blood supply com-
pared to other brain regions.

Potential Injury Mechanisms

Despite the plane-strain model likely over-predict-
ing the pressure levels in the brain, all pressures
measured in the brain were much lower than the
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hydrostatic threshold for cell death (approximately
100 MPa) measured in bacterial27 and mammalian
cells,13 even in the most severe conditions simulated.
This would indicate that either pressure is not an injury
mechanism for brain tissue in blast, or that a pressure-
based injury criterion will include rate effects that
would decrease the tissue threshold from the hydro-
static criterion.

Maximum pressure levels within the brain were
primarily dependent on the overpressure conditions of
the blast wave, even in the presence of CSF cavitation,
implying that if pressure was the only injury mecha-
nism of brain tissue, then TBI should not depend on
blast duration or impulse. This would be unlike short-
duration pulmonary blast injury criteria where injury
risk is strongly associated with both peak overpressure
and duration.42 Furthermore, recent experimental
results using a thoracic-protected ferret model exposed
to a wide range of blast conditions has shown strong
exposure duration dependence for moderate/severe
meningeal bleeding, apnea, and fatality.44 By consid-
ering these animal tests along with the findings of this
study, it would suggest that brain tissue pressure was
not the sole injury mechanism for moderate to fatal
brain injuries.

The model predicted brain tissue strain would
increase with blast impulse, which agrees with the
results found by Rafaels if the brain injury mechanism
was strain-based. However, peak strain levels predicted
in the tissue were typically much lower than strain levels
thought to be associated with injury thresholds. Bain
and Meaney2 found electrophysiological impairment in
axons of a guinea pig optic nerve model at a threshold
of 18% strain. Elkin and Morrison reported a cortical
cell death threshold between 10 and 20% strain in
organotypic hippocampal slice cultures in addition to
finding an increase of injury with strain rate.12 Given
the relatively low levels of strain for nearly all blast
conditions simulated, a rate-dependent, strain-based
injury mechanism is the likely source of brain injury.

An additional point to note is that this discussion on
injury mechanism only considers moderate and severe
TBI based on the work by Rafaels et al.44 Currently,
there are no published studies concerning mild TBI in
any animal model with exposures over a wide range of
peak overpressures and durations (or impulses). It is
possible that the injury mechanisms responsible for
gross injury of brain tissue in blast are not the same as
mechanisms that are responsible for mild TBI. Fur-
thermore, it has been previously shown that tissue
injury thresholds can vary by region in the brain.12 The
increase in strain caused by CSF cavitation for peri-
ventricular tissues may exceed injury thresholds prior
to tissue in the cortex, which has the largest predicted
strains, but also the higher threshold for injury.

CONCLUSION

This paper reviews the development and simulation
of a FE head and brain model for blast exposures.
Unique to this approach is an emphasis on comparison
to a wide range of real-world blast events by examining
both the dilatational and deviatoric response of the
brain as potential injury mechanisms. Peak pressures
in the brain were primarily dependent on the peak
overpressure of the impinging blast wave, while max-
imum brain strain was largely dependent on the im-
pulse of the blast. Coupling between the brain and
resulting skull deformations after the shock wave
passed through the head induced the largest brain tis-
sue strains. When considering the results from animal
injury models, these computational finding suggest a
rate-dependent strain-based injury mechanism as the
source primary blast TBI. CSF cavitation had a large
role in the response of the brain by increasing strain
levels in the cerebral cortex and in the periventricular
tissues. These findings may be important in how the
biomechanics community approaches the study of
neurotrauma mechanisms, and how we can relate the
external parameters of blast to brain injury outcome.
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